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Introduction

General aspects

Many compounds contain various types of phosphate groups that play fundamental roles
in life processes and in the environment. Much organic phosphate is present in biopoly-
mer form: as phosphopolysaccharides, phospholipids, phosphoproteins or nucleic acids.®
Such compounds are essential for life, because they stabilize cells and enable them to re-
produce. Organic phosphate esters are involved in many biochemical reaction sequences:
as energy carriers, coenzymes and intermediates. To build up their phosphate ester lev-
els, animals and plants usually absorb phosphorous in the form of inorganic phosphates
H,PO,3~2)~ 2 =0, 1 or 2.2 In organisms, inorganic phosphates are found in blood, urine
and tissue fluids, where the H,PO,~ / HPO,* system acts as the key buffer.® The most
important biochemical role of inorganic phosphates on the other hand is in the formation
of bone material, mostly in the form of apatite.? Thus, phosphates play critical roles in
metabolism, both as solid material and in solution. To ensure that commercial crops have a
sufficient supply of inorganic phosphates for growth, phosphate fertilizers are used through-
out the world which makes inorganic phosphate production the fourth largest by tonnage
globally.® Other important applications of inorganic phosphates include food additives,
detergents, rust proofing and metal cleaning but there are many more.?

The phosphate groups present in biological systems and also most inorganic phosphate
used for technical applications are present in aqueous solution. There, the specific solute-
solute and solute-solvent interactions, especially in comparison with the solvent-solvent
interactions are in the focus of scientific research. But also the (possible) effect on water
structure is of importance,® especially as water nowadays is seen as an active player in
biological processes, rather than being a mere solvent.”® Thus the changing properties,
especially dynamics, of water molecules that are not in close proximity of the solute are of
interest. Nevertheless, most attention is on solute-solvent and solute-solute interactions.

Regarding proteins, there is an ongoing debate whether the influence of an added solute
on protein stability is mediated through changes in the solvent structure or is based on
direct solute-protein interactions. Recent experiments and computer simulations found
that direct solute-solute interactions maybe more important for protein-electrolyte inter-
actions,?'? however for aqueous systems containing amphiphilic molecules and proteins,
the situation is under discussion.!315

The matter of a recent DFG project (BU1153/11-1) in our group were the major hydration
sites of proteins: hydrophilic anionic residues, but also hydrophobic parts. A previous PhD
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project'® was dealing with carboxylate, sulfate and sulfonate as anionic residues and was

mainly focusing on the interplay of hydrophilic and hydrophobic hydration. This work
continues this project, focusing on hydration and ion-pairing in inorganic phosphate ions,
as a further hydrophilic group present in many biomolecules.

Recently, weak ion association in aqueous media has attracted increasing attention.”!®

Fueled by Collin’s “rule of matching water affinities”, which states that ions of comparable
hydration properties preferably associate,!® it is claimed on the basis of theoretical con-
siderations and computer simulations that Na™ is slightly stronger binding to biologically
relevant anionic moieties, like carboxylate or phosphate, than K™ and that this small dif-
ference in binding constants is decisive for the different physiological properties of both
cations. 10-20

Experimental quantification of weak ion association, though, is not a trivial task and
even such well established techniques as conductometry or potentiometry yield only a
rough estimate for the overall association constant if K3 < 10.2%?2 Common spectroscopic
techniques, like NMR or vibrational spectroscopy, are generally not useful at all as they are
sensitive only to contact ion pairs (CIPs).?® In contrast, dielectric relaxation spectroscopy
(DRS) has the unique ability to detect and quantify also solvent shared (SIP) and solvent-
separated (2SIP) ion pairs.?* DRS probes the response of the sample to a time-dependent
electric field in terms of its complex permittivity spectrum, é(v) = &'(v) — ie”(v), where
¢/(v) is the relative permittivity and €”(v) the associated dielectric loss at frequency v.25%6
This method is sensitive to all processes leading to fluctuations of the macroscopic dipole
moment of the sample, like, e.g., the reorientation of ion pairs possessing a permanent
dipole moment, pyp.'®

A weak mode in the ~0.5—1 GHz region of the dielectric spectrum of weakly associating 1:1
electrolytes was found in previous DRS studies.?”2° This mode also appeared for sodium
formate and acetate,®® as well as sodium sulfate and sulfonate.'® Most interesting is the
striking similarity of this low-frequency mode in all those investigated solutions, regarding
the concentration dependent amplitude. This rises the important question, if this mode is
due to a process different from ion-pair relaxation.

Aims of this study

The overall aim of the present study is to quantify hydration and ion-pairing in aqueous
phosphate solutions at 25°C. The adopted approach is a three step analysis, mirrored in
the three experimental chapters of this study.

The first experimental chapter (Chapter 3) deals with aqueous NaCl solutions at ¢ <
2.112mol L=, This substance is a model salt for, at best, weakly associated electrolytes.
The study of the dielectric properties of NaCl(aq), and comparison with a previous study by
Buchner et al.,?! sheds some light on the aforementioned low-frequency process observed in
a number of 1:1 electrolytes. Different relaxation mechanisms, like ion-cloud relaxation,??
might be (at least partly) responsible for this process.
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Chapter 4 is focusing on hydration of aqueous potassium phosphate solutions KH,PO,(aq),
K,HPO,(aq) and K;PO,(aq) up to 1.332, 3.987 and 3.012 mol L™, respectively. This yields
detailed insight into the changes in hydration upon increasing charge of the phosphate
anion and the effect on ion-pairing. Despite the importance of inorganic phosphate ions,
surprisingly little is known about their hydration properties. 3337 The current work provides
further insight into this important topic, presents information on the solute effect on water
dynamics and reveals the degree of solute-solute interactions.

The third experimental chapter (Chapter 5) presents the DRS studies of NaH,PO,(aq),
Na,HPO,(aq), (NH,)H,PO,(aq) and (NH,),HPO,(aq) for concentrations ¢ up to 4.794,
0.6184, 2.459 and 3.173 mol L=!. The studied cations, Na™ and NH,*, were chosen due to
the importance of ammonium salts as fertilizers and the potentially important difference
of Nat and K™ for biological processes.!'%?° The results on hydration and ion-pairing are
presented and compared with those for the respective potassium salts.

Eventually the results of this work are summarized regarding ion specific effects on hy-
dration and ion-pairing in aqueous phosphate solutions, as well as general implications for
dielectric spectroscopy of aqueous electrolyte solutions.






Chapter 1

Theoretical Background

1.1 Polarization

1.1.1 Static polarization

Relative permittivity € is one of the central quantities to describe materials, especially
those intended for application in electronic devices. It describes how an external electric
field E interacts with a dielectric medium, but can also be described as the effect of the
dielectric medium on the electric field within the material (Section 1.4). The main impact
of a low intensity electric field on a molecular liquid is the establishment of an effective
charge separation (Figure 1.1). This phenomenon is known as polarization 15, which is
defined as the macroscopic dipole moment per unit volume:

P =

<|§1

(1.1)

where M is the macroscopic dipole moment in the volume V.
In a linear, homogeneous and isotropic dielectric material P depends in a linear manner
on the electric field®

P =eoxE (1.2)

where g is the permittivity of free space and y is the electric susceptibility

x=¢—-1 (1.3)

Figure 1.1 depicts the effect of an electric field E ona dipolar molecular liquid: the dipole
molecules partially align according to the external field and additional charge separation
in the molecules due to polarizability, ay, is induced. The latter process is symbolized in
Figure 1.1b through a more intense color gradient within the generic molecules, however,
it is emphasized that the charge separation takes place along the external electric field
(actually the local field Eloc at the postition of the molecule) and not along the direction
of the existing permanent dipole moment.
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a b

e
33 NG

Figure 1.1: Liquid consisting of dipolar molecules within a capacitor: (a) without and
(b) after charging of the capacitor. Broken arrows indicate the external electric field E,
the darker part of the dipolar molecules corresponds to the negative, the lighter part to
the positive end of the dipoles. Charges outside of the capacitor represent the charge of
the capacitor plates, smaller charges within the liquid but near the plates symbolize the
effective charge separation.

A

Polarization (Eq. 1.1) can thus be divided into two microscopic contributions,

—

P=P,+P, (1.4)

the induced polarization
P, = Z Pkbk,ind = Zpkak(ﬁloc)k (1.5)
k k
and the dipolar (orientational) polarization
Bo=3" puljin) (1.6)

where /i}, and [ijinq are the permanent and induced dipole moments, respectively, ;, is the
molecular polarizability and p; the number density of particles k. (Eloc)k is the local field
acting at the position of the particles & (see Chapter 1.5.1).

The induced polarization (Eq. 1.5) refers to the generation of an electrical dipole, fik ind,
due to the displacement of electrons or atoms by the local field, (Eloc) k- The proportionality
factor between (EIOC) r and ]30” the molecular polarizability ay, is generally expressed as a
polarizability volume, o, = ay/(47so) of magnitude 1072 m? (=A3).3% Tt is in fact a sum
of two contributions: atomic polarization, aj n, and electronic polarization oy .

O = Qg n + Qe (17)

with aypn &~ 0.1y e. >

The orientational polarization (Eq. 1.6) originates from the partial alignment of permanent
molecular dipoles, fix, along the applied external field against thermal motion.
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Thus, the macroscopic dipole moment M from Eq. 1.1 can be expressed as

M = 3" (fiina + (7)) (18)

Orientational polarization in liquids does not occur instantaneously, in contrast to ﬁa, but
takes pico- to nanoseconds for full establishment. This corresponds to an approximate
frequency scale of 1 MHz to 10 THz.

Due to the different time scales of 13” and ﬁa, both effects are generally well separated
and can be regarded as linearly independent.?® Thus the induced polarization can be
incorporated into the infinite frequency permittivity, €. This enables a division of the
macroscopic definition of P (Eq. 1.2) into two contributions:

]3” = eo(c — en) E (1.9)
_’oz = 50(500 - 1)E (110)

1.1.2 Response functions of the orientational polarization

Figure 1.2 illustrates a time domain experiment monitoring the time evolution of the
polarization P(t), when the static electric field E is switched off at time ¢ = 0. The
instantaneous drop in P due to the disappearance of ]3&, is followed by a monotonic decay,
which can be related to ﬁu alone. This decay of the orientational polarization can be
expressed as,

—

B.(t) = B,(0) - Fo(t) (1.11)

where Fp(t) is the step response function (time autocorrelation function) defined by

—

(P(0) - Fu(t)
(Bul0) - F,(0)

with limiting values Fpp(0) = 1 and Fp(oco) = 0.

Frequency domain experiments are in fact of greater practical importance than time do-
main experiments. The employed harmonically oscillating electric fields are conveniently
expressed in complex notation as

Fp(t) = (1.12)

E = Ejexp(iwt) (1.13)

where w = 27v is the angular frequency of a wave of frequency v. Now also polarization, ﬁ,
and permittivity, €, are expressed as complex values. Experiments in both, the frequency
and the time domain, are able to provide a wealth of information on the structure and
dynamics of the investigated liquid. For the conversion of time domain experiments into
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-1, -0
.
P, (0)
\{
A
P.(0) S RO
4
0 t—>

Figure 1.2: Time evolution of polarization, P(t), after the static electric field of strength
|E| = |Ey| has been switched off at time ¢ = 0.*! Bold line denotes modulus of electric
field, |E|, dotted line polarization.

frequency domain, Laplace transformation is applied. First, the negative time-derivative
of the normalized step response function

OFp(t—t)

fe(t) = A —1) normalized with /fp(t )dt' =1 (1.14)
0

is formed, and then Laplace transformed to yield the relaxation function

[e.9]

Fyw) = / exp(—iwt)) fp(t)dt = Li[fp(t)] (1.15)

0

The frequency dependent time evolution of ﬁ(w, t) is thus given by

=

P(w, ) = eole — e00) Fy(w) (1.16)
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1.2 Spectra of complex permittivity

Usually not the orientational polarization ﬁu(w, t), but the closely related complex relative
permittivity, £(w), is investigated. £(w) can be determined from the effect of dielectric
media on electromagnetic waves as described in Section 1.4.

The complex permittivity, £(w), can be calculated via?®

Ew)=¢(w) —i"(w) =t + (€ — ) - Lin[[P(t')] = 0o + (€ — €0) - Fp(w) (1.17)
The real part of £(w) is the permittivity spectrum and describes the polarization of the
system. The imaginary part, €”, called dielectric loss, is a measure for the energy dissipation
in the system.*!

Figure 1.3 shows a generic dielectric spectrum. In principle all processes that are con-
tributing to the polarization show up in the frequency dependent dielectric spectrum.
With increasing frequency v, less processes are able to follow the rapidly changing electric
field and will thus cease to contribute to £. At low frequencies the main contribution to &
stems from the rotational motion of dipolar molecules. Depending on the size, shape and
degree of binding to the surrounding molecules, the rotating molecules will not be able
to follow the electric field with increasing frequency anymore: a dispersion of the relative
permittivity ¢’(w) is observed. Simultaneously energy is dissipated in the system, which is
evident in a maximum of the dielectric loss €”(w).

] ) I L] ) l ] ] I )
eE — —
Dielectric 7
— Relaxation —
€ ) | o P, Xié)ratiopal ]
sorption Electronic
i oc P Absorption |
8OO \ ™ l -
... A J
np? /1 OCV P, ¢OC P° Ve ‘-
2 i | 1 A H 1 1 1 2

Figure 1.3: Generic dielectric spectrum containing one relaxation process, one IR active
vibration and one UV-VIS absorption.

Additionally to full molecular rotation, dielectric dispersion can occur due to librations
at THz and far infrared frequencies. Those represent partial or hindered reorientations of
molecular dipoles.*! The origin of these restricted rotations lies in the interactions (e.g.
hydrogen bonding) with other molecules.

As in condensed phase the reorienting dipoles are coupling with the surrounding medium,
relaxations manifest themselves as rather broad bands. The high frequency limit of the
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permittivity €, is reached when orientational polarization no longer contributes to the
total polarization.

The value of P, is rather constant in the microwave frequency range although its frequency
dependence at infrared frequencies yields information about the intramolecular dynamics
of the system.*? The dispersion steps related to ﬁa are resonance processes governed by
quantum mechanics, in contrast to the relaxation processes related to }3#. Atomic polariza-
tion vanishes at infrared frequencies (intramolecular vibrations) and electronic polarization
in the ultraviolet range. The absorbtion peaks are in most cases more narrow compared
to those at microwave frequencies.*?

For heterogeneous systems dielectric processes in the MHz frequency range can arise addi-
tionally from polarization at the interfaces of the system (interfacial polarization).?¢:44:45
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1.3 Empirical description of dielectric relaxation

Several empirical and semi-empirical equations have been developed to describe dielectric
relaxation phenomena. Ideally each molecular species of a sample shows up as a separate
relaxation process, thus the dielectric spectra of most real systems are composed of several
processes. Assuming that each relaxation process can be treated as linearly independent,
the relaxation function Fp(w) can be described by a superposition of n single relaxation
processes j:

(6 — eaoFy(w) = i S;Fj(w) (1.18)

The dielectric spectrum can then generally be described as

E(V) = €0 + Z S, Fy(w) (1.19)

The relaxation modes 7 can be modeled by modifications of the Havriliak-Negami equation
(HN, Eq. 1.20) with relaxation time 7; and shape parameters «; (0 < «; < 1) and f;
(0 < B; <1). Simplified versions of the Havriliak-Negami equation are the Cole-Davidson
(CD, a;; =0, Eq. 1.21), Cole-Cole (CC, ; = 1, Eq. 1.22) and Debye equations (D, a;; = 0,
B; = 1).25:%6

HN : Fi(w) = (ENEEAEE (1.20)
CD: Fj(w) = m (1.21)
CC: Fj(w) = T (i:Tj)l—O‘ (1.22)
D Fi(w) = n +1iw7j (1.23)

1.4 Effect of a dielectric medium on electric fields

As already stated in Section 1.1 external electric fields influence a dielectric medium as

expressed in the generated polarization, P. Inversely, the dielectric medium also has an
influence on the electric field, which can be utilized to probe the dielectric properties of
the medium.

The electric field strength of a plane electromagnetic wave is conveniently expressed in
complex notation as given in Eq. 1.13, which is sufficient to express the propagation in free
space. However, if the wave is traveling through a medium characterized through dielectric
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constant &, permeability £ and conductivity &, the electric field E(t,z) after traveling a
distance z in the medium is expressed as

E = Eyexp(iwt) exp(—92) (1.24)

The influence of the medium is thereby summarized in the complex propagation coefficient
4 given by

4 =/ fipto (—iwk 4 Eeow?) (1.25)
where pp and €y are the permeability and permittivity of free space. The complex relative
permittivity, £, was already introduced in Eq. 1.17 as é(w) = €'(w) — ie”(w). The complex
relative permeability, fi(w) and the complex conductivity, #(w) are expressed analogously
as

fw) = p(w) —ip"(w) (1.26)
R(w) = K (w) — 1K (w) (1.27)

For nonmagnetic materials (applies to all studied solutions of this work) & = 1, which leads
to a simplified version of Eq. 1.25

. 1/2
&:ﬁ[,iw} = Y iw) =k (1.28)
Co | IWE Co

Here, the speed of light in vacuum, ¢y, was introduced via the equivalency co = 1/(poe0)"/?.
The complex wavenumber, l%, is intimately related to 4 via Eq. 1.28. Generally, k contains
all effects of the medium, whereas 7 also includes boundary conditions from the used trans-
mission line type. For coaxial lines 4 and k can be interchanged. *® However, for waveguides
differences between both quantities exist due to the imposed boundary conditions (Chapter
2.2.1).

The relation between the complex wavenumber and the generalized permittivity, 7(w) is
given by

Rlw)

k =k {é(w) + }1/2 = kov/Ti(w) (1.29)

iweg
where ky is the propagation constant of free space, ko = w./Eojig = 27 /Ao with the wave-
length of a monochromatic wave in vacuum, \g*?. The generalized permittivity 7(w) is
related to the actually interesting complex permittivity via

) = f () + (1.30)
o) = ') — S (131)

The main implementation of Eqs. 1.30 is, that for conducting samples the experimentally
accessible quantities are the real and imaginary part of 7j(w). Thus an independent mea-
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surement of dielectric properties and conductivity is not possible. A pragmatic way to split
the two contributions is to use the limits of #(w):
K

lim k' = k= " (w) = ' (W) — — 1.32
lim ' = 0 = &) = 1f'(w) = (1.52)

lim k" =0=&'(w) =n'(w) (1.33)

v—0

By using this approach, £ contains all time dependent processes (rotational, translational
and vibrational) that contribute to the polarization. This treatment is problematic, as the
generally accepted theory of Debye and Falkenhagen®” predicts a dispersion, i.e. frequency
dependence of the conductivity due to ion-cloud relaxation. As a consequence, a potential
dispersion of & should show up in € and lead to misinterpretations. This problem is actually
the topic of Chapter 3 of this work.

The relationship between 7 and the complex refractive index n is given by

n(w) =n'(w) —in"(w) = VH(w) (1.34)

where n/(w) is the refractive index and n”(w) the absorption index. Squaring and separation
into real and imaginary parts yields the equation set

' (w) =n'(w)?* —n"(w)’ (1.35)
n"(w) = 2n'(w)n"(w) (1.36)

Elimination of n”(w) yields
4n'(w)* — 4n/ (w)?e' (W) — "(w)* =0 (1.37)

which is quadratic in n/(w)?. The (positive) solution of this equation eventually gives the
relation between n and 7):

(@) = | ST T TGP + (o) (139

1
W) = | TP TGP () (139
Insertion of Eqgs. 1.34 & 1.28 into Eq. 1.24 yields

E = Eyexpli(wt — 82)] exp|—aaz] = Ey expliwt] exp[—(aa + i8)2] (1.40)

with the absorption coefficient o, = wn”(w)/co and the phase constant § = wn/(w)/co.
The measurement of the latter two quantities, forms the basis for the determination of
N(w). The correlation between those quantities is revealed by comparison of Eq. 1.24, 1.28
and 1.40

§=aa+if =ik (1.41)
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1.5 Microscopic models of dielectric relaxation

Spectra of complex permittivity can be described by a mathematical model as shown in
Section 1.3. This description, however, yields only macroscopic properties that need to be
linked to microscopic properties to retrieve valuable information on structure and dynamics
of the system.

1.5.1 Onsager equation

The response of a single dipole, which is embedded in a dielectric continuum, on an elec-
trical field is described by the Onsager model.?5%® This model describes the continuum by
its macroscopic properties and neglects specific interactions as well as the anisotropy of
the surrounding field.

Based on this approach, Onsager deduced following relation for the interpretation of di-
electric properties

2

~ . P 1 1
AR NP (o , 1.42
go(e — 1) h Zl—ajfj (a]+3k:BT 1-%*]3) 1)

J

where p; is the dipole density, «; the polarizability, f; the reaction field factor and p; the
dipole moment of species j.
Ej, represents the local electric field in the cavity

"2+ 1

(1.43)

assuming the molecule is within a spherical cavity of the dielectric material characterized
by its static permittivity e.

Inserting the expression for the local field into Eq. 1.42 yields the general form of the
Onsager equation which relates the macroscopic static permittivity with the microscopic
properties (polarizability and dipole moment) of a mixture of dipoles j.

(e —1)(2e + 1)gg _ Z pj ( ‘ 1 13 ) (1.44)

3e 1— ajfj Y + 3I€BT ' 1— ajfj

J

This equation can be simplified to

(6 —ex0)(2e t6x) _ pi
£(€o +2)?  9eoksT

(1.45)

if a liquid with just one dipolar species exhibiting only one dielectric dispersion step is
under investigation.
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1.5.2 Kirkwood-Frohlich equation

The Onsager equation was derived under the assumption of completely uncorrelated dipoles.
However, in reality the orientation of dipolar molecules shows some sort of correlation with
the neighboring molecules. Those specific interactions can be introduced with the help of
statistical mechanics and result in the Kirkwood-Frohlich equation %5

(8 — 800)(28 + 600) — p:u2 . g (1 46)
£(E0o +2)2 9eokpT % '

where gk is the Kirkwood factor, which is a measure for the interactions among the par-
ticles. Preferential parallel orientation of neighboring molecules is expressed by gk > 1,
whereas gx < 1 indicates an antiparallel correlation. The value gk = 1 is observed for
statistical (i.e., fully random) alignment.

1.5.3 Cavell equation

The Kirkwood-Frohlich equation is still limited as just one dipolar species, showing a
single relaxation step is considered. The Cavell equation® is a more general expression
describing systems with more than one dispersion step due to different dipolar species. It
can be written as

e+Ai(l—¢)
_— . . = . Meﬁ‘,j
€ 3kpTeq

(1.47)

Each amplitude, S;, of relaxation step j of a combination of relaxations (Eq. 1.19) is
connected to the molar concentration c;, of the species j and its effective dipole moment
Her- A; is the shape factor of species j. For spherical particles A; = 1/3, and for ellipsoids
with half-axes a; > b; > ¢; it can be calculated by?6:43

A- _ (ZjbjCj ds

1.48
J 2 /0 (S+a32)3/2(8+b?)1/2(8+Cj2~)1/2 ( )

For prolate ellipsoids (b; = ¢;) Scholte®® derived a simplified expression

1 D a;
A= — i ( ,/2—1) ith p; = 2 1.49
L R ) R VP, (1.49)

J

The value of g ; is related to i , the dipole moment of an isolated gas phase species via

Hj
off i = /Tillani = /T 1.50
Hett j = /Giltap.j \/9_1(1 — fiay) (1.50)
where 1,5, ; accounts for the apparent dipole moment of the species j in absence of ori-
entational correlations, which are included via the empirical factor g;. The values of g;
are interpreted as for the Kirkwood factor gk (Eq. 1.46). Cavity- and reaction-field-effects
are included in p,,; and are introduced by dividing p; by (1 — fjo;), where «; is the
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polarizability of the species j and f; the corresponding reaction field factor, which can be
calculated for a spherical cavity of radius a; via®®

1 2e —2

- dmegal 2+ 1

i

(1.51)

For ellipsoidal particles with half-axes a; > b; > ¢; the reaction field factor can be calcu-
lated from the geometry of the particle:26:5

I 47r50ajbjcj €+ (]_ — €)Aj

(1.52)

1.5.4 Debye model of rotational diffusion

For the relation of the relaxation time with (geometric) microscopic properties of the
relaxing species, Debye considered a system of spherical inelastic dipoles which do not
interact with each other. Within this system, frequent uncorrelated collisions among the
particles cause rotational motion of the dipoles. This picture is known as diffusion of
dipolar orientation.%*

Yet, in this model inertia effects and dipole-dipole interactions are neglected. Furthermore,
it is assumed that the laws of hydrodynamics, describing the rotation of a macroscopic
particle in a liquid, can be applied to microscopic particles as well. Thus, this theory is
limited to non-associated systems for particles that are large in comparison to the sur-
rounding ones. Within these limitations and by describing the inner field with a Lorentz
field, Debye obtained the dipole correlation function,

V(t) = exp (— ! ) (1.53)

Trot

where the relaxation time, 7.¢, can be obtained from the friction factor, (,

rot — S5 - 1.54
Trot = SpaT (1.54)

Under the assumption of a hydrodynamically controlled rotation of the sphere in a viscous
media, the Stokes-Einstein-Debye equation

3V

1.
T (1.55)

Trot =

is obtained, where V;, represents the volume of the sphere and 7’ the (microscopic) dynamic
viscosity of the environment of the sphere. This treatment is problematic, as the relation
between microscopic viscosity, 1/, and the actually measured macroscopic viscosity, 7 is
not clear.
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Thus, Dote et al.? derived a more general relationship by introducing the effective volume
of rotation, Vg

3Vesin)
T = T + o (1.56)

The empirical axis intercept, 72, is occasionally interpreted as the correlation time of the
freely rotating particle. For the derivation of microscopic relaxation times, 7" in this work,
only the first term of Eq. 1.56 was considered. Vg is introduced to account for differences
between macroscopic and microscopic viscosity by the introduction of a hydrodynamic
friction factor, C, as well as for deviations from spherical shape, characterized by the
shape factor f:

Ve = fCVm (157)

where V,, is the molecular volume of the particle. C' has limiting values of Cy;c = 1 for stick
and Cyip = 1 — f72/3 for slip boundary conditions. The hydrodynamic friction parameter
hints at the strength of interaction between the rotating particle and the surrounding
molecules.

Calculation of the shape parameter f is possible when the geometry of the particle is
known, %67

51— ()]
2—(ah)?(a)? 4 [1+[1—(al>211/2] ~ (at)?

[I—(ad)2]172 al

f=

(1.58)

where o' represents the ratio between the volume of the particle and the volume swept
out as the particle rotates about an axis perpendicular to the symmetry axis. For a prolate
spheroid with major axis @ and minor axis b, at = b/a.®”

1.5.5 Microscopic and macroscopic relaxation time

The experimentally accessible dielectric relaxation time, 7, is a collective property?® and
has to be converted to a corresponding microscopic quantity, the rotational correlation
time, 7. Powles suggested an expression which is valid for a single Debye relaxation®®

e ,

— . 1.59
T 2 + £ g ( )

Glarum® confirmed and extended the work by Powles to account for two-Debye relaxations
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3,

= 1.60

i 2e + 617—1 ( )
2e+¢1

- - 1.61

2 2e + 50072 ( )

where 7 > 75, and for a single Cole-Cole relaxation

3 1/(1—a)
o= (—€ ) 7 (1.62)

2e + €5

Usually, the macroscopic and microscopic relaxation times do not differ greatly,? especially
in the case of ion-pairs, for which Eq. 1.60 is normally used. Therefore, in this work it
was mostly refrained from converting the macroscopic into microscopic relaxation times
for comparison with Eq. 1.56.

Madden and Kivelson® extended the approach by Powles and Glarum to additionally
account for dipole-dipole correlations

3e
T=—" g—K “ Trot (1.63)
2e+es G
where gk is the Kirkwood correlation factor and g the dynamic correlation factor. For the

limit gx/g = 1 eq. 1.63 reduces to the Powles-Glarum equation (eq. 1.59).

1.6 Dielectric Relaxation of Neat Water

1.6.1 Current Knowledge from Experiment

The dielectric properties of water have been studied extensively, 31426162 however, still open
questions on the physical origin of some of the observed relaxation modes remain. The so
far most detailed description was given by Hunger,? which will be shortly summarized in
the following.

A detailed analysis of data covering a frequency range ~ 0.1 GHz to 25 THz yielded a best fit
model consisting of two Debye processes at the low frequency end (20 GHz and 300 GHz),
and three damped harmonic oscillators (DHOs) at ~5THz, ~12THz and ~21THz at
higher frequencies.

The high frequency DHOs are well characterized and correspond to a hydrogen-bond
stretching vibration at ~5 THz and two librations at ~12 THz and ~ 21 THz.%263

For DR measurements restricted to the frequency range 0.2 < v/GHz < 89 at best the two
Debye type relaxations are observable. The dominating relaxation at ~18 GHz is easily
detectable and attributed to the cooperative hydrogen-bond dynamics in liquid water. 2
The next section presents a recent model of water relaxation derived by MD simulations,
which gives more insight into this relaxation. The origin of the fast water process at
~300 GHz is still not resolved. A good overview of the existing interpretations is given by
Hunger.*? For this work, the common assignment to weakly or even non-hydrogen-bonded
water molecules is adopted.
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1.6.2 TImplications from MD on Water Rotation

Laage et al. introduced a molecular model, that does not describe water rotation through
rotational or Debye diffusion (Section 1.5.4), but through a large angle jump reorienta-
tion. 6465

Basis of this model is the time-correlation function (TCF) of the molecular reorientation %

Cn(t) = (Pulu(0) - u(?)]) (1.64)

where P, is the nth-rank Legendre polynomial and u a vector attached to the water
molecule like the dipole moment. Different experimental techniques detect different order
TCFs: DRS and IR spectroscopy detect first order TCFs, whereas nuclear magnetic reso-
nance (NMR), optical Kerr-effect spectroscopy (OKE), femtosecond infrared spectroscopy
(fs-IRS) and quasi-elastic neutron scattering (QENS) detect the second order TCF. The
ratio of the associated relaxation times, 7 /7 should be 3, if water relaxes through rota-
tional diffusion. MD simulations, however gave a numerical ratio of 2.0, which clearly
indicates that water relaxation does not proceed through rotational diffusion.

The orientation TCF Cy(t) as detected by MD shows a bimodal decay: fast (<200 fs)
partial reorientation, followed by slower (picosecond) full reorientation.® The fast part is
attributed to librations, which occur in the DRS spectrum at ~12THz and ~ 21 THz. The
longer time decay of Cy(t) is attributed to large-amplitude angular jumps due to a switch
of H-bond acceptors of a water molecule, and provides a molecular picture for the observed
dominating relaxation at ~18 GHz in DR spectra.

Considering a rotating OH moiety, first, the initial H-bond is elongated, with the simul-
taneous approach of a new water oxygen acceptor from the second shell. When the two
oxygen acceptors are equidistant with regard to the rotating water oxygen, a transition
state is reached, where the rotating water forms a symmetric bifurcated hydrogen bond
with the old and new oxygen acceptors. Then, hydrogen bond acceptor switch is executed
via a sudden large-amplitude angular jump. %

The angular jump of a water molecule is accompanied by frame reorientation, which means
that the surrounding water molecules have to rearrange to allow for the substituting water
molecule to reach the rotating water from the second shell. After a successful jump,
the surrounding water molecules have to rearrange again, to reach the energetically most
favorable topology. As jump and frame contributions occur on different timescales, they
can be treated as independent and be combined in an extended jump model (EJM),%
resulting in the overall reorientation time

11 1
TE‘]M o Tleump + Trfzrame (165)
with 7™M = 2.2ps, 7™ = 3.6 ps and 77" = 5.6 ps.® Interestingly, the Debye process

at ~300 GHz observed in experimental spectra, does not show up in the simulations.*?
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1.7 Ton Association

Electrolyte solutions are generally described within the Debye-Hiickel theory, stating that
each ion is surrounded by a symmetrical ion-cloud®’. This theory, however, is just valid
at the infinite-dilution limit. It neglects, among others, ion-ion interactions beyond mere
screened Coulomb interactions, which can result in more or less pronounced ion association.
Ion pairing equilibria

K
M (aq) + X¥"(aq) =  MX"¥(aq)
solvated free ions solvated ion pair

are of general scientific interest.?! However, in aqueous solution ions are generally strongly
solvated and associate via a three-step process®% in which the free hydrated ions initially
combine with their (inner) hydration sheaths essentially intact to form a double solvent-
separated ion pair (2SIP). This is followed by successive losses of water molecules to form
a solvent-shared(SIP) and then a contact (CIP) ion pair (Figure 1.4).

SIP CIP

2SIP

Figure 1.4: Scheme of stepwise ion association according to Eigen and Tamm. %859

DRS is especially well suited to study ion-pairing equilibria, as its sensitivity (i.e. the
detected amplitude S) is proportional to p?; (Eq. 1.47). Thus, this technique has been
successfully used to quantify multi-step association equilibria in aqueous and non-aqueous
solutions.'®™ As the dipole moment of ion-pairs increases with increasing number of in-
tervening solvent molecules, the sensitivity of DRS towards the different types of ion-pairs
decreases as 2SIP > SIP > CIP.

For the determination of ion-pair dipole moments a suitable geometric model is necessary.
In this work, the procedure as described by Barthel et al.,®® for the determination of gas
phase dipole moments, jp was adopted (Figure 1.5). Here a distinction between symmetric
and asymmetric electrolytes has to be made.

For symmetric electrolytes, calculation of pp starts from the dipole moment given by the
distance h of cation and anion of charge z - e,

po=z-¢e-h (1.66)

Anion and cation of the ion pair create an electric field Egipole, which forces the intervening
n water molecules and the ions themselves (if they possess a permanent dipole moment
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f4 or p_) to align in an antiparallel fashion to 9. Additionally, Eqipele induces a dipole
moment in the ions due to the polarizability given by ™!

hteo(|z—|ay + zya_) + 2haga_eg(|z—| + z4)

h6 — 40(+CY_

Mind = (1.67)

The final gas phase dipole moment of symmetrical electrolytes thus is calculated as

PP = Mo — flg — H— — find — THLH,0 (1.68)
For the calculation of the effective dipole moment, jieq 1p, the field factor fip is calculated via
Eq. 1.52 and the ion-pair polarizability, aip, is given by the sum of the ion polarizabilities
and intervening water molecules. As ion-pairs are considered to be uncorrelated, g; = 1
and thus flapp = fes 1P

¢I"+»%—h 4>%—7'_*>
< / >

Figure 1.5: Scheme of a spherocone, with an cation of radius r, at position oy, and an
anion of radius r_ at o_. h denotes the cone length and [ the length of the ion pair. The
position of the center of mass, ocn, the center of hydrodynamic stress, ocys and the pivot,
op are also indicated.®?

For asymmetric electrolytes the calculation of peg differs in the calculation of 1. The
decisive value is the pivot, op, of the dipole molecule, which is situated on the symmetry
axis of the spherocone, defined by the position of the cation, o, , and the anion, o_.

to = €olz+ (04 — op) + z—(0— — 0p)| (1.69)

The two extreme values of op are given by the center of mass, ocy, and the center of
hydrodynamic stress, ocgs. For ocy it is assumed, that the dipole rotation is only controlled
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by its moment of inertia with no hydrodynamic interaction with the surrounding solvent
molecules

> Mio;

0] _=
CM ZZ m,

The center of hydrodynamic stress boundary conditions imply that the frictional force on
the dipole dominates the rotational motion and thus governs the position of the pivot.
Unfortunately, there is no simple relationship for the calculation of ocpg, however, Barthel
et al. gave an approximation for the used spherocone model,”® based on an approach by
Dote and Kivelson®”

(1.70)

2
r r
Oret — OCHs = | - (0.608 —0.0917— — 0.0186 (—*) ) (1.71)

r_ r_
where o, = 0 is a reference point, [ is the length of the spherocone and r, and r_ are the
radii of the cation and anion, respectively.
DRS experiments revealed, that all strong electrolytes are ion-paired to some extent,'®
with the degree of ion-pairing depending on the ion charges and the permittivity.
The ion pair dispersion amplitude Stp can be converted to ion-pair concentrations cip via
Eq. 1.47 and subsequently used to calculate the ratio

Crp

Ky = (1.72)

CyC_

where c; and c_ are the concentrations of free cations and anions respectively.
For multi-step association equilibria as shown in Figure 1.4 the overall association constant
is usually calculated as Ky = K| + K1 Ky + K1 Ko K3 with

K=" and Ko=% and K= (1.73)

CyC CasIP Csip

The multi-step equilibria of this work are treated in a different way. For each detected type
of ion pair an association constant according to Eq. 1.72 was calculated. For the overall
association constant the same equation was used, where cip = cogip + csip + corp.
Extrapolation to infinite dilution yields the standard state association constant K3 =
lim._,o Ko (c) which can be compared to corresponding values deduced by other techniques.
In this work this was done by fitting the obtained Ka(c) values to a Guggenheim-type
equation?*

2 | 2R | ADH\/T
1+ AxVI

where I (= c for 1:1 electrolytes) is the nominal ionic strength; Apy = 0.5115 (L/mol)
is the Debye-Hiickel constant for activity coefficients in water at 25 °C, z; and z_ are
the formal charges of the ions, and Ax Bk and Ck are adjustable parameters™. For 1:1
electrolytes Ax was fixed at 1.00 M~1/2.73

log K = log K9 — + BgI + O IP/? (1.74)

1/2



Chapter 2

Experimental

2.1 Materials and sample preparation

All salts used for the present work were purchased from commercial suppliers in the highest,
or due to the price close to the highest, available purity grade. Prior to sample preparation,
salts (with the exception of NaH,PO,) were dried at elevated temperatures under reduced
pressure (p < 2-107%bar) applying P,O; (Siccapent, Merck) as a desiccant and then stored
in a glove box under dry nitrogen. Table 2.1 provides details on the purchased salts and
the drying conditions.

Table 2.1: Name, Purity Grade, Supplier and Drying Details (Drying Temperature 7" and
Time t) of the Purchased Compounds Used For This Work.

compound purity grade supplier T/K t /h
NaCl >99.5% Merck 473 48
KH,PO, > 99% Sigma Aldrich 383 120
K,HPO,-3H,0 > 99% Sigma Aldrich 383 120
K,PO, > 98% Sigma Aldrich 323 24
NaH,PO, >99.99%), anhydrous Merck used as received
(NH,)H,PO, >99.5% Fluka 333 24
Na,HPO,-2H,0 >99.5% Merck 373 96
(NH,),HPO, > 99% Fluka 333 48

Preparation of aqueous solutions was done gravimetrically on an analytical balance without
buoyancy correction using degassed Millipore MILLI-Q water with a specific resistance of
> 18 M2 cm.

23
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2.2 Measurement of dielectric properties

Dielectric spectroscopy covers a frequency range from megahertz to terahertz, correspond-
ing to wavelengths of several hundred meters to a few millimeters. The handling of elec-
tromagnetic waves in this frequency region is technically demanding and requires a combi-
nation of instruments. For the probed frequency range of this work, 0.2 < v/GHz < 89,
coaxial line and waveguide setups were used. Table 2.2 summarizes the used setups with
their respective frequency range.

Table 2.2: Overview of the Used Instrumental Setups with Transmission Line, Cell Type
and Covered Frequency Range.

setup name transmission line type cell type frequency range / GHz

VNA coaxial cable reflectance 0.2 - 50
X-Band waveguide transmission 8§-12
Ku-Band waveguide transmission 12 - 18
A-Band waveguide transmission 27 - 40
E-Band waveguide transmission 60 - 89

2.2.1 Interferometer measurements

For frequencies > 50 GHz, problems with probe head construction pose restrictions for the
use of coaxial line setups employing a Vector Network Analyzer (VNA) as described in
Chapter 2.2.2. Therefore, waveguide setups are used for this frequency region. Central
part of the present setup in Regensburg is a high precision receiver (Micro-Tel 1295).
This instrument is able to detect the signal amplitude, thus rendering determination of
absorption coefficients, «,, possible. However, no information on the phase coefficient, (3,
is obtained. Alternatively, the wavelength of the electromagnetic wave in the sample, Ay =
27/, may be determined. The setup is thus operated as an interferometer of the Mach-
Zender type™, which additionally allows the determination of the medium wavelength,
Av. Both parameters, a, and Ay, are then used to calculate the generalized complex
permittivity from the relationship:

2
42 = (aa + il) T (2.1)

The additional parameter k. = m/a as compared to Eq. 1.28, is the limiting wavenumber
and stems from the requirements of wave propagation in a rectangular waveguide of di-
mensions a and b with a > b. Real and imaginary part of 7(r) are obtained by insertion
of Eq. 1.29 into Eq. 2.1 and separation into real and imaginary parts:
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- |G) ) - (5] e

') = S (2 23

Instrumentation”® Figure 2.1 shows the principle E-band setup as used in Regensburg.
Individual frequencies (60, 66, 72 and 89 GHz) are generated by phase locked Gunn os-
cillators (PLO). The control unit PLO-D allows for selection of one oscillator and the
setting of the waveguide switches. The signal is then split into a reference path and the
measuring path by a directional coupler 2a. Along the measuring path a precision phase
shifter 4 and E/H tuner 5a are arranged. Eventually it leads to the sample cell C, which
is composed of a piece of wave guide filled with the sample liquid. The sample cell is sep-
arated from the preceding waveguide by a ~ 0.1 mm thick mica window. Immersed in the
sample cell is a gold plated ceramic probe P, which can be varied in its relative position
as it is connected to a piece of flexible waveguide 6b. After passing the sample cell, the
signal of the measurement path is recombined with the reference signal at coupler 2b and
the relative amplitude, A, is measured as a function of optical path length 2, after mixing
and down conversion.
Measurement principle??7® Before a measurement, the signal amplitude, A, is max-
imized (= Amax) with the probe completely descended (position zy = 0). Then the probe
is moved to position z{, where the amplitude has decreased to ~ (Apax + 10)dB/2 and
full destructive interference is set with the help of the attenuators and the phase shifter.
The probe is now moved back to the starting position and a measurement with total path
length 2 x 2 is started.

Assuming harmonically oscillating fields, the time-dependent electric field propagating
through the reference beam is given by

Ei(t) = Eyexp(iwt) (2.4)

Assuming zj is the absolute optical path length of the transmission cell and x the relative
distance from the interference minimum, = = 2z, — 2, the electromagnetic wave of the
sample beam can be expressed as

Ey(t,z) = Eyexp(—auz) exp [i(wt + 7 — fz)] (2.5)

The term 7 of the second exponential term results from the condition of fully destructive
interference, which requires a phase shift of Ay of the interfering waves:

Ap=2n+1)r withneZ (2.6)

At the receiver, the superposition of the fields propagating through the sample and reference
beam,

A

E(t,x) = E\(t) + Ey(t, x) = Eyexp(iwt) [1 + exp(—aax) exp(i(r — Bx))] (2.7)
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Figure 2.1: Block diagram of the E-band equipment: ™ 1a, b, ¢ represent variable attenua-
tors; 2a, b directional couplers; 3a, b waveguide sections; 4 precision phase shifter; 5a, b
E/H tuners; 6a, b flexible waveguides; 7 isolator; 8 harmonic mixer; 9 variable precision
attenuator; C cell, HH bidirectional counter; M C 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 waveguides, thick lines semi-rigid
microwave cables and normal lines symbolize data transfer connections (analog or digital).

is detected. The magnitude of the detected signal, P, which is the experimentally accessible
quantity, is defined by the squared amplitude of the electric field,

P=FE.-FE*=E I(2) (2.8)

where I(x) is the interference function,
I(x) = [1 4+ exp(—a,z) exp(i(m — fx))] - [1 + exp(—auz) exp(i(m — fx))] (2.9)
=1+ exp(—2a,z) + exp(—a,x) - 2cos(—7 + fx) (2.10)

The quantity actually measured by the experiment is the relative attenuation of the signal
on a logarithmic scale, A(x), eq. 2.11.

P(x)

Pt is usually not known and consequently the measured attenuation is normalized by Ay
corresponding to Py = EZ:

A(x) =101g

(2.11)
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The actually determined power attenuation coefficient, agg, is measured in dB/m and thus
needs conversion to the natural units by multiplication with the conversion factor

dB\ !

A fit of the recorded interference data A(zy — z{) by the expression™

A(zo — 25) = Ao + 101g {1 + exp [—2paas(z0 — ;)]

— 9¢os (i—ﬂ(zo — zg)) -exp [—2aqB (20 — 26)]}

M

(2.14)

yields agp and the wavelength of the radiation within the sample, A\y. Insertion of o, =
pagp and = 27/ into Eqgs. 2.2 & 2.3 yields the complex permittivity data.

2.2.2 Vector network analysis

During recent years the application of vector network analyzers (VNAs) for the measure-
ment of dielectric data has attracted growing interest. This is due to the increased fre-
quency range but mainly due to the user friendly measuring principle: for liquid samples
a dielectric probe connected to the VNA has simply to be immersed into the sample.

An arbitrary electrical network is analyzed by determining the reflection and transmission
of electrical signals, yielding the scattering parameter matrix, S , which is defined as follows:

I; A A ~
bi) _ (S Si) (@ (2.15)
ba So1 Saz a2

where a; and l;j correspond to the incident and reflected power waves at port j, respectively.

The scattering parameter Sy is equal to the relative complex reflection coefficient f‘a, which
can be further related to complex permittivity data.
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For one-port reflection measurements on an electrical network, consisting of an impedance
step from 71 to Zg, the relative complex reflection coefficient is related to the normalized
aperture admittance, Y ZQ/Zl

~

. 1-Y

1+Y
As just one port of the instrument is used, the instrument has to be calibrated, to correct for
errors in directivity, éq, frequency response, é, and source match, é; ™ The actual relative
complex reflection coefficient I', is then related to the one measured by the instrument, I,
via

(2.16)

. —eé
[, = & (2.17)

e, (f _ éd) teé

For the determination of é4, éq and é4, at least three references have to be measured.

Open-ended coaxial probe

An Agilent E8364B VNA in combination with a dielectric probe kit (85070E) was used
to probe the frequency range 0.2 < v/GHz < 50. Additionally, a electronic calibration
module (Agilent N4693B) was used to correct for calibration accuracy degradation be-
tween calibration and measurement. Those are caused by changes in the environment with
thermal changes in the length of external and internal cables being the major effect™.
Two distinct dielectric probes covered the frequency range 0.2 < v/GHz < 20 (high
temperature probe) and 1 < v/GHz < 50 (performance probe). Both were mounted in
thermostated cells as described by Schrédle™. Thereby the sample is poured into the sam-
ple holder, with the open-ended coaxial probe being at the bottom, rather than immersing
the dielectric probe into the liquid.

The temperature was controlled to (25 £ 0.02)°C with a Huber CC505 thermostat and
measured with a platinum resistance thermometer (PRT, PT-100) in combination with a
Agilent 34970A datalogger.

A simplified coaxial aperture opening mode was used to calculate the complex di-
electric properties 7y, from the normalized aperture admittance of the probe head, Y, by
numerical solution of eq. 2.18,

- i K21 kAL kST . B, kL
Y = — R i -[1 m*3 + m+5 ~ "m 7 + .|+ Igl{?m _m 4 4 tm’6 m+6 -
i In(D/d) o 24 720 6 120

R (2.18)
where k. = wy/7ccofto is the propagation constant within the dielectric material of the
coaxial probe head and k,, = w+v/Nmeoo the propagation constant of the sample. For an
accurate calculation, the first 28 probe constants, I;, initially calculated from a theoretical
approach® and further optimized via measurement of reference liquds, are used by the
Agilent 85070C software package. The constants d and D are the radii of the inner and
outer conductor of the coaxial line, respectively.

176,79,80
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Calibration according to eq. 2.17 of the VNA with respect to the probe-sample interface
was performed using three calibration substances with well known dielectric properties:
air (open), purified mercury (short) and pure water (load). For investigations on aqueous
solutions of NaCl, KH,PO, and K,HPO, the calibration was performed using the dielectric
properties of water as reported by Schrodle™. Due to slight deviations of those from
the literature values on the static permittivity of water®' the data set of Schrodle (0.2
<v/GHz < 89; 0.2 < 0/ °C < 65.0) was refitted yielding the parameters summarized in
Table 2.3.

Table 2.3: Water Relaxation Parameters, ¢; and 7; as Obtained by Refitting Data Given
by Schrodle™ and Fixing Static Permittivity, &1, at the Literature Value.

T/K €1 T /ps €2 To/PS €3 =¢0n 103%2
273.35 87.773 172 6.31 0.645 4.04 189.1
278.15 85.868 14.7  6.28 0.509 3.96 105.3
283.15 83.929 126  6.24 0.449 3.86 104.5
288.15 82.033 109 6.04 0.343 3.68 58.3
293.15 80.179 9.44 5.92 0.299 3.55 65.2
298.15 78.368 835 595 0.278 3.52 55.6
303.15 76.598 7.39 5.62 0.212 3.29 89.2
308.15 74.867 6.59 5.63 0.212 3.20 123.1
313.15 73.176 5.99 5.58 0.196 3.02 81.7
318.15 71.523 533 5.41 0.165 2.78 88.1
323.15 69.907 4.82 536 0.157 2.68 64.2
328.15 68.328 4.42 550 0.189 2.84 145.0
333.15 66.784 4.03 5.33 0.139 2.60 101.8
338.15 65.276 3.70 5.26 0.128 2.58 108.8

With increasing electrolyte concentration the dielectric properties of the sample progres-
sively deviate from the properties of neat water. For cases of strong deviation generally
a secondary calibration of £(v) is applied. As systematic deviations are likely to be due
to the model for the aperture impedance (eq. 2.18), a complex Padé approximation®? is
usually applied to correct raw permittivity spectra, £, after subtraction of contributions
due to Ohmic loss:

X X Ao+ Aiém + oo+ Ap ()"
gcorr — Pn/m [gm] _ 0 h 1 + +A (A )
1+ Biém + ... + Bp(Em)™

(2.19)

m

The approximation constants, A,(w) and B, (w) can be obtained by a complex linear fit
algorithm®' by measuring a set of reference substances with known dielectric properties
that should be close to the investigated system.

To test the necessity of Padé calibration for the studied aqueous electrolyte solutions, VNA
spectra of NaCl(aq) at 0.1004 < ¢/molL™! < 1.926 have been measured and corrected
with propylene carbonate (PC, Sigma-Aldrich, 99.7%)% % and N,N-dimethylacetamide
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(DMA, Fluka, >99.8%)8%85 as secondary standards. Figure 2.2 shows the measured and
corrected spectra for the lowest and highest NaCl concentration. At low concentrations
the two sets of spectra are virtually identical and only minor deviations (mainly for ”(v))
occur at the highest c. It was thus refrained of applying complex Padé calibration for the
aqueous electrolyte concentrations of this work.
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Figure 2.2: Permittivity (a) and dielectric loss (b) spectra of NaCl at concentrations
¢/ (molL™) = 0.1004 (circles) and 1.926 (squares). Filled symbols correspond to raw
data, open symbols show data corrected with a complex Padé calibration (Eq. 2.19) using
PC and DMA as secondary calibration standards.

Wave guide transmission cells

Waveguide transmission-cells analogous to the E-band setup presented in Section 2.2.1 are
available for X-, Ku-, and A-band and are connected to the VNA. As this instrument is
able to detect amplitude and phase simultaneously, a simple transmission experiment is
sufficient for the determination of complex permittivity data. All tested frequencies are
probed as a function of optical path length z simultaneously, thus significantly reducing
the measurement time.

A personal computer was used to control the stepper motor, the VNA and a precision
gauge for the determination of the optical path length through the sample, thus enabling
automation of the measurement.

The quantity of interest is the complex scattering parameter, 5’12 (Eq. 2.15), whose ampli-
tude and phase are recorded as a function of optical path length. Linear regression of both
parameters yields the absorbtion coefficient agg and medium wavelength Ay, respectively,
which are used to calculate complex permittivity data via Eqs. 2.2 and 2.3.

Temperature of the A-band transmission cell was controlled to (25 £0.02)°C by a Hu-
ber CC505 thermostat, whereas X- and Ku-band cells were hooked to a Julabo FP 50
thermostat enabling temperature control to (25 £ 0.03)°C. Temperature was determined
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with a Agilent 34970A datalogger, by measuring the resistance of a platinum resistance
thermometer (PRT, PT-100) in 4-wire configuration.

A-band measurements were mainly performed for electrolyte solutions with specific con-
ductivities K > 6Sm~!, as for those often systematic deviations in the complex permit-
tivity data obtained by the high temperature and performance probe occurred. Then the
performance probe measurements were replaced by the A-band data. X- and Ku-band
measurements were only performed for the NaCl solutions to provide further hints on the
necessity of Padé calibration.

2.2.3 Data processing

Prior to analysis of the combined total permittivity spectra, they were corrected for dc
conductivity to yield £(v) (Eqgs. 1.32 & 1.33) using experimental conductivity, x, values.
Due to imperfections of the probe-head geometries®® and of the short-circuit calibrations
with mercury, conductivity corrections for the VNA cells, kyna, were slightly adjusted
(Ar/k < 0.035) to get smooth €”(v) curves, provided the corresponding combined £'(v)
spectrum, which is not affected by conductivity correction, was smooth and the subsequent
simultaneous fit of ¢'(v) and £”(v) did not yield systematic deviations for £'(v). Spectra
were then cut-off at a concentration (conductivity) dependent minimum frequency, vuin,
where for v < v, the experimental noise in 7”(v) exceeded the magnitude of ¢”(v).

For formal description, the so obtained spectra were fitted by a sum of n relaxation models
as described in Section 1.3. Generally all reasonable combinations of band-shape functions
were tested for 1 < n < 5 by simultaneously fitting ¢'(v) and £”(v) with a home-built soft-
ware package (MWFIT) utilizing a non-linear fitting routine based on the Gauss-Marquardt
algorithm. The quality of the fit was assessed by the reduced error function®’

N
1
2 / 2 " 2
N T — E de' (vg)” + E 6e" (vg) (2.20)

k=1 k=1

depending on the number of adjustable parameters, m, the number N of data triples
(g, €, €) and the sum over the squared residuals of permittivity, de’(v), and dielectric
loss, de” (vg).

The successful formal description of the experimental spectra does not automatically imply,
that the used relaxation model is physically meaningful. Thus, besides finding a model
with lowest Y2, additional criteria are used for identifying the most probable relaxation
model. Those include, but are not restricted to:

e The number of relaxation processes should be reasonably small.
e Obtained relaxation times and amplitudes should not be negative.

e No change in the relaxation model over a concentration series, except for specific
physical reasons.
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Note, that the determined best model can depend on the measured frequency range as well
as on the precision and the “density” of the data. The latter denotes the number density
of data points over the frequency range, and should be uniform to avoid an overvaluation
of a certain frequency region.

Additionally, the spectra were analyzed by the procedure of Zasetzky®®. This linear least
squares minimization with constraints® directly yields the probability p(7) of finding a
Debye-type relaxation of relaxation time 7 for the tested spectrum. As this procedure
needs no assumptions on the number of relaxation processes, it can be seen as an unbiased
way to determine the actual number of modes present.

2.3 Auxiliary measurements

2.3.1 Density

Densities, necessary for conversion of molality into molarity, were determined with a vi-
brating tube densimeter (DMA5000M, Anton Paar, Austria) according to the method of
Kratky et al.?°. This method is based on measuring the eigenfrequency of a U-shaped
borosilicate glass tube containing the liquid. Depending on the density of the liquid, the
period 7 of the vibration is altered. Density is calculated as

p=AX L x fi—Bx f (2.21)
70

with A and B as calibration constants, 7y the period of a reference oscillator and the addi-
tional correction terms f; and fo compensate for temperature, viscosity and nonlinearity.
Temperature compensation is needed, as calibration of the instrument is done with water
and air at 20°C. The stated uncertainty of the instrument is +5 - 107% gmL™!, but is
higher at temperatures different than 20°C and viscosities markedly different from pure
water.

2.3.2 Viscosity

Viscosities for some, but not all, aqueous salt solutions were determined using a rolling-ball
viscometer (AMVn, Anton Paar). The sample is filled in a glass capillary, equipped with a
steel ball, which is then allowed to roll a fixed distance at a given angle. The rolling time
of the steel ball corresponds to the dynamic viscosity of the fluid according to

n= K x (psb - psample) Xt (222)

Thereby K denotes a temperature and angle dependent calibration constant, pg, the density
of the used steel ball, psampie the density of the fluid and ¢ the rolling time of the steel ball.
For the present work two distinct glass capillaries, with inner diameter of 1.6 mm were
used. The first one was an already calibrated capillary, that could be used as received. For
the second capillary, temperature and angle dependent calibration constants, K, needed
to be determined with degassed MILLI-Q water, first. The determined K values were
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Table 2.4: Angle Dependant Calibration Constants K, as Determined for Capillary SN
17547949. Stated Uncertainties Result From Standard Deviations of Corresponding Rolling
Times.

angle / ° K/ m?s™?
20 4.054-1073 + 5-1076
30 5.940-1072 + 4-107°
40 7.646-1072 + 3-107
50 9.114-1073 + 4.10°

60 1.0298-1072 + 2-1076
70 1.1190-1072 + 4-10°¢
80 1.2357-1072 + 3-107°

additionally verified at selected temperatures and angles with a suitable viscosity standard
oil (CANNON, Certified Viscosity Reference Standard S3, Lot Number 11201). Table 2.4
contains the determined calibration constants.

2.3.3 Conductivity

Specific electrical conductivities, x, were determined at (25+£0.01) °C (temperature stability
<0.005°C) with a computer controlled setup®!. A set of five two-elecrode capillary cells
with cell constants C' = (25 - 360) cm ™) was calibrated with KCl(aq)“?. The cell resistance,
R, was determined in the frequency range 100 < v/Hz < 10000 and extrapolated to infinite
frequency, R, using the empirical function

R(v) = Ro + AJ1" (2.23)

A is specific to the cell and the exponent a shows values of 0.5 < a < 1. Data acquisition,
temperature control and extrapolation of R, values was done automatically by a home-
built software package. The measurement was repeated at least 40 times in a row and the
extrapolated R, averaged. Specific conductivity of the sample is calculated as C'// Ry,. The
achieved repeatability is < 0.05 % but note that, because of various possible error sources,
the relative overall uncertainty of  is probably only < 0.5%.

2.3.4 Quantum mechanical calculations

Semiempirical quantum mechanical calculations have been performed for inorganic phos-
phate anions utilizing MOPAC2009%® with the PM6 Hamiltonian®!. The eigenvector-
following (EF) routine was used for the optimization of ion geometry. To obtain condensed
phase dipole moments, solvent effects were accounted for by the COSMO technique®, us-
ing 78 as the relative static permittivity, , of pure water at 25°C. Van der Waals radii,
Iv.aw, were determined with WINMOSTAR? using the MOPAC optimized geometry of

the ions.






Chapter 3

Ion Cloud Relaxation in NaCl(aq)

The material presented in this chapter forms the basis of the paper:

Andreas Eiberweiser and Richard Buchner “lon-pair or ion-cloud relazation? On the origin
of small-amplitude low-frequency relazations of weakly associating aqueous electrolytes.” J.
Mol. Liq. 2012, 176, 52-59.

3.1 Introduction

Recent DRS studies of aqueous solutions of weakly associating 1:1 electrolytes,?” 2% includ-

ing sodium carboxylate solutions,?’ detected a weak mode in the ~0.5 — 1 GHz region of
the dielectric spectrum, that is in a region typical for ion-pair relaxation. However, until
recently the amplitude (relaxation strength) of this spectral feature was just at the de-
tection limit and accordingly quantitative analysis rarely attempted.?® This situation was
changed by recent improvements of the DRS instrumentation in Regensburg, now allowing
for samples of static permittivity e(= lim,_,o&’(v)) ~ 80 and dc conductivity x < 1Sm™*
the resolution of modes with amplitudes S = 0.2. Thus, at least semi-quantitative in-
vestigation of weak ion pairing appears to be feasible now, provided the low-frequency
relaxation can be unequivocally assigned to ion-pair reorientation.

With ion-cloud relaxation, however, there is a process which should show up in the same
spectral region as ion-pair relaxation.®” This effect, predicted by Debye and Falkenhagen,*”
arises from the field-induced fluctuations of the diffuse ion cloud surrounding each charged
particle in solution. For charged colloids,” including poly-electrolytes® and charged mi-
celles, %% jon-cloud relaxation is indeed a major contribution to £(v). For electrolyte so-
lutions this effect was thought to be small and thus elusive to detection'®® but according
to recent calculations®? this should not necessarily be the case. Obviously, the possible
overlap of ion-cloud and ion-pair relaxation has implications on the investigation of weak
ion association with DRS. In order to resolve the true nature of the small-amplitude low-
frequency mode of aqueous 1:1 electrolytes, a detailed study of aqueous sodium chloride
solutions as a model system for strong electrolytes was conducted. Additionally, dielectric
spectra of aqueous 1:1 electrolytes previously recorded in our laboratory were re-evaluated.

35
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3.2 Data treatment and description of spectra

In total, 35 samples in the concentration range 0.05 < ¢/molL~" < 2.11 have been studied
at 25 °C, whereby special attention was given to concentrations < 0.5mol L™ (24 sam-
ples). For formal description, the obtained spectra were fitted via Eq.1.19 by a sum of
n independent relaxations j. Each mode was modeled by a Havriliak-Negami equation of
amplitude (relaxation strength) S; = €; — €41, relaxation time 7; and shape parameters
0<aj <land 0 < g; <1, orits simplified variants, the Cole-Davidson (CD, a; = 0), the
Cole-Cole (CC, 8; = 1) or Debye (D, a; =0 & (; = 1) equations. %

All reasonable combinations of band-shape functions were tested for 1 < n < 4 by simulta-
neously fitting ¢'(v) and €”(v). Additionally, the spectra were analyzed by the procedure of
Zasetzky.®® With both approaches the overall best fitting model for the spectra of samples
with ¢ < 1molL~! was found to be the superposition of a low-frequency Debye process,
with relaxation time 7 and amplitude S; = € — €9, centered at ~0.8 GHz, and a Cole-
Cole mode peaking at ~20 GHz with parameters 75, Sy = €2 — £ and s (the D4+CC
model). For higher concentrations the low-frequency mode could not be resolved anymore
and here spectra are best described by a single Cole-Cole equation. Table 3.1 lists the
obtained fit parameters for all samples and Figure 3.1 shows experimental spectra and fits
for selected concentrations. Amplitudes S; (j = 1,2) are plotted in Figure3.2. Note that
for ¢ < 1molL™! the static permittivity of the sample, € = lim,_,q&'(v), is given by £,
whereas for higher concentrations € = .

From its relaxation time and amplitude it is straightforward to assign the CC mode at
~20 GHz to the cooperative relaxation of (bulk) water that is — at least at low ¢ — es-
sentially unaffected by the dissolved NaCl.%? The small-amplitude low-frequency D mode
at ~0.8 GHz is specific to the solute (see Section 3.3). Note that for the present spectra re-
stricted to v < 89 GHz the fast water mode at ~500 GHz could not be resolved.®? However,
its presence is indicated by values of 4,(¢) & 5 — 6, which significantly exceed the infinite-
frequency permittivity of pure water, €,,(0) = 3.48, obtained from &(v) extending to the
far-infrared region.” This has to be considered in the analysis of the water amplitude (see
Section 3.4).

NaCl has been the subject of a previous DRS study restricted to v < 20 GHz.3! In contrast
to the present data, which are best fitted by the D4+CC model, a single Cole-Cole equation
is sufficient to model the spectra of the previous study. There are two reasons for the
different fit models. First, mainly thanks to the ECal module and improvements in cell
construction, experimental noise and instrument drift are reduced by a factor of 3-5 for
the present instrument compared to the previously used setup. Thus, it is easier now to
detect small amplitude modes. Second, the present frequency range is much larger and now
almost entirely covers the bulk-water relaxation. This is essential for reliably separating a
small excess contribution, like the (71, S1) mode, from a dominating relaxation, especially
if the latter is broadened. Thus, possible indications for a solute mode in the spectra of
Buchner et al.?' were subsumed in the parameters of their CC fit. Indications for that are
for ¢ < 1mol L™! static permittivities that are in between the present values for ; and
g9 (Figure 3.3a) and Cole-Cole parameters that are somewhat larger than the present oy
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10
v/ GHz v/ GHz

Figure 3.1: Spectra of relative permittivity, ¢'(v) (a), and dielectric loss €”(v) (b), for
NaCl(aq) at 25 °C and concentrations ¢ / (mol L™!) = 0.0503, 0.2492, 0.3966, 0.6912, 0.9815,
1.365, 1.741 and 2.112 (top to bottom). Symbols show typical experimental data; lines
represent the D+CC fit.

(Figure 3.3b). The systematically lower bulk-water relaxation times of Ref. 31 (Figure 3.4)
are mainly a consequence of lacking high-frequency data.
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Figure 3.2: Concentration dependent amplitudes of the D-+CC fit of spectra of NaCl(aq) at
25 °C. The relaxations are attributed to bulk water (@) and ion pair + ion cloud relaxation
(V). Lines represent empirical fits of the experimental values.
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Table 3.1: Parameters of a D4+CC Fit For the Observed DR Spectra of Aqueous Solutions
of NaCl at 25 °C: Conductivity, x, Limiting Permittivities, ¢; (j = 1, 2) & €, Relaxation
Times, 7;, and CC Broadness Parameter, ap, Together With the Value of the Reduced

Error Function, y

re

2 a,b

c/molL*1 Kk /S m~! €1 71/ ps €9 T2 / pS a9 €00 X?

0¢ 78.37 8.32 3.48 0.05
0.0498 0.540 7746 203 77.24 831 0 5.83 0.03
0.0503 0.545 77.48 273 77.33 830 0.004 556 0.07
0.0995 1.025 77.26 283  76.73 827 0.006 5.66 0.03
0.1004 1.037 77.39 382 76.48  8.31 0.001 5.80 0.06
0.1008 1.050 77.16 200 76.57 824 0.002 580 0.02
0.1496 1.500 76.69 187  75.68 826 0.002 5.77 0.05
0.1501 1.498 76.68 232 75.94 829 0.006 5.75 0.04
0.1504 1.492 76.51 280  75.47 8.19 0 5.83 0.05
0.1989 1.965 76.14 193 75.32 8.21 0.006 5.67 0.04
0.1997 1.962 76.21 185 7532 825 0.006 5.82 0.05
0.2486 2.400 75.73 222 74.73 820 0.010 5.59 0.07
0.2592 2.389 75.76 195  74.78 814 0.012 5.67 0.08
0.2980 2.820 75.32 200 74.09 815 0.009 5.55 0.03
0.2981 2.832 75.24 181 74.11 8.10 0.012 5.74 0.07
0.3475 3.255 74.55 171 73.47 810 0.012 5.65 0.05
0.3481 3.245 74.71 177 73.57 818 0.011 5.91 0.07
0.3966 3.660 74.05 167 7258 810 0.007 5.80 0.06
0.3970 3.703 74.00 176 72.98 8.07 0.015 5.75 0.09
0.3997 3.710 7341 198 72,67 795 0.015 5.39 0.07
0.4463 4.054 73.69 186 72.59 810 0.018 597 0.14
0.4953 4.455 7227 188 7149 790 0.016 546 0.10
0.4954 4.508 72.94 203 72.06  8.01 0.020 5.21 0.06
0.4954 4.484 72.66 190 71.90 7.94 0.020 5.31 0.08
0.4960 4.460 73.10 195 71.90 807 0.019 6.13 0.12
0.5931 5.250 71.02 227 7049 793 0.019 555 0.15
0.5949 5.235 72.04 206 70.76  8.00 0.020 5.31 0.06
0.6912 6.026 70.76 202 69.84 796 0.020 5.61 0.08
0.9815 8.098 67.07 7.80 0.033 5.31 0.10
0.9823 8.211 67.18 200F 66.84 7.68 0.035 5.11 0.13
0.9833 8.180 67.87 220F 67.03 7.77 0.031 5.35 0.12
1.365 10.79 63.21 7.41 0.046 5.05 0.22
1.457 11.29 62.40 7.56 0.041 5.45 0.19
1.741 13.08 60.00 7.34 0.053 5.18 0.24
1.926 13.96 58.19 7.37 0.049 5.69 0.28
2.112 15.14 56.91 7.13  0.061 5.37 0.37

@ Units: ¢ in mol L1, 7j in ps, KyNA in S m~!; ® Parameter values followed by
the letter F were not adjusted in the fitting procedure. ¢ Values for pure water
are according to Schrodle.”®
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Figure 3.3: Static permittivities, ¢, (a) and Cole-Cole broadness parameters, ay (b), of
NaCl(aq) for the current study (@) and from Buchner et al.3! (OJ).
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Figure 3.4: Concentration dependence of the bulk water relaxation time, 7, as obtained
in this study (@) and by Buchner et al. (0)3' (lines as a guide to the eye).
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3.3 Discussion of low frequency relaxation

With values S; < 1 (Figure3.5) the amplitudes of the reported low-frequency relaxations
were clearly at the nominal detection limit of the previously used instrumentation 28:192,103
and even with the improved apparatus,?®3? the data scatter considerably (Figure3.5 &
Table 3.1). Although the limited frequency coverage of Buchner et al., 0.2 < v/GHz < 20,
provides a straightforward explanation why no solute mode was then detected for NaCl(aq),
it is necessary to ask whether the present low-frequency relaxation is not an artefact as-
sociated with the measurement system. Indeed, the necessity to calibrate the reflection
probe heads of the VNA, combined with the known imperfections of the mathematical
model used for their description,® is a challenging point, as one may rightly argue that
inappropriate calibration standards combined with the need to adjust the conductivity
correction of the VNA probe heads lead to a spurious low-frequency signal that could be
misinterpreted as a relaxation process.

However, if the used calibration standards, air, mercury and water, were a problem, then
the suspicious low-frequency mode should also show up for other samples, including well
characterized molecular solvents. To test this hypothesis, deuterium oxide and propylene
carbonate (PC), which have similar dielectric properties as water and thus should not
require Padé correction with secondary standards,®? were measured in the same way as
the NaCl(aq) samples. For both liquids, the relaxation models given in the literature (D
for D20 '%* and CD+D for propylene carbonate®!) were used to fit their spectra, yielding
static permittivities and relaxation times in good agreement with the literature. More
importantly, neither for deuterium oxide nor for propylene carbonate indications for a
spurious low-frequency relaxation could be found.

The other likely scenario is that conductivity correction for the probe heads leads to the
emergence of a non-existent mode. Conductivity correction is most prominent in the
low frequency region and indeed influences the amplitude of the resolved low-frequency
process crucially. Though &'(v) is not affected by the conductivity correction, real and
imaginary part of £(v) are fitted simultaneously. Thus, improper conductivity correction
leads to a systematic deviation of the experimental €'(v) from the fit curve. Therefore,
the conductivity-correction procedure is such that the experimental x value is taken as the
starting point and conductivity correction is altered until systematic deviations exceeding
experimental repeatability are eliminated for both &'(v) and £”(v) and best fit (minimum
in x?) is achieved. If systematic deviations between fit and experimental data cannot be
removed with reasonably small (here < 3.5 %) conductivity corrections for the VNA probe
heads this suggest that the chosen fit model is inappropriate. Thus, the adopted correction
procedure is reasonably unbiased regarding the possible existence of a low-frequency mode.
A further possibility for the observed low-frequency relaxation might be electrode polar-
ization, as this is an unavoidable contribution to the dielectric spectra of ion-conducting
systems. 2% However, for dilute solutions electrode polarization shows up at much lower fre-
quencies than studied here. Spectral features of electrode polarization do shift to higher fre-
quencies with increasing conductivity and its magnitude increases with conductivity. Thus,
a possible contribution of electrode polarization should become more and more prominent
the higher c¢. However, for the present NaCl(aq) solutions, as well as for all other 1:1
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electrolytes where a comparable low-frequency mode was observed so far,27 30,102,103 the

amplitude of the solute relaxation decreases for ¢ > 0.5mol L™! and vanishes at high con-
centrations. Thus, electrode polarization can almost certainly be ruled out as the origin of
the here observed low-frequency relaxation. The question now is, what else is the possible
origin of this mode and in the following two possible options for a solute-specific relax-
ation in electrolyte solutions, namely ion-pair rotation and ion-cloud relaxation, will be
discussed.
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Figure 3.5: Experimental amplitudes of the low-frequency mode, S; (V¥), and values re-
ported by Yamaguchi et al. ((0)*%1% (line as a guide to the eye).

3.3.1 Ion-pair Relaxation

Ion-pair relaxation can be assumed to occur through small-angle rotational diffusion of
the ion pair’s dipole vector in a medium of viscosity 7 and should thus follow the Stokes-
Einstein-Debye equation (Eq. 1.56).57 The single-particle rotational correlation time used in
the SED equation, 7{p, is linked to the experimental dielectric relaxation time, 7ip, through
Eq. 1.60.5° Thus from the geometric data of reasonable ion-pair models an estimate of their
relaxation time is possible.

Following Barthel et al.,?® it was assumed for the present calculations of V,, and f, that
the ion-pair can be approximated by a spherocone of variable cone length [ to account for
the number of solvent layers (CIP: 0; SIP: 1; 2SIP: 2) separating the ions in the pair. The
water molecule was assumed to be spherical with radius 144 pm!% and the ion radii of
Marcus'®” were used for Nat (97 pm) and C1~ (180 pm). For n the value of pure water



42 CHAPTER 3. ION CLOUD RELAXATION IN NACL(AQ)

(n = 0.8903mPa-s'%) was inserted, so that for the species CIP, SIP and 2SIP theoretical
infinite-dilution limits of their ion-pair relaxation times, 7ip, were obtained with Eqs. 1.56
and 1.60.

Table 3.2: Relaxation Times, 7, of Different Ion Pair Species, Estimated via Eqs. 1.56 and
1.60 Assuming Stick or Slip Boundary Conditions, Together With Their Effective Dipole
Moments, jter, and Associated Standard-State Association Constants, K3.*

Tstick  Tslip Heft K Z

CIP  29.7 3.6 109 32+£8
SIP 649 20.3 24.6 444£0.8
25IP 122 55.0 36.7 21+£0.3

“Units: 7 in ps, feg in Debye (1D =
3.3356 x 107%°C - m), K3 in Lmol ™.

Table 3.2 lists the estimated CIP, SIP and 2SIP relaxation times for stick and slip boundary
conditions. As can be seen, only the 2SIP result for stick boundary conditions is in fair
agreement with the experimental average, 1 ~ 210ps (Figure 3.6). However, it should be
kept in mind that the SED equation, Eq. 1.56, allows only a rough estimate of 7{p (and thus
7ip) because in general V,, and especially f; can only be approximated and C' is generally
not known. Even more problematic, for the above calculations ion pairs were assumed
to be not solvated. However, it is unlikely that on IP formation Na:q completely looses
its complete hydration shell except for the intervening water molecules in SIP and 2SIP.
Thus, at least for ion pairs involving strongly solvated ions, like Na;q, larger mp values
have to be expected (but cannot be reasonably predicted) than those assigned to CIP, SIP
and 2SIP in Table 3.2.

Relaxation times are obviously only a rough guide for the identification of the ion-pair
species behind an observed solute relaxation. Generally more straightforward, even for
multi-step ion association, is a comparison of K§ values estimated from the amplitude(s)
of the solute relaxation(s) with standard-state association constants determined by stan-
dard techniques,'®?* provided the latter are reasonably well known. In the following, this
approach is applied to NaCl(aq).

Assuming, as for the evaluation of 7ip, that a mode j resolved in the formal fit is due
to the relaxation of a single species (here either CIP, SIP or 2SIP), its amplitude, S;
can be related to the concentration, c;, of that species via Eq.1.47. Following Barthel
et al.” and using polarizabilities of 1.44 A3 for water,®® 0.258 A% for Nat and 3.40 A3
for C17,197 the bare ion-pair dipole moments, jp, of Table3.2 were calculated for CIP,
SIP and 2SIP models of NaCl, and from that corresponding ion-pair concentrations, cp,
obtained by evaluating S; with the help of Eq.1.47. For each of the three ion pair models,
CIP, SIP and 2SIP, K values, Eq. 1.72, were calculated and the associated standard-state
association constants, K3, obtained by fitting the data via Eq.1.74.72 The thus obtained
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values for K3, which differ significantly for CIP, SIP and 2SIP, are also summarized in
Table 3.2.

Identification of the predominating ion-pair species for NaCl(aq) and validation of the
corresponding K (I) values would then proceed through comparison of the DRS values of
K3 for the model ion pairs CIP, SIP and 2SIP (Table 3.2) with standard-state association
constants from other methods. Unfortunately, the data basis for such a comparison is
very limited. To the best of our knowledge, only the values of K§ = 0.82 L mol™*,''? and
2.83 Lmol !, were published. Both were obtained with dilute-solution conductometry,
a method that is intrinsically species-unspecific and yields only a rough estimate for K3 <
10 Lmol~1.2! Nevertheless, these data are most compatible with 2SIP and thus seem to
confirm the inference from 7;. This result is somewhat surprising as Cl~ is known to be
only weakly hydrated, i.e. the residence time of a H,O molecule in the hydration shell of
Cl™ is comparable to the bulk-water residence time.!'? Thus, it seems more plausible that
SIPs should be immediately formed on encounter of Naj, and Cl;, but not 2SIPs.
Interestingly, some computer simulations suggest that formation of CIPs should always
be dominant over SIPs in aqueous NaCl,'21"113 although ion association is generally low
(Ka < 1Lmol™). On the other hand, the HNC-based theory of Yamaguchi et al. predicts
that at low ¢ the small amount of ion pairs formed in this electrolyte is dominated by SIPs
but CIPs become the major IP species above 1mol L™1.3%1% Different again, Mancinelli
et al. conclude that computer simulations compatible with their neutron scattering data
indicate only SIPs over the entire concentration range. !

Obviously, reliable reference data for K3 of NaCl(aq) are lacking and the information from
computer simulations regarding the dominant IP species is, at least for ¢ < 1mol L1,
somewhat contradicting. Nevertheless, CIPs can be almost certainly excluded to be re-
sponsible for the low-frequency relaxation detected for NaCl(aq) because the associated
DRS value for the association constant, K3 (CIP) ~ 32Lmol™! is far too large and the
corresponding relaxation time, 7ep &~ 4 — 30 ps, too small. Despite reasonable DRS values
for K3 (2SIP) and 7ogrp, 2SIPs are also unlikely because this species is neither compatible
with computer simulations nor with general knowledge on CI™ hydration.

There are some arguments in favour of SIPs as the relaxing species behind the present
low-frequency relaxation. In particular, the calculations of Yamaguchi et al.?%1% and the
simulations of Mancinelli et al.'** strongly hint at the predominance of SIPs over other IP
species at ¢ < 1molL™L. Also, the relaxation time of hydrated SIPs should be similar to the
Tostp values listed for the “naked” 2SIPs in Table 3.2. However, summarizing all evidence,
it is very unlikely that the association constant of NaCl(aq) exceeds 1 Lmol™!. Thus, it
is also unlikely that SIP reorientation is the only reason for the observed low-frequency
solute relaxation.

Note that according to Yamaguchi et al. a significant amount of contact ion pairs should be
present at ¢ > 1mol L™!,3%19 for which there is no indication in the present dielectric spec-
tra. This situation is similar to aqueous RbF solutions where HNC calculations indicated a
significant amount of direct cation-anion contacts but DRS also could not detect CIPs.?? Of
course, CIP relaxation might be buried under the dominating water mode since 7¢rp should
be small (Table 3.2). However, the more likely reason why CIPs are not observed with DRS
at high NaCl concentrations is ion-pair redissociation: due to the small average distance
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between ions at ¢ > 1 mol L™!, and thus strong ion-ion interactions, the lifetime of individ-
ual CIPs apparently drops below their rotational correlation time, preventing thus their
detection by DRS. This appears to be a rather general phenomenon,'®2%3% and suggests
that concentrated electrolyte solutions behave like a "solvent-lubricated" ionic liquid.!'!?
Although interactions in ionic liquids are dominated by direct anion-cation contacts, no
long-lived ion pairs were found. 16

3.3.2 Ion-cloud relaxation

Ion-cloud relaxation, that is the rearrangement in a fluctuating electric field of the dif-
fuse ion cloud surrounding any charged entity immersed in an electrolyte solution, is a
major component in the dielectric spectra of colloidal solutions, *® 1% and responsible for
electrode polarization.?® As it is well known from Debye-Hiickel theory,®” any ion in so-
lution is surrounded by its ion-cloud and ion-cloud relaxation was accordingly predicted
by Debye and Falkenhagen in 1928.%7 So far, unequivocal experimental verification of this
Debye-Falkenhagen effect is lacking for conventional electrolytes as its magnitude is small
and reasonable predictions for its relaxation strength (or the corresponding conductivity

change) were missing.'®" However, the predicted ion-cloud relaxation times,
[SISN))
Tic(C) = —— 3.1
o= 52 1)

where A is the molar conductivity at infinite dilution,!'” correspond to loss-peak fre-

quencies in the 0.1-1 GHz region and are thus compatible with the present low-frequency
relaxation.

Recently, Yamaguchi et al. proposed a new HNC-based theory for the frequency depen-
dence of conductivity /ion-cloud relaxation in electrolyte solutions.??8 For aqueous NaCl
solutions they predicted a relaxation in the 0.1-1 GHz region (Figure 3.6), jointly arising
from ion-cloud relaxation and SIP reorientation (which their theory cannot discriminate).
For the amplitude, S, of this composite mode they found rapid initial rise until a flat
maximum of Sj. &~ 0.7 is reached at ¢ ~ 0.5molL™!, then S;. slowly decays again (Fig-
ure 3.5).%21%% Both, magnitude and concentration dependence of Si.(c), are very similar
to the relaxation strengths of the low-frequency solute modes observed for aqueous 1:1
electrolytes, " 30102103 including the present NaCl(aq). It is thus worthwhile to scrutinize
the experimental data for evidence in favor of ion-cloud relaxation.

An important feature of 7. predicted by Eq. 3.1 is its pronounced decrease with increas-
ing ¢ (Figure3.6). For NaCl(aq) 7 drops from 400ps at ¢ &~ 0.14mol L~ to 200 ps at
~ 0.27molL™" to 100ps at ~ 0.5molL~" (Fig. 3.6). The solute relaxation times pre-
dicted by Yamaguchi et al.3*'% exhibit a similar drop with 400, 200, and 100 ps marks
already reached at approximately 0.08, 0.15, and 0.34 mol L™! (Figure 3.6). These predic-
tions appear to contrast experimental data, as for NaCl(aq) the solute relaxation time, 7y,
is independent of ¢, with an average value of ~210ps (Table3.1 & Figure 3.6), albeit with
a few values exceeding 250 ps at ¢ < 0.2molL~!. Corresponding 7; data for RbF?° are
also roughly constant, whereas those for LiCl1!%® and NaOFm & NaOAc?® are too noisy
to infer a reasonable trend. The solute relaxation times for CsCl,?” NaBr, Nal, NaNOs,
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Figure 3.6: Relaxation times, 7 (@), for the low-frequency solute relaxation in NaCl(aq)
as a function of concentration, ¢, at 25 °C. The broken line represents an estimate of
the ion-cloud relaxation time with Eq.3.1; the solid line is a fit of the values reported by
Yamaguchi et al.32105

NaClO4 & NaSCN, 2 as well as for NaBPh4'%? do decrease with increasing ¢ but the large
values predicted by Eq.3.1) for ¢ < 0.2mol L' are never reached and the concentration
dependence of 7, was reasonably well explained with fast ion-pair kinetics (note that the
latter feature is also implicit to the theory of Yamaguchi et al.3*11®).

It has to be noted, however, that for ¢ < 0.2mol L™}, the uncertainty in 7; is very large and
possibly masking the decrease predicted by Eq. 3.1 and the calculations of Yamaguchi et
al.*?] This does not only apply to the present NaCl(aq) data (Figure 3.6) but to all aqueous
1:1 electrolytes with solute relaxation studied so far,2730:102103 g4 that for ¢ < 0.2mol L*
the experimental solute relaxation times cannot be used as an argument against ion-cloud
relaxation. On the other hand, the expected solute relaxation times at higher concen-
trations are rather reliable. From the observation that 7, ~ 200ps for ¢ > 0.5molL~!
we may thus infer that ion-cloud relaxation is not the only process contributing to the
low-frequency solute mode and it is reasonable to assume that this additional contribution
is ion-pair reorientation, possibly from SIPs. Similar considerations apply to the other
aqueous 1:1 electrolytes. 27 30,102,103

Figure 3.5 compares the combined amplitudes of ion-cloud and SIP relaxation predicted
by Yamaguchi et al.3>'% with the present values, S;, for the solute mode of NaCl(aq).
As expected, the experimental data scatter considerably. Nevertheless, they show the
same trend as the theoretical predictions, namely a rapid initial rise, followed by a flat
maximum around 0.3-0.7molL~! and then a gradual decrease. Also the magnitudes of
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the predicted and the measured S; values are rather similar, albeit with somewhat larger
experimental data at intermediate concentrations. This surprisingly good agreement is
strong indication that the theory of Yamaguchi grasps the essential features of the ex-
perimentally observed solute relaxation.3*!'® At the same token this indicates that the
small-amplitude low-frequency mode resolved for the present spectra, as well as for other
aqueous 1:1 electrolytes?730:102,103 jg not an experimental artefact.

The slightly larger experimental amplitudes at intermediate concentrations and, more
importantly, the rather constant solute relaxation time, 73 ~ 210ps suggest that for
¢ 2 0.4mol L™t SIP reorientation predominates ion-cloud relaxation. Unfortunately, nei-
ther the theoretical approach of Yamaguchi et al.3*!'® nor the present experiments are able
to distinguish between “proper” ion-cloud relaxation, the kinetics of ion-pair formation and
decay, and the reorientation of SIPs. Since both, ion-cloud relaxation and ion-pair kinet-
ics, involve translational motions of cations and anions relative to each other, their formal
distinction is probably rather futile. Thus, we have some evidence for weak ion associa-
tion in dilute to moderately concentrated aqueous NaCl solutions, most likely through the
formation of solvent-shared ion pairs. However, we cannot reliably determine ion-pair con-
centrations and hence the corresponding association constant, K3, by DRS. Since ion-cloud
relaxation is a general phenomenon of electrolyte solutions, we have to keep in mind that
a “conservative” evaluation of solute amplitudes, ¢.e. under the assumption that the latter
are only due to ion pairs, will yield somewhat too large K3. Due to the small amplitude of
ion-cloud relaxation this is no problem for moderately associating electrolytes.'® However,
for weakly associating electrolytes DRS will only provide an upper limit for K73.

In view of the recent discussion on physiological effects of weak ion binding!%'72% this is
regrettable as here other techniques potentially sensitive to ion pairs, like conductometry,
ultrasonic spectroscopy (US) or optical Kerr-effect spectroscopy (OKE) are also problem-
atic. Ultrasonic spectroscopy, the only technique besides DRS able to discriminate different
types of ion pairs, so far was not able to detect ion pairs in general and SIPs in particular
for NaCl(aq). To the best of our knowledge, all US studies on NaCl(aq)''%'?° found little
or no excess absorption due to the solute, suggesting that within the uncertainty of these
experiments ion-pair formation is negligible. Of course, these rather old results do not
completely rule out ion pairing in NaCl(aq) but only indicate that it is very weak. Since
we may assume that the sensitivity of US instrumentation was considerably improved over
the last 40 years, a new US study into ion-pair equilibria in NaCl(aq) might be worthwhile.
Due to its sensitivity to polarizability fluctuations, OKE spectroscopy should be well suited
to study ion-cloud relaxation. Unfortunately, the recent OKE study on NaCl(aq) is of lit-
tle aid to verify our results.'?! The problem is that currently OKE spectroscopy needs
rather high concentrations, typically > 1 mol L~. Additionally, the predicted ion-cloud
relaxation times are too long to be in the reach of present OKE instrumentation.

3.4 Water relaxation

Due to the wider frequency range of the present spectra and the separation of a solute-
related low-frequency relaxation for ¢ < 1molL™!, the characteristic parameters for the
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water relaxation, Sa, 7 (Figure3.4), and oo (Figure 3.3b), differ somewhat from those of
Buchner et al.3' The deviations for the latter two parameters were discussed already in
Section 3.2.
A more detailed consideration is necessary for S,, as from this quantity the amount of DRS
detected water, c3PP, and thus the number
__ ~9PP
Zilc) = "G
of irrotationally bound (ib) water molecules per equivalent of salt is determined by compar-
ing ¢?PP with the analytical water concentration, c,,. Since Zy,(NaCl) = Zy,(Nat)+Z;,(C17)
(strictly valid only for ¢ — 0) and Z;,(C17) = 0,!82* the value for Zy,(NaCl) = Z,(Na™)
is a cornerstone for splitting the Zj, of sodium salts accessible from experiment into ionic
contributions.

- (3.2)
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Figure 3.7: Effective hydration numbers, Zj,, of NaCl(aq) for this study (M) and from
Buchner et al. (A).3! The solid line corresponds to a joint fit of both data sets with Eq. 3.8,
using error-weighted Z;, (see text). Error bars of the experimental values were estimated
from the standard deviation, og, of the polynomial £5(c) = 78.368 +ay - c+ay - c*/? 4 as- 2.

To calculate ciPP the fast water process is added to the detected bulk water amplitude Sy
to yield Sy, via
Sh = €2 — €00 (3.3)

where £,, = 3.48 is the infinite-frequency permittivity of pure water, also including the
fast water process.” The water amplitude S, now has to be further corrected for kinetic
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depolarization, Ayqe which is due to the torque exerted by the electric field of migrating
ions on the solvent dipole vectors.?27'2* This is given as

Akdé = flf(c) (34)

where

E=px €<02(6)€°° X Tég) (3.5)

In Eq. 3.5, 7(0) is the relaxation time of the dominant dispersion step in pure water, £(0)
its static permittivity and £.,(0) the infinite frequency permittivity of pure water. The
hydrodynamic parameter p, which characterizes the translational motion of the ions has
limiting values of p = 1 for stick boundary conditions and p = 0 for negligible kinetic
depolarization. Slip boundary conditions with p = 2/3 are generally used for electrolyte
solutions. 273031125 The total water amplitude (i.e. the equilibrium amplitude of the overall
solvent relaxation process) is thus given as

Spi(e) = Sp(c) + Axae (3.6)

For the calculation of DRS detected water concentration, ciPP, it is now convenient to use
a pure water normalized version of Eq. 1.47:

£0)  2e(c)+1  S(e)
2(0) “2:(0) 11 5(0)

where ¢, (0) = 55.34mol L™ is the concentration of pure water at 25°C and S(0) = 74.888
its total amplitude. 26 Effective hydration numbers, Z;,, were then calculated via Eq. 3.2. In
Figure 3.7 the corresponding effective NaCl hydration numbers of this study are compared
with the results of Buchner et al. (only the common concentration range, ¢ < 2.5mol L1, is
shown).3! Overall, the agreement of both data sets is very good so that they were combined
for a parametrization of Zj,(c) with the empirical equation

PP = ¢, (0) x

(3.7)

Zn(Na™, ¢) = A+ Bexp (—é) (3.8)
yielding A = 1.5+ 0.3, B =374+02, & C = (21 £ 0.3)molL"! in a least-squares fit
weighted by the reciprocal uncertainty of Zy,. In this fit, data at ¢ < 0.2mol L™ were
omitted as they appeared to be systematically biased to too large values. In the light
of recent computer simulations, '?"'?® which do not find a retarding effect of Na*™ on the
dynamics of its second hydration shell, this appears to be justified.

From the parameters of Eq. 3.8 an effective hydration number of Z3 (Na®t) = 5.2 4+ 0.5 is
obtained for Na/ at infinite dilution. This value is somewhat larger than the previous
DRS result,'®3! but in excellent agreement with coordination numbers n(Na') recently
obtained by neutron diffraction, n(Nat) = 5.3,1* and different QM/MD simulations,
n(Na®) = (5.2 £ 0.6)'?® and n(Nat) = (5.6 4 0.3).'% The decrease of Z,(Na™, ¢) with
increasing c is attributed to solvation-shell overlap. 824
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3.5 Conclusion

The present DRS study of NaCl(aq) provides firm evidence that the low-frequency, small-
amplitude relaxation observed for weakly associating aqueous 1:1 electrolytes?’30:102:103 jg
not an experimental artefact but related to the solute. Separation of this mode in the
numerical analysis of the complex permittivity spectra, which is not unproblematic even
with the improved instrumentation used in this work, affects the parameters describing
the cooperative relaxation of bulk water in the solutions, namely its relaxation time, 7
(Figure 3.4), and the width parameter, as (Figure 3.3b). However, the “static” permittivity
of water in the NaCl(aq) solutions, €5, and hence the water amplitude, S,(c) remains
rather unaffected. Hence the effective hydration numbers, Z;,(c), agree well with previously
published data.®' An improved estimate for the effective hydration number of Na™ is given,
yielding an infinite-dilution value of ZJ (Nat) = 5.2 4 0.5,

Evaluation of relaxation time, 7 (Figure3.6), and amplitude, S; (Figure3.5), of the re-
solved low-frequency solute mode indicates that this is a composite of ion-cloud and ion-pair
relaxation, with solvent-shared ion pairs as the most probable species in case of NaCl(aq).
This is in line with the theoretical study of Yamaguchi et al.,3>195118 which largely stimu-
lated the reinvestigation of NaCl(aq). Unfortunately, at present neither theory nor experi-
ment are able to disentangle both effects. Since ion-cloud relaxation is small but ubiquitous
for electrolyte solutions, DRS is thus only able to give an upper bound for the standard-
state association constant, K3, of weakly associating electrolytes. On the other hand, as
ion association in NaCl(aq) is expected to be very small, the observed IP + IC amplitude
S1 may also serve as an upper limit for IC contribution in the DR spectra of 1:1 elec-
trolytes. Of course, this does not give any quantitative information on the contribution of
IC relaxation, however, it allows the qualitative assessment and thus an estimate for the
reliability of determined association constants.






Chapter 4

Potassium Phosphates

Most of the material presented in this chapter forms the basis of a manuscript, in prepa-
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4.1 Introduction

Plants only contain 0.2% of phosphorous by weight.!3? Nevertheless, phosphorous is an
essential element for and often acts as an limiting factor for plant growth. Therefore it
is essential to ensure that commercial crops have enough supply of bio-available phos-
phorous, which is why phosphate fertilizers are used throughout the world. Despite their
overwhelming biological importance, rather little seems to be known about the hydration
of the simple inorganic phosphate ions HIPO4(3_’”)_, x =0, 1 or 2. The strong hydra-
tion of the orthophosphate anion (PO,3”) seems to be well established or at least widely
assumed, 3*351317133 byt literature information on the hydration of H,PO,~ and HPO,*~
is scarce and inconclusive.333%3%13% Algo, probably due to the rich chemistry of aqueous
phosphate solutions,?'3 there is no consensus on the speciation in those systems. This
seems to be especially the case in the question of ion pairing and phosphate dimerization.
Most studies focus on either anion dimerization or ion pairing and neglect the other pro-
cess. Due to the potential high importance of even small differences in ion pairing for
biological processes,'®?° this situation is highly unsatisfactory.

With its unique ability to differentiate different types of ion pairs, DRS is the ideal tech-
nique to resolve the still open question on whether aqueous potassium phosphate solutions
show ion pairing or not. Also, further insight into the hydration of the different phosphate
species can be gained by a DRS study. Accordingly a detailed broadband (0.2 - 89 GHz)
dielectric relaxation study of aqueous solutions of K;PO,, K,HPO,, and KH,PO, at 25°C,
with solute concentrations ¢ > 0.05 mol L=! up to the saturation limit was performed.
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4.2 Experimental Details and Description of Spectra

DR spectra have been measured at 25°C, over the frequency range 0.2< v/GHz <89.
For frequencies < 50 GHz the VNA with its two corresponding probe heads was used. The
general cleaning procedure (removing the sample, washing twice with water and acetone
and then drying with dry N,) of the VNA probeheads was sufficient for KH,PO,(aq) and
K,HPO,(aq). For K;PO,(aq), however, repetition of the described cleaning procedure for
up to 5 times was necessary before re-calibration, to avoid electrode polarization errors,
which probably arose from the adsorption of PO} on the probe-head surface. Sample pH
was determined (to £0.01) at room temperature with a Consort C835 pH-meter, equiped
with a Bioblock combination glass electrode, containing a silver chloride reference electrode.
The electrode was calibrated with standard buffer solutions of pH=4.00, 7.00 and 10.0
before measurement. The measured pH values (Table4.1) indicated that a maximum of
5% of H,PO,  (aq) and HPO,*" (aq) were hydrolyzed in solutions of KH,PO, and K,HPO,
respectively at all salt concentrations. Hydrolysis was thus neglected for those salts. The
phosphate ion PO,?, however, shows considerable hydrolysis, especially at high dilutions.
The measured pH values of the K;PO,(aq) samples were therefore used to calculate the
actual speciation via the appropriate mass balance equations (see Section 4.3.2).

Figure 4.1 shows typical experimental dielectric spectra for KH,PO,(aq) together with the
corresponding fits. Concentration dependent amplitudes of the resolved relaxations are
shown in Figure4.2. Analogous pairs of figures are given for K,HPO,(aq) (Figures4.3 &
4.4) and K;PO, (Figures 4.5 & 4.6). The fit parameters for all three salts are summarized in
Tables 4.2, 4.3 & 4.4. The DR spectra of all of the present solutions were best described by
a sum of n Debye equations. For KH,PO,(aq) a four-Debye (4D) model was satisfactory at
all concentrations, whereas for K,HPO,(aq) a 3D model yielded the best fits. A 3D model
was also satisfactory for K;PO,(aq) at low concentrations but at ¢ >2.6 mol L™! only two
Debye-type relaxations could be resolved. A striking feature of the three sets of spectra is
the increase of the static permittivity, ;. This occurs over the entire concentration range
for KH,PO,(aq), while solutions of the other two salts show an initial increase in ; with
increasing ¢ at low concentrations, followed by a decrease. This hints at the formation of
ion pairs, as discussed in detail below.

The dominant mode in all spectra, centered around ~18 GHz, can be attributed unequiv-
ocally to bulk water relaxation. Pure water shows two relaxations in the DR spectrum at
25°C.™ The main one, with a relaxation time of T,y = 8.32ps, is attributed to the coop-
erative dynamics of the hydrogen-bond network.3! A second, low amplitude mode centered
at ~600 GHz is generally assigned to the small fraction of water molecules that are thought
to be less hydrogen-bonded than bulk water.? This mode is sometimes, %36 but not al-
ways,?? detected in the DR spectra of electrolyte solutions restricted to the same frequency
range (v < 89GHz) as the present study. For the present salts this fast water process
was only resolved for KH,PO,(aq), but its presence can be implied in K,HPO,(aq) and
K,PO,(aq) solutions by the strong increase in e, with increasing c. Apart from the two
water modes, solutions of all three phosphate salts showed two additional lower-frequency
relaxation modes at ~8 GHz and ~1.6 GHz (only at ¢ < 2.6mol L™* for K;PO,(aq)).
The observed amplitudes of both these modes increase steadily with ¢ and both modes are
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Table 4.1: Concentrations, ¢, and pH Values of All Studied Potassium Phosphate Salt
Solutions.*

KH,PO, K,HPO, K;PO,
c pH c pH c pH

0.0501 4.6 0.0298 9.1 0.0250 11.69
0.0999 4.4 0.0498 9.0 0.0500 12.04
0.1492 4.4 0.1500 9.1 0.0749 12.17
0.1980 4.4 0.1989 9.1 0.1015 12.19
0.2965 4.3 0.2504 9.1 0.1497 12.37
0.3933 4.3 0.2975 9.1 0.1988 12.50
0.4900 4.3 0.3943 9.2 0.2489 12.49
0.5842 4.2 0.4904 9.1 0.3016 1241
0.6791 4.2 0.5893 9.2 0.3476 12.63
0.7721 4.2 0.6830 9.2 0.3985 12.64
0.8649 4.1 0.7771 9.2 0.5920 12.77
0.9564 4.1 0.8667 9.2 0.7826 12.66
1.0480 4.1 0.9643 9.1 0.9730 12.96
1.1369 4.1 1.4150 9.3 09738 12.74
1.2057 4.1 1.8480 9.4 14291 13.23
1.3319 4.0 2.6442 9.6 18623 13.41
3.3495 9.7 22681 13.65

3.9872 9.8 2.6507 13.76

3.0119 13.93

@ Units: ¢ in mol L1,

thought to be composites. The slowest process at ~1.6 GHz, corresponding to an average
relaxation time 7 ~ 100 ps, can be assigned to ion-pair reorientation with a small con-
tribution from ion-cloud relaxation (the Debye-Falkenhagen effect).'®” The mode centered
at ~8 GHz (7 =~ 20ps) also consists of two contributions: the rotational diffusion of the
dipolar anion (K* has no permanent dipole moment) and the presence of ’slow’ water, i.e.
water molecules with dynamics significantly slowed relative to those of bulk water. Both
processes were required to account for the observed amplitudes Sy(c).
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Table 4.2: Concentration Dependence of the Dielectric Relaxation Parameters of a Four-
Debye Fit of Aqueous Solutions of KH,PO, at 25°C: Concentration, ¢, Limiting Permit-
tivities, ¢; (j = 1 — 4) & £, Relaxation Times, 7;, VNA Conductivities, kyna, and the
Value of the Reduced Error Function, x?2.%"

T-

2
c €1 T1 €2 T2 €3 T3 €4 T4 €  KVNA Xr

0.0501 78.76 236 7797 23F 77.07 8.40 6.51 1.0F 4.56 0445 0.0287
0.0999 79.06 156 77.82 23F 7529 837 6.96 1.02 447 0.837 0.0292
0.1492 79.48 153 7775 23F 73.73 836 7.53 1.76 5.04 1.196 0.0509
0.1980 79.78 121 7749 233 7290 822 6.68 0.57 3.44 1537 0.0481
0.2965 80.47 112 7725 224 70.01 811 691 1.0F 4.68 2175 0.0553
0.3933 80.85 102 76.90 245 69.51 8.14 690 1.29 449 2737 0.0667
0.4900 81.19 84.7 76.01 229 6752 8.12 7.18 1.0F 4.22 3.296 0.0658
0.5842 81.83 91.2 76.10 229 6493 793 7.06 1.28 5.00 3.787 0.1124
0.6791 82.24 89.0 75.69 229 6312 7.89 7.23 0.72 3.83 4265 0.1129
0.7721 82.63 85.7 75.01 219 60.77 779 748 1.04 447 4715 0.1254
0.8649 83.31 874 7480 226 5921 7.68 7.10 1.0F 5.56 5.136 0.1378
0.9564 83.69 87.6 7T4.33 226 5780 7v.61 7.13 0.70 4.19 5551 0.1123
1.048 84.12 88.6 7397 225 56.02 7.58 T7.68 1.04 4.58 5913 0.1228
1.137 84.43 88.6 73.32 213 5264 727 746 098 497 6.262 0.1779
1206 84.80 914 73.14 215 5192 731 790 1.0F 425 6.518 0.2068
1.332  85.30 925 7242 215 50.00 7.18 7.79 0.98 4.68 6.969 0.3450

@ Units: ¢ in molL™!, Tj in ps, KyNA in Sm™'; ® Parameter values followed by

the letter F were not adjusted in the fitting procedure.
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Figure 4.1: Spectra of relative permittivity, £'(v), and dielectric loss, £”(v), for KH,PO,(aq)
at 25°C and concentrations ¢/ (mol L™!) = 0.0501, 0.198, 0.393, 0.679, 0.865, 1.05 and
1.33. Symbols show typical experimental data; lines represent the D+D+D+D fit.
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Figure 4.2: Amplitudes of the four Debye relaxation modes for KH,PO,(aq) as a function
of solute concentration at 25 °C : bulk water (@), slow water + anion (H), IP + IC
relaxation (V) and fast water (»). Lines are visual guides only. Broken lines represent a
deconvolution of Sy into slow water (dashed line) and HPO,*" rotation (dotted line).
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Table 4.3: Concentration Dependence of the Dielectric Relaxation Parameters of a Three-
Debye Fit of Aqueous Solutions of K,HPO, at 25°C: Concentration, ¢, Limiting Permit-
tivities, €; (j = 1 — 3) & £, Relaxation Times, 7;, VNA Conductivities, kyna, and the
Value of the Reduced Error Function, x?2.%?

T

c €1 1 €2 2 €3 T3 €00  KVNA X?
0.0298 79.23 447 77.55 21F 76.20 8.28 6.39 0.591 0.2371
0.0498 7942 326 7731 21F 75.24 820 6.20 0.929 0.0324
0.1500 79.25 171 76.33 21F 70.90 7.99 6.31 2.429 0.0940
0.1989 79.04 162 7595 21F 69.12 7.88 6.39 3.095 0.1424
0.2504 7877 144 7552 21F 68.18 7.94 6.79 3.756 0.1570
0.2975 7846 140 75.34 21F 66.19 7.80 6.74 4.333 0.2279
0.3943 7758 116 74.68 21F 63.46 7.70 7.04 5.457 0.2450
0.4904 77.05 104 74.04 21F 60.85 7.40 6.36 6.495 0.1467
0.5893 76.39 113 73.50 21F 58.02 7.25 6.40 7.466 0.1883
0.6830 75.96 97.2 72.68 21F 57.56 7.29 6.87 8.373 0.2057
0.7771 7530 93.8 72.05 21F 5561 7.24 7.16 9.220 0.2899
0.8667 74.50 89.2 T1.80 225 54.80 7.24 7.30 9.963 0.3028
0.9643 73.82 106 71.27 21F 49.87 6.77 6.59 10.72 0.3953
1.4150 70.95 79.8 66.88 21F 45.09 6.79 7.56 13.62 0.3720
1.8480 68.63 99.4 63.57 21.2 3840 6.31 7.99 15.53 0.4791
2.6442 64.74 129 56.21 214 29.04 555 8.82 16.93 0.5631
3.3495 61.31 156 49.69 21.6 22.97 453 9.04 16.36 0.4955
3.9872 57.97 187 44.22 227 19.84 3.86 9.32 14.52 0.4378

@ Units: ¢ in mol L™1, 7j in ps, KyNA in Sm™!; ® Parameter values followed by the

letter F were not adjusted in the fitting procedure.
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Figure 4.3: Relative permittivity (a) and dielectric loss (b) spectra for K,HPO,(aq) at
25°C and concentrations ¢/ (mol L™!) = 0.0498, 0.4904, 0.9643, 1.415, 1.848, 2.644, 3.349
and 3.987. Symbols represent typical experimental data; lines represent the D-+D-+D fit.
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Figure 4.4: Amplitudes of the three Debye relaxation modes for K,HPO,(aq) as a function
of solute concentration at 25 °C : bulk water (@), slow water + anion (M) and ion pairs
(V). Lines are visual guides only. Broken lines represent a deconvolution of Sy into slow
water (dashed line) and HPO,?~ rotation (dotted line) contributions.
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Table 4.4: Concentration Dependence of the Dielectric Relaxation Parameters of a Three-
Debye Fit of Aqueous Solutions of K;PO, at 25°C: Concentration, ¢, Limiting Permittivi-
ties, €; (j = 1 —3) & €, Relaxation Times, 7;, VNA Conductivities, kyna, and the Value
of the Reduced Error Function, y2.%°

re

c €1 T1 €2 2 €3 T3 €00 KVNA X?
0.0250 79.71 246 77.67 16.5F 7721 830 5.79 0.817 0.0326
0.0500 80.04 181 76.65 16.50F 75.63 8.22 5.82 1.470 0.0551
0.0749 80.67 164 76.25 16.5F 7449 821 6.11 2.022 0.0882
0.0999 80.63 178 75.56 181 71.50 8.03 6.49 2.545 0.1387
0.1497 8046 135 74.93 159 67.62 7.78 5.87 3.522 0.0765
0.1988 80.57 140 74.72 16.0F 64.26 7.67 6.17 4.424 0.0728
0.2489 79.54 127 73.79 17.1 63.75 7.60 6.16 5.294 0.1018
0.2985 7882 148 73.32 17.8 60.68 7.29 6.11 6.144 0.1109
0.3476 7840 130 73.13 183 61.11 7.48 6.51 6.906 0.1319
0.3985 7825 155 72.99 16.8 56.21 7.23 6.71 7.650 0.1465
0.5920 75.36 195 T71.11 179 5230 7.05 7.09 10.32 0.1677
0.7826 72.16 196 69.05 16.7 4759 69F 7.78 12.61 0.1954
0.9730 70.17 251 67.10 15.8 41.27 6.5F 8.04 14.55 0.2977
0.9727 69.77 192 66.41 16.6 41.06 6.05 6.96 14.63 0.1924
1.4291 63.45 342 61.96 155 31.94 5.69 840 17.77 0.2277
1.8623 59.35 323 5748 154 2536 5.0F 9.23 18.93 0.2232
2.2681 54.27 333 53.72 16.0 21.00 4.12 9.14 18.85 0.2179
2.6507 5048 - 5048 173 19.29 388 9.64 17.93 0.1857
3.0119 47.48 4748 188 17.82 3.56 10.09 16.03 0.1700

@ Units: ¢ in mol L™, 7j in ps, KyNA In Sm™!; ® Parameter values followed by the

letter F were not adjusted in the fitting procedure.
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Figure 4.5: Spectra of relative permittivity (a) and dielectric loss (b) for K;PO,(aq) at
25°C and concentrations ¢/ (mol L™1) = 0.0749, 0.399, 0.592, 0.973, 1.43, 2.27, 2.66 and
3.01 (top to bottom). Symbols show typical experimental data.
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Figure 4.6: Concentration dependent amplitudes of the three Debye type relaxation modes
as found in K;PO,(aq) at 25 °C . The relaxations are attributed to bulk water (@), slow
water + anion (H) and ion pairs (V). Lines represent empirical fits of the experimental
values.
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4.3 Hydration

For aqueous solutions, the hydration of a solute is one of its most important parameters.
The interaction between water molecules and the solute not only determines its solubility,
but also largely governs its reactivity as well as determining the physical characteristics of
the solution. Despite the importance of the level of hydration of solutes, there is no general
agreement about how it should be quantified. This is commonly done by determining the
hydration number of the solute. However, as is well known, different techniques moni-
tor different properties of solutions and therefore produce hydration numbers that differ
markedly from each other.%197138139 DRS is particularly sensitive to hydration effects and
has been able to provide a coherent picture of ionic hydration. DRS can differentiate,
on the basis of their dynamic characteristics, two distinct types of hydration, which are
quantified by two effective hydration numbers, Z;, and Zgoy. 192 The former is the num-
ber of irrotationaly bound (ib) water molecules per unit of solute. The characterization
as ib water stems from the fact, that such water molecules effectively disappear from the
dielectric spectrum, as they are frozen on the DRS timescale and thus are no longer able
to rotate in the external electric field.

The slow-water effective hydration numbers, Zgy, for the present solutions were deter-
mined as follows. The composite, intermediate-frequency mode was split into its slow
water and anion rotation contributions by deriving the free anion concentration, c_, from
the ion pairing results (see sec.4.4): ¢_ = ¢ — ¢rp, where ¢ip is the total concentration of
ion pairs in solution. The values of c¢_ were then translated into a relaxation amplitude,
S_, via Eq. 1.47.

The effective anion dipole moments have been calculated with MOPAC2009, giving values
of 5.9D for H,PO,™ and 4.4D for HPO,*", whereby the anion was placed in a dielec-
tric continuum with e = 78. The symmetric PO,*>” does not have a permanent dipole
moment.?>% The slow water amplitude, Ss,, was obtained from the observed composite
amplitude S5 as: Sg, = S92 — S_ and subsequently converted to the DRS detected slow
water concentration, ¢y, with the help of Eq. 3.7.1%% Values of Zg were calculated as:

CSW
Zgow = . (4.1)

The level of ib water was calculated as described in Section 3.4, with the difference that
the total water amplitude, S,,, also contains a slow water amplitude:

Sy = Sh + Sew (4.2)

Note, that as the fast water mode at ~ 500 GHz%? is not resolved, the present e, are
too large (see Tables4.24.34.4). Thus, for the evaluation of the relaxation strength of
bulk water, S, = €3 — €4 the infinite frequency permittivity of pure water, £,,(0) = 3.48,
obtained from £(v) extending to the far-infrared region,”® was used. Kinetic depolarization,
Aeyq, was treated as described in Section 3.4. The final value for the total water amplitude

S = Sy + Sew + Aeg (4.3)

was converted to the total DR resolved water concentration, cu,0 prs, via Eq.3.7.
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4.3.1 KH,PO, & K,HPO,

As KH,PO,(aq) and K,HPO, (aq) show negligible hydrolysis (< 5%) at all studied concen-
trations, Zj, and Zg., can be evaluated as outlined above. Figure4.7 shows the result-
ing concentration-dependent effective hydration numbers for the two salts. Z;,(KH,PO,)
reaches physically meaningless negative values at concentrations ¢ < 0.5molL~!. This
behavior most likely tracks back to the potassium ion, as previous DRS studies on KCl(aq)
and KOH(aq) gave negative values for Zy,, 2" similar to Zy,(KH,PO,). A possible expla-
nation is, that sub-slip boundary conditions for the calculation of the kinetic depolariza-
tion of KT (aq) should be applied, similar to Cs™(aq).** Z,(K,HPO,) shows systematic
increasing values for ¢ < 0.3molL~!. A linear fit yields an infinite dilution limit of
78 (K,HPO,) = Z3 (HPO,?") = 4.4 £ 0.6. Values of Zy, were fitted with a simple expo-
nential Eq. 3.8, where A =10.5 + 0.8, B=10.2 + 1.8 and C' = 0.3 £ 0.1 for KH,PO,(aq)
and A=4.2+ 0.9, B=24.6 + 1.0 and C = 0.9 + 0.1 for K,HPO,(aq).
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Figure 4.7: (a) Number of ib (Z;,) and (b) number of slow water molecules (Zgow) per unit
of solute for KH,PO,(aq) (>) and K,HPO,(aq) (H). Solid and broken lines lines correspond
to empirical fits. Error bars, AZ;, (K,HPO,) = AZgow (K,;HPO,)), were estimated from the
standard deviation, og, of the fit of the combined water related amplitudes, Sg4, according
to 5S¢4 =75.69 +a; - c+ag-c¥? 4+ az - 2.

At infinite dilution ionic additivity would be expected to apply and so values for the
phosphate anions were obtained by subtracting the estimated values for K (aq)2"% from
the calculated values for the whole salt.

Z o (HaPO,C77) = Z5, (K H,PO,) — (3 = n) 25, (KF) (4.4)
A comparison of DRS studies on RbF (aq)?” and KF(aq) 4% shows that Z3,, (KT) ~ 9; how-

ever Z3 (K*) = 0.2" The additivity of Z3 values, i.e. the meaningful existence of Z (ion)
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values, is well established.'® Too few systems have been studied to prove the additivity
of Z3,., values,3%19%143 hyt it is reasonable to infer they are. Table4.6 lists the obtained
Z3 and Z3,, values for H,PO,~ and HPO,?~ together with the total effective hydration
number 79, = Z5 + Z3.,- At finite solute concentrations Zi,(c) values also seem to
maintain additivity to a reasonable degree, although some anomalies are known.!% Addi-
tivity of Zgow(c) is less well established, and indeed departures might well be expected as
¢ increases due to increasing solvation shell overlap. Application of Eq.4.4 to finite con-
centrations yields a non-monotonic concentration dependence of Zy,, for both phosphate
anions. This shows that for finite concentrations Zg,, values of ions are not necessarily

additive.

4.3.2 K,PO,

Evaluation of the effective hydration numbers for K;PO,(aq) is not straightforward, as the
phosphate ion undergoes considerable hydrolysis. The observed amplitude S3(K;PO,(aq))
thus contains contributions from slow water (due to the presence of both, HPO,*~ and
PO,?") and the rotational diffusion of HPO,?". The speciation of each K;PO,(aq) sample
was calculated from the measured pH via the appropriate mass balance equations: only
the formation of HPO,?~ was found to be important, assuming a dissociation constant of
pK,(HPO,?") = 12.32.1% Table 4.5 lists the analytical K,PO, concentration, the measured
pH value, and the calculated concentrations of HPO,?~ (aq) and PO,*>" (aq) for each sample.
The contribution to Sy(K3PO,(aq)) arising from the presence of HPO,?~ was determined
by an interpolation of Sy (K,HPO,(aq)) to the appropriate concentration. The amplitude
solely due to the presence of K;PO,(aq) is then obtained as:

S2(K3PO,(aq))ime = S2(K3PO,(aq)) — Sa(K,HPO,(aq)) (4.5)

Original amplitude S3(K;PO,(aq)) and extrapolated amplitude Si(K;PO,(aq))yue are
shown in Figure4.8.

As p(PO,37) =0, it follows, that So(K,;PO,(aq))iue can be attributed solely to slow water
associated with PO,*>(aq) and KT (aq). Therefore, Zg,w(K;PO,(aq)) was calculated from
So(K3PO,(aq) )true via Eqs. 3.7 & 4.1 (Figure4.9a) and fitted with a simple exponential
Zgow = A+ B -exp(—c/C) where A =7.8 £ 2.4, B=27.2 + 3.8 and C = 0.8 + 0.3. The
single ion Zyo, due to PO,*>(aq) was then evaluated with Eq.4.4.

Zyp, values were determined analogously. The concentration of ib water molecules due
to HPO,*™ is given by ¢y mpo2- = Zin(HPO,*") x ¢(HPO,*"). Thus Zy(K;PO,) =
Zn(PO,*") was obtained by

Cy — PP — [Z,(HPO,*7) x ¢(HPO,*7)]

CP0437

Zn (PO, ) = (4.6)

The resulting Zi,(c) and Zgow(c) values are displayed in Figure4.9 and single ion values
for ¢ — 0 are summarized in Table 4.6.
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Table 4.5: Concentrations, ¢, and pH Values of the K;PO,(aq) Solutions. Phosphate
Speciation is Calculated by Considering the First Hydrolysis Step Only.®

c(K;PO,) pH  ¢(PO37) ¢(HPO,*)

0.02499 11.69 4.702-1072  0.02029
0.04997 12.04  0.01707 0.03290
0.07493  12.17  0.03084 0.04408
0.1015  12.19  0.04290 0.05855
0.1497  12.37  0.07870 0.07095

0.1988 12.50 0.1191 0.07962
0.2489 12.49 0.1478 0.1011
0.3016 12.41 0.1655 0.1361
0.3476 12.63 0.2324 0.1152
0.3985 12.64 0.2685 0.1300
0.5920 12.77 0.4357 0.1564
0.7826 12.66 0.5351 0.2474
0.9730 12.96 0.7899 0.1831
0.9738 12.74 0.7033 0.2705
1.429 13.23 1.271 0.1582
1.862 13.41 1.721 0.1415
2.268 13.65 2.166 0.1025
2.6501 13.76 2.557 0.09391
3.012 13.93 2.939 0.07298

@Units: ¢, in mol L™,

4.3.3 General Features of Phosphate Hydration

The results for the total effective hydration numbers, Z¢ ., (Table 4.6) indicate that more
than one hydration shell is established around HPO,?~ and PO,*~, however do not provide
information on how the water molecules are distributed over the solvation shells.

Table 4.6: Effective Hydration Numbers, Z3 , Z3

Jow and Z¢, for Phosphate Anions at Infinite
Dilution and 25 °C.

H,PO,~ HPO,2~ PO,3"

7 0 44 14.8
zZs,., 114 10.4 7.3
Ze 114 148 221

The interaction of orthophosphate (PO,*~) anions with water mainly occurs via H-bonding,
with a maximum of up to 12 H-bonds (assuming conventional Lewis electron arrangement).
The maximum number of water molecules that can fit around the phosphate anions based
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Figure 4.8: Comparison of the amplitudes S3(K;PO,(aq)) (M) as obtained by a 3-Debye
fit of the DR spectra of K;PO,(aq) solutions and the same amplitude after subtraction
of contributions due to HPO,?~ and associated slow water: Sz(K;PO,(aq))uue (O). Data
points S2(K;PO,(aq)) are relative to ¢(K;PO,), extracted amplitudes for PO,*~ are relative
to the pH-dependent PO, concentration. Lines are visual guides only.

on geometrical considerations alone is unclear as the exact radii of the different phosphate
species remain elusive.*® The radius of the symmetrical PO,*>~ at 238 pm seems straight-
forward, 97 although it is a thermochemical value and therefore rather less well-defined
than one determined from structural information. The common values of 200 pm given by
Marcus'%” for H,PO,~ and HPO,*  seem somewhat unrealistic, as one would expect an
increasing radius with increasing negative charge. Semiempirical calculations of the max-
imum van der Waals radius reveal a different picture of decreasing radius with increasing
charge (Table4.7).93:%

Table 4.7: Radii of the Three Inorganic Phosphate Anions in pm as Given by Marcus
(Tion) '°7 and Maximum vdW Radius Calculated with Winmostar (ry.q.w)%% .

Tion I'v.dWwW

H,PO,~ 200 340
HPO,2~ 200 339
PO, 238 309
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Figure 4.9: (a) Number of irrotationaly bound (Zy,) and (b) number of slow water molecules
(Zsow) per unit of solute for K;PO, (@). Solid and broken lines correspond to empirical
fits. Error bars, AZy,(K,;HPO,) = AZgow(K,HPO,), were estimated from the standard
deviation, ogy, of the fit of the combined water related amplitudes, Sy, according to S, =
75.60 4+ ay - ¢+ as - 32 +ag - 2.

Obviously, even though the P-O bond length is well known (and is in good agreement with
the MOPAC calculation), 69 the definition of a reasonable radius for the orthophosphate
anion is a non-trivial task. The same is true for the other two inorganic phosphate anions.
As an increasing radius with increasing charge seems reasonable, even though hydrogens
are stripped off in the same direction, one could speculate that the first hydration shell of
PO, is able to accommodate more water molecules than the one of H,PO,~ and HPO,*~
which seem to be of comparable size. However, for this work a different, chemically more
intuitive way is chosen. On the basis of the available sites (free electron pairs), ignoring
steric and charge effects and possible bonding of water molecules to the bound protons, the
maximum number of bound (and thus nearest-neighbor) water molecules is: 12 (PO,*"),
11 (HPO,*) and 10 (H,PO,™). If the bound protons are also taken into account, each
phosphate anion is able to establish a maximum of 12 H-bonds at any given time. Therefore,
the maximum number of water molecules in the first hydration shell is assumed to be 12,
which forms the basis for the following discussion of the hydration pattern of the three
inorganic phosphate anions. Only the infinite dilution hydration numbers, Z3 & Z3 .
are taken into account, as at finite concentrations additional complications (solvation shell
overlap) arise.

H,PO,™ is able to slow down 11-12 water molecules, with no frozen water. This corre-
sponds to the maximum number of water molecules in the first hydration shell of H,PO,~.
Those water molecules are H-bonded to the H,PO,™ sufficiently strongly to slow down
their rotational dynamics, but not so strongly as to produce ib water. This is consistent
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with previous DR-results on other monovalent anions.!®2® The higher charge density of
HPO,?", and consequently the strength of H-bonding, produces 4-5 ib water molecules in
the first hydration shell. The remaining 7-8 water molecules in the first hydration shell
and additional ~3 water molecules of the second hydration shell are slowed down. Thus,
HPO,?" exhibits a weak but definite second hydration shell. The higher formal charge den-
sity in PO,*" eventually is enough to produce ~ 15 ib water molecules. Given the probable
electronic and steric limitations (see above), only 12 of these ib water molecules will reside
in the first hydration shell. This indicates that PO,*~ must also have a well developed
second hydration shell containing (on average) ~3 ib and ~7 slow water molecules.

The identification of slow water molecules in aqueous solutions does not mean that they
have fixed characteristics. Indeed, as argued previously,!® it is probable, that the dynamics
of such molecules lie on a continuum. For example, in the present context, it is reasonable
to assume slower dynamics for water molecules in the first hydration shell than in the
second, but also slower dynamics around more highly charged ions. The present results
indicate, that the dynamics of slow water molecules are mainly governed by the occupied
solvation shell and less by the charge of the anion: the observed trend in 7 (see Section 4.5)
shows a decrease from ~ 23 ps (KH,PO,) over ~21 ps (K,HPO,) and eventually ~17 ps
for K;PO,. However, it should be remembered that there will be an anion contribution
(for H,PO,~ and HPO,?") to this effect.

The present findings on the hydration of phosphate ions are broadly consistent with recent
literature data. A neutron diffraction study using isotope substitution on solutions of the
three aqueous potassium phosphate salts,*® was able to determine the hydration number for
PO,*" to be 15 & 3 which is consistent with the present Z(PO,*7). A molecular dynamics
study suggested that the number of water molecules in the first hydration shell is ~ 16 for
PO, but ~20 for both H,PO,~ and HPO,*".3* These values are well in excess of the
available h-bonding sites on the anions, and are therefore rather implausible. In contrast, a
recent more sophisticated Car-Parrinello DF'T MD simulation indicated that the number of
water molecules in the first hydration shell decreases from 11 for PO,*~, to 10.4 for HPO,*~
and 9.4 for H,PO,~. Furthermore, while H,PO,™ appeared to have just one hydration
shell, both HPO,?~ and especially PO,>~ also possessed second hydration shells. Also,
this study indicated an increased flexibility of, i.e. fluctuating number of water molecules
in, the first hydration shell in going from PO,*" to H,PO,~. This is in accordance with the
present study, suggesting a shift from ib to slow water molecules in the first hydration shell
from PO, to H,PO,~. A FTIR study found that the numbers of solute affected water
molecules are 11.0, 13.8 and 16.2 for H,PO,~, HPO,?~ and PO,*" respectively.'? Those
results are in good quantitative agreement with the detected total hydration number, Z¢,
except for PO,*>~. Other reported hydration numbers for PO,3~ are 13 (ab initio quantum
mechanical charge field MD),'° 12 (NMR) '3 and 12-18 (Raman-+DFT).3¢

Table 4.8 lists some of the "absolute’ (single ion) thermodynamic parameters for phosphate
ion hydration. These data clearly indicate that the level of hydration increases significantly
from H,PO,~ to HPO,*™ to PO, . This trend is qualitatively reproduced in an excellent
way by our proposed hydration structure, as it is well known, that the thermodynamic
parameters for hydration largely reflect interactions between the ion and the first few
surrounding layers of water. A simple deduction of ApyqH and AyyqS for frozen and slowed
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Table 4.8: Hydration Enthalpies, ApyqH°, Entropies, ApyqS°, and Gibbs Energies, ApyqaG°,
for Phosphate Anions.!'%” Values Correspond to the Change of the Thermodynamic Values
upon Transfer of Isolated Ions from Ideal Gas Phase to Infinite Dilution in Water.

Ahdeo / J If(lOl_1 AhdeO / J HlOl_1 K_l Ahdeo / J IHOI_1

H,PO,~ 522 _166 473
HPO,>~ -1170¢ -272 -1089
PO, -2879 -421 -2753°
“ Value has been recalculated from Ay,4S°(HPO,?>") and
Ay aG°(HPO,27). > Value has been recalculated from

Ahdeo (PO43_) and Ahdeo (PO43_).

down water molecules is not possible as those numbers are different for each added water
molecule and of course critically depend on the charge of the anion. However it is clear,
that the entropy and enthalpy of hydration depend on the solvation layer and on the type
of hydration (frozen or slowed down water molecules).
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Figure 4.10: Concentration dependent Zy, values of KH,PO,(aq) (>), K;HPO,(aq) (M) and
K,PO,(aq) (o) for the full investigated concentration range. Error bars are only displayed
for K,HPO,(aq) for visual clarity.

The increase in Zy, with increasing ¢ (Figure 4.10) for all three salts, is a non-common
feature of simple inorganic salt solutions: those typically show a steady decrease in Z;, with
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concentration, which is attributed to solvation shell overlap.2"31:103:15L152 Dyifferent from
those studies, for the investigated phosphate solutions Zj, = 0 for ~ 0.3 < c/molL_1 <~
1.3. Thus, at higher concentrations increasing Z;, may be rationalized as water molecules
that are under the influence of an increasing number of ions. Water, that has already been
classified as slow, may be further slowed down and eventually disappear from the dielectric
spectrum. On the other hand, the increasing Z;, may also be connected to the extensive
amount of ion pairing (see Section4.4). However, recent studies on sodium carboxylate
salts showed a similar trend for Zj,.1%3%4% Ag only marginally ion pairing was found for
several of the investigated carboxylate salts, it is rather unlikely that ion association is
responsible for the increasing Z;,. It implies, on the other hand, that this behavior may
be specific to oxyanions. Further studies on the hydration of oxyanions might thus be
worthwhile.

4.4 Ion Pairing

4.4.1 General Remarks

Though ion pairing is a ubiquitous phenomenon in electrolyte solutions, quantification of
the extent of weak ion pairing is a non-trivial task.?! This problem is in part related to the
different types of ion pairs that may form. Depending on the charge and degree of hydration
of the ions involved, up to three distinct types of ion pairs may be detectable: double
solvent-separated ion pairs (2SIPs) where the (first) hydration shells of both the anion and
cation within the ion pair are essentially intact, solvent-shared ion pairs (SIPs) where both
ions share one or more appropriately oriented water molecule(s) and also a more-or-less
common hydration shell, and contact ion pairs (CIPs), where the cation and anion are in
direct contact, while again sharing a common hydration shell.'® The presence of solvent-
separated ion pairs (2SIPs and SIPs) creates difficulties because the common techniques
used to quantify ion association detect only CIPs (most spectroscopic techniques) or only
the overall association (without distinction between the ion-pair types: all thermodynamic
techniques and conductivity).?® DRS is one of the few techniques that can distinguish and
quantify all three ion pair types.'?® This is because the different ion-pair types differ in size
(and thus relaxation time) and in their permanent dipole moment, pu. As the amplitude
of a DR mode S; u?, DRS has a unique sensitivity towards 2SIPs and SIPs, which are
especially difficult to quantify by most other techniques.?*

As already mentioned, the lowest frequency mode for all three sets of phosphate solutions,
is a composite of ion-pair reorientation and ion-cloud relaxation (the IP + IC mode). For
moderate and strong ion association (K§ > 10) the ion cloud contribution is probably
unimportant, because its amplitude is thought to be small.3>137 For weakly associated
salts (K3 < 10), however, Sic may be a significant proportion of the observed amplitude.
Unfortunately, it is not at present possible to calculate Sic theoretically, nor can it be
measured separately. All that can be done in such circumstances is to derive an upper
limit for the equilibrium constant.

The overall ion association constants, K (c), were calculated at each solute concentration
via Eq. 1.72. Assuming the formation of 1:1 species only, concentrations of cations, c,, and
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anions, c_, can be easily obtained from the analytical salt concentration, ¢, and the DRS
detected cp. The association constants K 4(c) for the three potassium phosphate salts are
then calculated by:

Crp

Ka (c(K3-nHyPOy)) (c—an)(3—n)-c—ap) (4.7)
The relationship between ion-pair amplitudes and concentrations is given by Eq. 1.47. Fol-
lowing Barthel et al.,”® the bare (vacuum) ion-pair dipole moments, up, were calculated
for CIP, SIP and 2SIP models of KH,PO,°, KHPO,~ and KPO,?". The effective dipole-
moment, fegp = fip/(1 — fipagp), accounts for the effect of induced moments on pp
through the polarizability, arp, and the corresponding reaction-field factor, fip.®! Polar-
izabilities were taken to be 1.44 A3 for water,'” 1.07A? for K*, 5.79 A% for H,PO,~ and
5.99 A3 for PO,?.1°7 The polarizability of HPO,?>~ (5.89 A%) was estimated to be in be-
tween the values for H,PO,~ and PO,*". For the charged IPs, KHPO,~ and KPO,*",
also the distinction between center of mass, ooy, and center of hydrodynamic stress, ocps
(used in this work), for the pivot of the dipole rotation had to be taken into account for
the calculation of pp (see Section 1.7).53
Standard-state (infinite dilution) association constants, K§, were obtained by fitting the
K 4(c) values via Eq. 1.74.

4.4.2 KH,PO,

The combined TP + IC mode of amplitude S; is depicted in Figure 4.11 for solutions of all
three potassium phosphate salts. Also included in Figure4.11 are the amplitudes of the low-
frequency mode observed in NaCl(aq). If it is assumed that NaCl(aq) is fully dissociated,
then the observed amplitude can be attributed entirely to ion-cloud relaxation. Strictly
speaking this assumption can just be applied to 1:1 electrolytes (see Section 3). However,
due to the lack of corresponding reference systems for 1:2 and 1:3 electrolytes, NaCl(aq) is
also used as a reference for K;HPO, and K;PO,.

On this basis it is obvious, that the possible ion-cloud relaxation contribution to S; is signif-
icant (> 50% up to ¢ ~ 0.2mol L") for KH,PO,(aq) but somewhat lower for K,HPO,(aq)
& K;PO,(aq). At higher concentrations S; mostly stems from ion-pair reorientation.
As the determination of K3 via Eq.1.74 is sensitive to the high dilution region, only
Ka(c>0.393mol L) values were used in the fitting procedure. The results for the three
possible types of ion pairs are summarized in Table4.9. Assuming solely the formation of
2STPs gives K§ = (2.0 £ 0.2) Lmol ™", which is in qualitative agreement with the value re-
ported by Pethybridge et al. K3 (KH,PO,") =2.0Lmol ™" from high quality conductivity
measurements. !5 This level of agreement is almost certainly fortuitous because of the num-
ber of assumptions involved in deriving the K 4 values using both techniques. It must also
be recalled, that neither K™ nor H,PO,™ are strongly hydrated, which argues against, but
does not disprove, formation of 2SIPs. The value of K§(KH,PO,°) = (4.9 4 0.4) L mol™!
calculated by assuming only formation of SIPs is still in reasonable agreement with the
conductivity result, given that the DRS result is an upper limit because of the unknown
ion-cloud contribution.
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Figure 4.11: Amplitudes S; of the lowest-frequency DR modes in aqueous solutions of the
three potassium phosphates and NaCl as function of solute concentration, ¢, at 25 °C
Note that S;(K;PO,(aq)) contains contributions from KHPO,~ and KPO,?~ ion pairs.

4.4.3 K,HPO,

The variation of S;(K,HPO,) with solute concentration (Figure4.11) is strange: a strong
increase until ¢ ~ 0.2molL~!, followed by a moderate decrease up to ¢ < 1.0molL~!
and eventually a steady increase at ¢ > 1.0molL~!. This surprising variation can how-
ever be accounted for by the simultaneous existence and subsequent predominance of two
different types of ion pairs, according to the model of stepwise ion association by Eigen
and Tamm.%% Reasonable combinations of ion pairs are SIP & CIP and 2SIP & SIP.
The trend of the relaxation time, 7, suggests, that at high concentration SIPs are the
dominating species, in accordance with the result for KH,PO,(aq). As it is reasonable to
assume, that at higher concentration ion pairs with less intervening water molecules are
formed, the predominating ion pair species at low concentrations must be 2SIPs, together
with a contribution from ion-cloud relaxation. At ¢ < 0.964mol L' 2SIPs are dominant
(ignoring the ion-cloud contribution), whereas at ¢ > 1 mol L™" SIPs are assumed to be
the only type of ion pair. This assumption provided a basis for splitting the two ion-pair
contributions, which is described in detail below. Figure4.12 shows the splitting of the
amplitude S; into contributions S(2SIP + IC) and S(SIP).

Amplitudes S(2SIP +IC) were used to calculate association constants K (c), correspond-
ingly S(SIP) for the calculation of Ks(c) via Eq.4.7. Extrapolation of the Ky(c) val-
ues obtained via Eq.1.74 yielded K$(SIPKHPO, ) = (0.26 + 0.05) L mol™*, which
is an upper limit due to ion-cloud contribution. Extrapolated values of K(c) at ¢ <
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Figure 4.12: Deconvolution of the low frequency amplitude S; of K,HPO,(aq) into contri-
butions from SIPs and 2SIP+IC. Data points (H) represent the experimental values, lines
the extrapolated concentration behavior of the different ion pairs. Empty symbols (OJ)
indicate outliers that were not considered for the splitting of S;.

0.964 mol L™! were then used to calculate ¢(SIP KHPO, ), which were subsequently trans-
formed into values of S(SIP) via Eq.1.47. Subtraction of these values from Si, yielded
S(2SIP +IC). As S(2SIP +1IC) > S;(NaCl) at low ¢ (Figure4.12), S(2SIP 4 IC) =~
S(2SIP). The amplitudes could then be converted to 2SIP concentrations and hence values
of K,(2SIP KHPO, ) in a manner analogous to that described above. Extrapolation of
these K;(c) values via Eq. 1.74 yielded K?(2SIP KHPO, ) = (18 £3) L mol ™.

The overall association constant K§(KHPO, ) was calculated via Eq.4.7 and extrapo-
lation via Eq.1.74 yielded K (KHPO,”) = (21 £2) L mol™". A similar calculation of
K (KHPO, ™) assuming the formation of SIP & CIP gave K3 (KHPO, ) = 6949 L mol™".
To our knowledge, the only available literature value, K3(KHPO, ) = 21.74 L mol ™, is
again from the conductivity measurements on dilute solutions by Pethybridge et al..'5 The
excellent agreement with the K§(KHPO, ) value assuming 2SIP & SIP formation must
be fortuitous to some extend, given the number of assumptions and long chain of calcula-
tions for the derivation of the DRS value. Nevertheless, it suggests that the assumption
of negligible contribution of ion-cloud relaxation, the attribution of S; to 2SIP & SIP ion
pairs and the splitting procedure of S; was reasonable.
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1.44 K,PO,

In the case of K;PO, the observed amplitude S;(K;PO,)(aq) first needs to be separated
into contributions from K,HPO,(aq) and K;PO,(aq), using the respective concentrations
of HPO,?~ and PO,*~ (Table4.5). Note that KOH(aq), which must also be present from
the hydrolysis reaction, would not be expected to make a significant contribution to the DR
spectra in this region: a DRS study on aqueous KOH solutions for ¢ < 1 molL.~! was per-
formed additionally to the potassium phosphate solutions and the analysis of the obtained
spectra showed no prominent ion pairing in the frequency range of the S;(K;PO,(aq))
mode. ™ Values of S;(K,HPO,(aq)) were interpolated empirically at 0 < ¢/mol L™ < 0.3
and subtracted from S;(K;PO,(aq). The difference was taken as the amplitude stemming
only from KPO,?" ion pairs, S(KPO,?") at the actual PO, concentrations (Figure 4.13).
This procedure must be done with care because the results obtained depend on accurate pH
determinations and more importantly, a precise determination and fit of the low frequency
mode in K,HPO,.

0 . 10 O~ . 1 . 1 .
0.0 0.5 1.0 1.5 2.0 2.5

¢/ mol L™

Figure 4.13: Comparison of the amplitudes S;(K;PO,(aq)) (M) as obtained by a 3-Debye
fit of the DR spectra of K;PO,(aq) solutions and the same amplitude after substraction
of contributions due to KHPO, ™ ion pairs: S(KPO,?7)(0O). Data points for the neat salt
are relative to ¢(K;P0,), extracted amplitudes for PO,3~ are relative to the pH-dependent
PO, concentration (Table 4.5). Lines are visual guides only.

Assuming ocys boundary conditions and neglecting ion-cloud relaxation, K 4(c) were cal-
culated for different ion pair models and extrapolated to infinite dilution via Eq.1.74 to
yield K§(KPO,?") (Table4.9). The high hydration of the orthophosphate, PO,?~, with

ib water also in the second hydration shell, suggests that 2SIPs are the mainly formed ion
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pair species. Also the considerably higher relaxation time, 71(c) as compared to KH,PO,
and K,HPO, suggests to hypothesize that 25IPs are the dominant ion pair type over the
investigated concentration range. The corresponding standard state association constant
was calculated to K% (KPO,*") = 49 + 18 Lmol~'. Also, Rudolph et al. inferred from
Raman and infrared spectroscopic measurements the existence of SIPs and with further
dilution the existence of 2SIPs, which are the only ion-pair species at low concentration. 3¢
However, no association constants are stated.

4.4.5 Features of ion association in potassium phosphates

As shown in the preceding section, the accuracy of the association constants for the various
1:1 ion-pair species derived from the DR spectra is not optimal. Nevertheless, the clear-
cut presence of solute-related modes at low frequencies in the spectra for all three sets of
solutions, coupled with the quantitative analysis presented above indicates that significant
ion pairing occurs in solutions of all three potassium phosphate salts with overall standard
state association constants (K9 values) in the order KH,PO,’ < KHPO,~ < KPO,*".
The present K9 values are in good agreement with literature results (where available) but
markedly contrast with the assumptions of complete dissociation made in a number of
previous publications. 3332157 Table 4.9 gives an overview of the standard state association
constants of the detected types of ion pairs as found in aqueous potassium phosphate
solutions, as well as the respective overall standard state association constant for the three
salts.

Table 4.9: Estimated Ion Pair Dipole Moments, up, and Standard State Overall Associa-
tion Constants, K3, for Aqueous Solutions of KH,PO,, K,HPO, and K;PO, at 25°C.¢

KH,PO, K,HPO, K,PO,
1P K3 prp Ky K3 K3 pip K3
CIP 7.33 00 15.8 170 £ 27 1.0£0.2 24.3 687 £ 520
SIP 215 544+0.6 36.8 48+9 0.26+0.05 2142 51.0 260 £+ 123
2SIP 33.7 2.04+0.2 55.95 18+ 3 0.13 £0.02 75.7 49 £+ 18

“Units: pp in Debye (1D = 3.3356 - 107°°Cm); K7, K3 and K3 in Lmol'.
Preferred K (z = 1,2 or A) values (see text) are underlined.

Three trends in ion-pairing behavior can be distinguished: First, a shift from preferential
formation of SIPs (KH,PO,), to simultaneous observation of SIPs and 2SIPs (KHPO, ),
while the ion pair KPO,?~ solely exists in the 2SIP form. Second, as already noted, K3 in-
creases considerably in the order KH,PO,? < KHPO,~ < KPO,*". Third, at ¢ > 1mol L™*
the amount of formed ion pairs follows a reverse order: for KH,PO, ¢(IP) increases linearly
over the investigated concentration range, while for KHPO, ™ the ion pair concentration is
considerably lower at the same phosphate concentration. Most prominent is the behavior
of K,PO,, which only shows ion-pair formation for ¢(K;PO,) < 0.79 mol L.
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The trend of increasing hydration of the ion pairs is mirrored by the number of irrotational
bound water molecules. The increased Coulomb attraction between cation and anion
in going from H,PO,~ to PO,*" explains the increase in K3. Decreasing c(IP) at salt
concentrations ¢ >1mol L~! with increasing anion charge may be well explained with re-
dissociation effects. With increasing ionic strength each individual ion is experiencing the
electric fields of an growing number of neighbor ions. The associated screening effect makes
it more and more difficult to form stable ion pairs, which rely on the specific (electrostatic)
interaction of two oppositely charged ions. As a result, the absolute number of ion pairs
at any given time in the solution may actually increase, however, the amount detected by
DRS is decreasing, as the life time of the ion pairs gets shorter than the rotation correlation
time. Thus, they are no longer able to contribute to the total polarization.

As pointed out by various authors, '°7"'¢! dimerization of the phosphate species H,PO,~ and
HPO,?" in aqueous solution is a fact. Whereas dimerization of H,PO, ™ is present over the
entire concentration range with a concentration-independent association constant,®7 16
dimerization of HPO,?>~ can be neglected in dilute solutions.36:16L.162° Ag standard state
association constants and hydration numbers are generally given for infinite dilution, we
should only expect an influence on those quantities in the case of KH,PO,. Unfortunately,
the dihydrogen phosphate dimer is difficult to quantify with dielectric spectroscopy, due to
the unknown effective dipole moment of the species. Ideally, by formation of two hydrogen
bonds in a centrosymmetric fashion, a vanishing dipole moment is expected. As a result
the anion amplitude is overestimated and the intimately connected slow water amplitude
underestimated. For concentrations ¢ > 1molL™! we find increasing Zy, (Figure 4.10),
that might indeed be associated to phosphate dimerization. Nevertheless, ion pairing and
hydration behavior of KH,PO, and K,HPO, can be well explained without considering
phosphate dimerization. Also, a very recent Raman study was not able to detect any
features of hydrogen bonded dimeric species in dilute H,PO,~ solutions. '6?

4.5 Solvent Dynamics

The shift of the main dispersion peak in the £”(v) spectra towards lower frequencies (Fig-
ures 4.14.34.5) indicates an overall slowdown of the water dynamics with increasing solute
concentration for all three potassium phosphate salts. This slowdown is partially due to
increasing viscosity, but also to specific solute-solvent interactions. The influence of the
solute on water dynamics in aqueous solutions is a challenging task in DR because of the
difficulties in separating the two water processes. The obtained relaxation times for bulk
and slow water are not completely independent, and it is sometimes necessary to fix the
relaxation time of one of them (mostly slow water at low solute concentrations). Due to the
nature of the fit routine, fixing the slow water mode at a longer relaxation time lengthens
the relaxation time for bulk water. This problem vanishes at higher concentrations (¢ 2 1
mol L.1), when the slow water amplitude is big enough to be resolved without ambiguity.
In general, the relaxation time for the (slow water + anion mode) is extracted from the
high concentration limit and fixed at this value for the lower concentrations. This is not
completely bias free, but seems to produce reasonable results.83%143164 A consequence of
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this procedure is that the obtained relaxation times for the slow water mode are of limited
value: at best qualitative trends can be derived.

Orthophosphate anions are able to establish a maximum of 12 hydrogen bonds at any
given time. As discussed in Section4.3 the slow water molecules of H,PO,~ fit within
the first hydration shell, whereas those of HPO,?>~ and PO,*" also occupy the second
hydration shell. It is reasonable to assume, that the retarded water molecules in the
second hydration shell are slowed down to a lesser extend than those of the first hydration
shell. Also, the slow water molecules that reside in the second hydration shell are not
hydrogen bonded to the anion, but rather slowed down due to electrostatic interactions.
We thus get the picture of marked slowdown of water molecules in the first hydration
shell, less slowdown in the second hydration shell (if existent) and eventually vanishing
influence of the anion on solvent in further hydration shells i.e. the bulk. We can thus
conclude, that the phosphate anions are able to slow down water molecules in the first
two hydration shells (with the exception of H,PO, ™), which show up in the Sy amplitude
of the respective dielectric spectra. The deduced distribution of slow water over the first
two solvation layers, combined with the different slowdown in the two solvation layers
thus explains the apparent speed up of slow water dynamics in the course KH,PO,(aq)
(~23ps), K,HPO,(aq) (~21ps) and K;PO4(aq) (~17ps).

c(anion) / mol L™ c(K") / mol L™

Figure 4.14: Bulk water relaxation time, 7y, as a function of (a) phosphate anion concen-
tration and (b) potassium concentration. Symbols represent experimental values and lines
are empirical fits thereof.

The bulk water relaxation time, 7y,,, decreases with increasing solute concentration for all
three phosphate salts. Figure4.14 shows this decrease for the three salts as a function
of (a) phosphate (anion) concentration and (b) cation concentration. Whereas distinct
differences exist between the former three curves (which have differing ¢(K*) at each c_),
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Thw Shows essentially the same behavior for all three salts when plotted against ¢(K™), with
varying c_. This implies, that the apparent speedup of bulk water dynamics is mostly due
to the cations, and largely independent of the phosphate anions. Thus it appears, at least
for the potassium phosphate salts of this study, that the anions slow down water dynamics
sufficiently to give rise to Zgow, Whereas potassium is able to slow down water molecules
(as evident from Zg,w(KT)) and at the same time speed up bulk water dynamics. The
apparent contradiction of simultaneous slowdown and speedup of water dynamics due to
the KT is not resolved at present. It might well be, that the speedup of bulk water dynamics
is solely due to the increased fraction of fast water, as the bulk water mode subsumes the
fast water mode. This would render the observed dependence of the bulk water dynamics
on the potassium concentration a mere coincidence.

Clearly, it is desirable to gain more insight on the influence of solutes, and especially of
cations and anions, on water dynamics. First, the question needs to be settled, whether
for salts of simple ions, the cation is the only solute that has a decisive influence on the
bulk water dynamics. A previous DRS study on a range of simple sodium salts already
indicated that the impact of the studied anions (Br—, I~, NO,~, ClO,” and SCN™) on
water dynamics is remarkably similar,?® though subtle differences were detectable. This is
broadly consistent with no influence of the anions on 7,,. However, recent DRS studies of
Rahman on sodium alkyl carboxylates (Cp,—1Ham—1COONa with m = 1, 2, 3, 4, 5) showed
that the bulk water dynamics depends on the nature of the anion. Nevertheless, the studied
alkyl carboxylates, with the exception of formate (m = 1) are no simple anions as they show
mixed hydrophilic - hydrophobic hydration. A decisive influence of hydrophobic hydration
on the detected relaxation times, can be inferred from the non-monotonic dependence of 7,
on the length of the alkyl chain and the completely different behavior for sodium pentanoate
(m = 5). It seems to be worthwhile to conduct combined systematic DRS studies and MD
simulations regarding the dependence of 7, on cations and anions. Especially regarding
the specific influence of cations on the dynamics of water molecules in their first and second
hydration shell, MD simulations might be able to deliver invaluable information.
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4.6 Conclusion

Phosphate anions are highly hydrated, and show systematic changes in their ability to
slow or hinder the rotation of water molecules. The number of irrotationally bound water
molecules per unit of salt at infinite dilution, Z3, was found to be ~0 (H,PO,™), ~4.4
(HPO,?7), and ~14.8 (PO,*"). In addition to ib water all three potassium phosphate
salts were found to slow the dynamics of an even greater number of water molecules. The
number of water molecules so affected at infinite dilution per unit of solute, Zg ., was:
~20 (KH,PO,), ~29 (K,HPO,) and ~35 (K;P0O,). Assuming a value of Z3 . (K") = 9,
73, of the anions was calculated to be ~11 (H,PO,™), ~10 (HPO,*") and ~7 (PO,*").
Thus the total hydration numbers Z¢ = Z35 + Z3 ., for the three anions are ~11 (H,PO, ™),
~15 (HPO,?7) and ~22 (PO,*"). These values indicate that more than one solvation shell
is present for HPO,?~ and PO,*".

Aqueous solutions of the potassium phosphate salts KH,PO,, K,HPO, and K;PO, con-
trary to most previous opinion are significantly ion-paired with the standard state overall
association constant K3 increasing in the order KH,PO,° < KHPO,~ < KPO,* . In addi-
tion the nature of the IPs formed varied systematically: SIPs for KH,PO,°, SIPs + 2SIPs
for KHPO, ™ and 2SIPs for KPO,?~ consistent with the level of hydration of the anions.
The effect of potassium phosphates on bulk water dynamics can be split up in anion
and cation contributions. Phosphate anions are slowing down water dynamics, whereby
the slow water relaxation times of the three different phosphate salts can be reasonably
explained with the detected hydration pattern. Potassium cations are also able to slow
down water, but at the same time are responsible for the speed up of bulk water dynamics,
that apparently was not affected by phosphate anions.






Chapter 5

Sodium and Ammonium Phosphates

5.1 Introduction

Ion specific effects have attracted significant amount of interest during the last decade. 165168

Since the first systematic investigations in this area by Hofmeister and co-workers in the
late 1800s,'%°'™ many macroscopic properties have been shown to depend in a specific
manner on the nature of the present ions,'’® which led later on to the establishment of
the so called “Hofmeister series” of cations and anions. However, an explanation for the
observed ordering of ions remained elusive. Just about one decade ago, interest in specific
ion effects was revitalized through a series of conferences in Regensburg (2004), Prague
(2007), Munich (2008) and Oxford (2012).'%® At the first conference in Regensburg the
attendees expressed the necessity to formulate the right questions regarding specific ion
effects. Almost a decade later, the same people expressed the hope that the questions are
formulated now and people may start to answer them.'”” Even though a significant amount
of knowledge was gathered during the last decade, still many questions remain unanswered.
The intention of this chapter is to gather additional data on phosphate hydration and ion
pairing, when ions different from K* are present. A summary of (possible) ion specific
effects in phosphate hydration and ion pairing will be given in the conclusion of this work.
The additionally probed cations were Na™, NH,™ and K™ (Chapter 4). As already stated,
the overwhelming use of inorganic phosphates is in the form of fertilizers. Without the
large-scale use of fertilizers for crop production throughout the world, the earth would not
be able to sustain the by now more than seven billion human beings.!”™® Most important
are ammonium phosphates (NH,)H,PO, and (NH,),HPO,, which are able to provide two
essential nutrients for plant growth: phosphorous and nitrogen. Due to the overwhelming
importance, ammonium salts were chosen to be part of this study. Sodium phosphates are
presented first and were chosen due to the potential high importance of small differences
in ion binding of Na™ and K™ for biological processes. %1012

The results on dielectric spectroscopy of sodium phosphate salts (NaH,PO, & Na,HPO,)
and ammonium phosphate salts ((NH,)H,PO, & (NH,),HPO,) are finally compared with
the respective potassium salts.

79



80 CHAPTER 5. SODIUM AND AMMONIUM PHOSPHATES

5.2 Aqueous solutions of NaH,PO, and Na,HPO,

5.2.1 Choice of fit model and assignment of relaxation modes

Aqueous solutions of NaH,PO, (¢ < 4.794molL™!) and Na,HPO, (¢ < 0.6184mol L)
have been measured up to the saturation limit at 25°C, over the frequency range 0.2 <
v/ GHz <89. Sample pH (Table 5.1) was determined to £0.01 at room temperature with
a glass electrode, containing a silver chloride reference electrode (Metler Toledo, InLab
Micro) and indicated that hydrolysis of H,PO,  (aq) and HPO,*” was < 5% and could
thus be neglected.

Table 5.1: Concentrations, ¢, and pH Values of All Studied Sodium Phosphate Salt
Solutions.*

NaH,PO, Na,HPO,
c pH c pH c pH

0.0520 4.43 0.7765 3.98 0.0498 8.71
0.0993 4.31 0.8734 3.93 0.0999 8.96
0.1484 4.28 0.9632 3.93 0.1499 8.99
0.2005 4.26 1.860 3.70 0.1996 9.02
0.2469 4.22 2.682 3.52 0.2496 8.98
0.2960 4.19 3.438 3.40 0.2992 9.01
0.3966 4.14 4.153 3.27 0.3488 9.01
0.4932 4.09 4.794 3.15 0.3989 8.99
0.5882 4.05 0.4965 8.96
0.6834 4.01 0.6184 8.91

@ Units: ¢ in mol L1,

At ¢ < 1molL™! the best model for NaH,PO,(aq) proved to be a four-Debye fit, whereas
for ¢ > 1molL™! a three-Debye fit yielded best results. Also, for the two lowest concentra-
tions just three Debye-type relaxations could be resolved. Table 5.2 contains the obtained
fit parameter, typical experimental spectra are given in Figure 5.1, and the amplitudes of
the four resolved processes are depicted in Figure 5.2.

For Na,HPO,(aq) a three-Debye model was sufficient for the whole investigated concentra-
tion range. As the solubility of Na,HPO, in water is too low to extract reasonable 7y, the
bulk water relaxation time was fixed to obtain smooth changes for the relaxation parame-
ter. Deviant from that, for the three lowest concentrations the slow water relaxation time
was fixed at 23 ps to account for the usually observed initial drop of 7,,. Table 5.3 lists
the obtained fit parameter, typical spectra are shown in Figure 5.3 and Figure 5.4 shows
the concentration dependence of the three detected modes.

The respective lowest frequency relaxation of both salts can be attributed to ion-pair +
ion-cloud relaxation. For NaH,PO,(aq) an additional ion-pair mode at higher frequencies
is resolved, indicating the simultaneous presence of two different types of ion pairs. Also,
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both salts show two water related relaxations at ~8 GHz and ~ 18 GHz. The lower fre-
quency process is attributed to slow water, which also contains a contribution from anion
relaxation. The dominating process at ~ 18 GHz can be unequivocally attributed to bulk
water, as all obtained fit parameters of this process smoothly converge to the ones for pure
water at ¢ — 0. For both salts it was not possible to resolve a fast water mode, but the
existence of it can be implied by the strong increase in €., with increasing c.

The correct disentanglement of bulk and slow water at low concentrations (¢ < 1mol L ™1)
poses a problem, as both relaxation modes are generally too close to each other as that the
fitting routine could treat them independently. The traditional way to solve this consists
of two steps: first a free fit (without fixing any relaxation time) is applied to the complete
investigated concentration range. This yields, in general, quite scattered relaxation times
for bulk and slow water at low concentrations due to the low amplitude of the slow water
process. At higher concentrations (typically ¢ >1molL™!) the relaxation strength of
the slow water process is big enough to be reasonably resolved. In the second step the
relaxation time of the slow water process at ¢ <1mol L~} is fixed for the value obtained in
the high concentration regime. This procedure is quite cumbersome, as in addition to the
detection of the best fit model, also the slow water relaxation time has to be determined
separately. The results on the bulk water dynamics of the previous chapter, however, offer
a faster and more elegant way for the disentanglement of the two water processes. As
was shown in Chapter 4.5, the bulk water dynamics for potassium phosphates is largely
independent of the anion. Yet, so far it is not clear, if this is only true for phosphate salts
(and maybe even only for potassium phosphates) or if this can be generalized for all simple
salt solutions. To gain more insight into this important question, NaH,PO,(aq) was fitted
in two different ways: first, the slow water relaxation time was held constant at 25 ps for
¢ < 1molL7!. In a second attempt, the bulk water relaxation time was adjusted to the
value as observed in NaCl(aq) at the respective Na™ concentrations.'3” This procedure
involves the assumption, that Cl~ also has almost no effect on the bulk water relaxation
time. In the light of MD simulations, finding equal residence times of water around
water and Cl™, this seems reasonable though. Figure 5.5 compares the two sets of Tyy.
Virtually no difference in ion-pairing for the whole investigated ¢ range and in hydration
for ¢ > 1 mol L~! was obtained for the two sets of fit-parameter. Thus Figure 5.6 compares
the obtained relaxation amplitudes S; (j =1 —4) for ¢ < 1mol L™*. As the fit parameter
set based on fixed 7,y gave more consistent results on ion-hydration (the hydration results
for both approaches are shortly discussed in Chapter 5.2.2), it was chosen as the best fit
model. The parameter set based on 7y, is presented in Table 5.4.

Nevertheless, both approaches have to be regarded as auxiliary constructions for the dis-
entanglement of bulk and slow water. Thus, even though fixing 7, gave more consistent
results for NaH,PO,(aq), both approaches should be tested for future studies (provided re-
liable Ty, for the respective cation chloride are available). A future reliable disentanglement
of bulk and slow water without major assumptions on either relaxation time is just possi-
ble when the spectra are extended by high frequency data (THz regime). This frequency
region, however, is currently not available with the instrumentation in Regensburg.
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Table 5.2: Concentration Dependence of the Dielectric Relaxation Parameters of a Four-
Debye Fit of Aqueous Solutions of NaH,PO, at 25°C Obtained by Largely Fixing the Bulk
Water Relaxation Time 74: Concentration, ¢, Limiting Permittivities, ¢; (j = 1—4) & oo,
Relaxation Times, 7;, VNA Conductivities, xyna, and the Value of the Reduced Error
Function, y?2.%°

T

c €1 T1 €2 T2 €3 T3 €4 T4 €0 RVNA Xr
0.05200 78.01 605 77.67 77.67 47.2 76.71 831 5.61 0.343 0.0658
0.09933 77.82 185 77.26 77.26 41.2 75.51 8.27 5.65 0.613 0.0948

0.1484 79.18 419 7848 8&F T77.01 234 7427 83F 6.02 0875 0.0651
0.2005 7881 342 7798 844 76.57 29.2 7277 8.19F 573 1.116 0.0594
0.2470  79.50 472 7815 83.2 76.04 2v.7 7175 8.15F 5.75 1.325 0.0443
0.2960 79.33 324 7870 951 76.22 273 7031 8.11F 5.83 1.546 0.0672
0.3966 81.28 512 7948 874 7524 21.8 67.63 8.07F 6.12 1.947 0.0470
0.4932 81.30 655 79.49 982 75.00 26.8 66.38 8.00F 6.22 2.294 0.0558
0.5882 8140 514 79.74 89.8 73.95 244 6421 T7.96F 6.28 2.626 0.0972
0.6834 81.47 446 80.33 93.6 73.57 23.9 6207 T79F 6.33 2.943 0.0726
0.7765 8239 390 80.51 91.0 7298 23.7 5999 7.84F 6.50 3.204 0.0950
0.8734 82.78 681 80.96 95.6 72.23 23.9 5851 T7.79F 6.61 3.465 0.0949
0.9632 83.81 485 80.93 96.4 7226 258 57.55 T7.76F 6.87 3.688 0.0754

1.861 83.89 83.89 121 65.21 23.0 4320 74F 7.16 5.236 0.1180
2,682  83.06 83.06 129 5773 21.6 33.00 7.0F 7.56 5800 0.1276
3.438  82.45 82.45 174 53.74 247 28.02 6.75F 7.81 5.802 0.1437
4.153  77.28 7728 189 48.28 25.0 23.27 6.5F 828 5.557 0.1410
4.794  70.76 70.76 207 43.94 26.1 20.18 6.2F 859 5.053 0.1403

@ Units: ¢ in molL71, Tj In ps, KyNA in Sm™!; ® Parameter values followed by

the letter F were not adjusted in the fitting procedure.
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v/ GHz v/ GHz

Figure 5.1: Relative permittivity (a) and dielectric loss (b) spectra for NaH,PO,(aq) at
25°C and concentrations ¢/ (mol L™') = 0.05200, 0.2005, 0.4932, 0.7765, 1.8605, 3.438,
4.153 and 4.795. Symbols represent typical experimental data (mostly omitted for visual
clarity), lines the D+D-+D+D fit and arrows indicate increasing concentration c.
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Figure 5.2: Amplitudes of the four Debye-type relaxation modes for NaH,PO,(aq) as a
function of solute concentration at 25°C: bulk water (5,,@®), slow water + anion (S3,H),
ion pair (5;,¥) and ion-pair + ion-cloud relaxation (Sj,>). Lines are visual guides only.
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Table 5.3: Concentration Dependence of the Dielectric Relaxation Parameters of a Three-
Debye Fit of Aqueous Solutions of Na,HPO, at 25°C: Concentration, ¢, Limiting Permit-
tivities, €; (j = 1 — 3) & e, Relaxation Times, 7;, VNA Conductivities, kyna, and the
Value of the Reduced Error Function, x2.%°

T

2
c €1 1 €2 T2 €3 T3 €0  KVNA Xr

0.0498 79.10 264 7730 23.0F 76.30 828 585 0.715 0.0229
0.0999 79.29 202 7642 23.0F 7448 822 592 1.254 0.0485
0.1499 79.14 165 75.62 23.0F 7296 818 6.03 1.764 0.0571
0.1996 7891 142 74.7v8 21.3 70.85 8.07F 6.23 2.198 0.0647
0.2496 78.55 126 74.09 215 69.42 8.01F 6.29 2.600 0.0724
0.2992 78.59 120F 73.18 19.8 67.39 7.96F 6.32 2.955 0.0791
0.3488 78.17 115F 7240 204 65.81 790F 6.44 3.280 0.0872
0.3988 78.06 111 72.04 189 64.26 T7.86F 6.52 3.615 0.1205
0.4965 77.43 105 7097 184 60.73 T7.74F 6.84 4.167 0.1846
0.6184 76.56 103 69.61 19.2 57.74 7T.68F 7.25 4.739 0.2239

@ Units: ¢ in molL™1, Tj In ps, KyNA in Sm™!; ® Parameter values followed by

the letter F were not adjusted in the fitting procedure.
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Figure 5.3: Relative permittivity (a) and dielectric loss (b) spectra for Na,HPO,(aq) at
25°C and concentrations ¢/ (mol L™1) = 0.04980, 0.09986, 0.1499, 0.1996, 0.2496, 0.2992,
0.3488, 0.4965 and 0.6184. Symbols represent typical experimental data (mostly omitted
for visual clarity), lines the D-+D-D fit and arrows indicate increasing concentration c.
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Figure 5.4: Amplitudes of the three Debye-type relaxation modes for Na,HPO,(aq) as a
function of solute concentration at 25°C: bulk water (S3;,M), slow water + anion (S5;,@),
ion-pair + ion-cloud relaxation (S7,¥). Lines are visual guides only.
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Figure 5.5: Comparison of bulk water relaxation time as observed for 4D-fits of

NaH,PO,(aq) with fixed slow water relaxation time (O) and bulk water relaxation time

fixed to the respective value as observed in NaCl(aq) (H).
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Figure 5.6: Comparison of amplitudes of the 4D fit for the two alternative fitting procedures
for NaH,PO,(aq) using fixed slow water relaxation times (open symbols) or fixed bulk water
relaxation times (filled symbols).
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Table 5.4: Concentration Dependence of the Dielectric Relaxation Parameters of a Four-
Debye Fit of Aqueous Solutions of NaH,PO, at 25°C Obtained by Largely Fixing the Slow
Water Relaxation Time 73: Concentration, ¢, Limiting Permittivities, ¢; (j = 1—4) & oo,
Relaxation Times, 7;, VNA Conductivities, xyna, and the Value of the Reduced Error

Function, x

2 ab

C €1 1 €2 2 €3 T3 €4 T4 €0  KVNA Xz
0.05200 77.83 77.83 207 T7.51 25.0F 75.75 820 5.46 0.344 0.0748
0.09933 77.79 7779 128 76.89 25.0F 7455 817 5.56 0.613 0.0936
0.1484 79.17 417 7853 103 77.32 25.0F 74.04 826 597 0.875 0.0654
0.2005 7881 382 7812 979 76.59 25.0F 71.70 8.09 5.63 1.116 0.0577
0.2470  79.50 502 7824 93.5 76.17 25.0F 70.76 8.05 5.65 1.325 0.0427
0.2960 79.32 359 7885 105 76.29 25.0F 69.27 &8.00 573 1.546 0.0653
0.3966 81.29 558 79.65 104 76.02 25.0F 68.14 8.07 6.08 1.947 0.0483
0.4932 81.37 754 79.64 107 7522 25.0F 64.90 7.88 6.06 2.294 0.0512
0.5882 81.43 581 79.92 99.2 7449 25.0F 63.78 7.89 6.20 2.626 0.0965
0.6834 81.48 553 &80.62 107 74.40 25.0F 61.64 7.81 6.21 2943 0.0714
0.7765 82.39 433 80.82 102 73.79 25.0F 59.98 7.80 6.43 3.204 0.0952
0.8734 82.86 805 &81.15 104 73.00 25.0F 58.30 7.72 6.51 3.465 0.0945
0.9632 83.82 523 &81.18 104 72.70 25.0F 56.19 7.56 6.68 3.689 0.0704

1.860 83.89 83.89 121 6521 23.0 43.20 7.40F 7.16 5.236 0.1180
2.681 83.88 83.88 139 5859 23.0 34.22 7.7 7.57 57778 0.1186
3.438 82.06 82.06 170 53.63 25.1 28.84 7.03 7.98 5811 0.1498
4.153 77.32 77.32 191 4848 25.8 24.18 6.86 8.41 5.557 0.1402
4.794 71.03 71.03 212 4427 274 21.19 6.70F 8.73 5.057 0.1431

@ Units: ¢ in molL_l, 7j In ps, KyNA in Sm_l,

. b

the letter F were not adjusted in the fitting procedure.

Parameter values followed by
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5.2.2 Ton hydration
NaH,PO,(aq)

Hydration in NaH,PO,(aq) should in principle be more straightforward than for the cor-
responding potassium salt: Na™ shows only strong hydration, leading to ib water, with no
slow water.3L137 Contrary, H,PO,™ is only able to slow water rotation at ¢ < 1molL™!,
leading to the emergence of a slow water mode, but not to strongly bind water. At
¢ > lmolL™! H,PO,~ also freezes water rotation. Thus, in NaH,PO,(aq) at low con-
centrations the two effective hydration numbers, Z;, and Zg.y, can be attributed solely to
the cation and anion respectively.

From the anion + slow water relaxation with amplitude S3 the slow water amplitude, Sgy,
was obtained by subtraction of the free anion contribution, S_ which was calculated from
the free anion concentration c_, utilizing the anion dipole moment pu_ = 5.905D,%%% via
Eq. 1.47. The latter was accessible from ion pairing results (see Section 5.2.3) as c_ = c—crp.
Insertion of Sy into a solvent normalized Cavell equation (Eq. 3.7) gave the concentration
of slow water, cs, which eventually allowed the calculation of Zg.(NaH,PO,(aq)) via
Eq.4.1. As Na* does not give rise to slow water, this number is equivalent to Zgoy (H,PO, ™)
and depicted in Figure5.7b. The experimental Zy., values are best fitted by an empirical
equation (solid line in Figure 5.7b)

In(Zgow) = a + bc'? (5.1)

with a = 2.49 £ 0.02 and b = 0.20 £ 0.01, which gives an infinite dilution value of 73 =
12.0 £ 0.2 in excellent agreement with the value obtained from KH,PO,(aq).

As the relaxation of fast water was not resolved, it was combined with the bulk water
amplitude S5 to Sy, = £3—€4,(0) where £,,(0) = 3.52 is the infinite frequency permittivity of
pure water (see Chapter 2). The amplitude of all DRS detected water is given by S$* = S+
Sew + Ackq. The value of kinetic depolarization Aeyq was calculated under slip boundary
conditions. Figure5.7a shows Zy, values which were calculated via Eq.3.2. A linear fit for
¢ < 1molL™! yielded Z3 = 4.3 + 0.3, in reasonable agreement with Z3 (Na®)= 5.2 + 0.5.

At infinite dilution the experimental results are thus in good agreement with the expected
values (dotted line in Figure 5.7a), with Z3 (NaH,PO,) ~4.3 and Z3_,(NaH,PO,) ~12.0.
At finite concentrations, however, the detected Zj, are lower than the sum of Zy,(Na™)
from NaCl(aq)™" and Z,(H,PO,”) from KH,PO,(aq) (Section4.3). The concentration
dependence, on the other hand, parallels surprisingly well the expected trend assuming
additivity of Zy, values. For Z, the deviation from the expected concentration trend (as
obtained for H,PO,™ in (NH,)H,PO,(aq), see Section 5.3.2) is positive, i.e. more water
molecules are slowed down as expected. Though both observations may well be explained
with experimental uncertainties, they hint at a shift from frozen to slow water for a small
proportion of the frozen water molecules. As at ¢ < 1molL™! only Na' is able to freeze
water, the affected water molecules must be located in the hydration sphere of Na™. The
most reasonable explanation of this shift can be seen in ion-pairing: the partial charge
neutralization, that goes along with ion-pair formation, results in the inability of Na™ to
maintain its entire ib hydration shell. It is interesting to note, however, that the total
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Figure 5.7: (a) Number of irrotationally bound, Z,, and (b) slow water molecules, Zgow, per
unit of solute. Symbols represent experimental values, broken lines expected values from
(a) NaCl(aq) & KH,PO,(aq) and (b) (NH,)H,PO,(aq). The solid line in (b) represents
an empirical fit. Error bars, AZy, = AZg., were estimated from the standard deviation,
ost, of the fit of the combined water related amplitudes, Syl, according to Syt = 74.848 +
ap-c+as- A2 +ay - A

hydration number, Z; = Zi, + Zgow very well resembles the expected value for the whole
investigated concentration range.

A comparison of the results on hydration for the two probed fitting approaches (fixed Ty
and fixed 7,,,) is given in Figure 5.8. Only data points up to ¢ = 1 mol L™! are presented,
as for higher ¢ both fitting alternatives virtually yield identical results for S;, Zj, and
Zgow- This is remarkable, as the difference in 7y is greatest at ¢ > 1molL™! (Figure
5.5, but can be rationalized through the low amplitude of the bulk water process at these
concentrations.

As is evident from Figure 5.8a, the differences of the two approaches manifest themselves
in the solvent related amplitudes, leaving the ion-pair modes largely unaffected. The bulk
water amplitude is systematically lower, and conversely the slow water -+ anion amplitude
is systematically higher for the traditional fitting approach of fixed 7g,. Consequently, the
traditional approach yielded higher Z,, with an infinite dilution limit of ~ 16.5, whereas
Z3 =~ 2.5 is significantly lower than the expected value of 5.2. Apparently, fixing of 7,
leads to an overestimation of Zg, which is partly, but not quantitatively, compensated
by an underestimation of Zj,. Quite consistent with previous results for the two effective
solvation numbers are, however, the results obtained by fixing 7,,. Rather robust against
the chosen fitting approach seems to be the total hydration number, Z; = Zy, + Zgow,
which shows deviations of +1.8 from the expected infinite dilution value for fixed 74, and
-0.7 for fixed Ty .
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Figure 5.8: Comparison of the obtained hydration properties for the two alternative fitting
procedures for NaH,PO,(aq) using fixed slow water relaxation times (open symbols) or
fixed bulk water relaxation times (filled symbols). (a) Zj, values and (b) Zgoy values for
the two alternative approaches. Dotted lines represent empirical fits for fixed 7., solid
lines such for fixed 7.

Na,HPO,(aq)

For Na,HPO,(aq) the disentanglement of cation and anion hydration is more complicated,
as both, Na™ and HPO,?~ are able to strongly bind water molecules. However, only for
HPO,?” slow water has been observed so far. The calculation of the effective hydration
numbers follows the pattern as outlined for NaH,PO,(aq). For the effective dipole moment
of HPO,*~ a value of 4.409 D was used.??® The results for the concentration dependence
of Zy, and Zg,y are presented in Figure 5.9.

For the infinite dilution limit, strong deviations from the expected (ideal) values are ob-
served. The number of strongly bound water molecules per unit of salt, Z; (Na,HPO,(aq))
is expected to be the sum of the corresponding single ion values:

Z5 (Na,HPO,(aq)) = Z5 (HPO,?7) + 2 - Z3 (Na™) (5.2)

The experimental value, however, is significantly lower than the expected one (about 4-5,
or 30%). While this may suggest, that the additivity of Z3 is not strongly followed, it
is interesting to note, that Z3(Na,HPO,(aq)) = 2 - Z5(Na™). Also, the concentration
dependence of Z;,(Na,HPO,(aq) follows in an almost perfect way the one observed in
NaCl(aq):

Zi,(Na,HIPO, (aq)) = 2 - Zp(Na™) (5.3)
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Figure 5.9: (a) Number of irrotationally bound, Zj,, and (b) slow water molecules, Zgoy,
per unit of solute. Symbols represent experimental values. Broken lines represent (a)
expected values from NaCl(aq) & K,HPO,(aq) and (b) the average Zqyo.w(Na,HPO,(aq))
for the whole investigated concentration range. Solid line in (a) represents the expected
Zin(Na,HPO, (aq)) value from NaCl(aq) only. Error bars, AZy, = AZg., were estimated
from the standard deviation, og, of the fit of the combined water related amplitudes, Sgd,
according to S = 74.848 + a; - ¢+ ay - ¢ + az - 2.

where ¢(Na™) = 2 - ¢(Na,HPO,). The solid line in Figure 5.9a represents the theoretical
concentration dependence of Zi,(Na™) as obtained from NaCl(aq),'3” rather than an empir-
ical fit of the Zy,(Na,HPO,(aq)) values. The dotted line in Figure 5.9a gives the expected
value, if irrotational bonding due to HPO,?~ is considered. The experimental Z;, data sug-
gest, that HPO,* in Na,HPO,(aq) is not able to strongly bind water molecules, in marked
contrast to the observations for K,HPO,(aq). This is corroborated by the results for the
effective slow water hydration number, Zyoy(Na,HPO,(aq)). Due to the high scattering of
the data points, it is just possible to extract an average Zg,, value for all concentrations:
Zgow ~13, thus also Z3 ,(Na,HPO,(aq)) = 13. Nevertheless, this is significantly higher
than the value obtained from K,HPO,(aq). Considering the infinite dilution values only,
it is possible to state, that the Na™ hydration shell appears unchanged as compared to the
one found in NaCl(aq), whereas the HPO,*~ hydration shell is altered as compared to the
one in K,HPO,(aq): HPO,?~ is not able to irrotationaly bind water molecules, however,
more water molecules are slowed in their rotational dynamics. The total hydration number
Z,(HPO,*"), however, is approximately the same as found in K,HPO,.

However, it is quite likely that the strong resemblance of the experimental Z;,(Na,HPO,(aq))
to the literature values for Na™ is a coincidence. It is reasonable to assume that both ions,
Na* and HPO,?~, show a transition of irrotationaly bound to slow water due to ion pairing
as outlined for NaH,PO,(aq).
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5.2.3 Ion pairing

The position and amplitude of the two low frequency relaxation modes (13 ~ 450ps &
Ty ~ 80ps) for NaH,PO,(aq) and the lowest frequency relaxation mode (7, ~ 120 ps) for
Na,HPO,(aq) suggest, that those are solute related. The position is consistent with ion-
pair relaxation, but we have to keep in mind that also ion-cloud relaxation is contributing
to the low frequency part of DR spectra in all electrolyte solutions (see Chapter3). As
a disentanglement of ion-pair and ion-cloud contribution is generally not possible in the
moment,3>137 the determined association constants have to be seen as an upper limit.
This is most important for weakly associated electrolyte systems, as for those ion-cloud
relaxation can contribute significantly to the determined amplitude (see Chapter4.4).

NaH,PO,

For aqueous solutions of NaH,PO, two relaxation processes can be attributed to ion-pair
relaxation: one at 73 ~450ps, the other at 7 ~80ps. The relaxation time of the first
process, 71, is significantly scattered over a broad range (200< 7, /ps <700). As this
process is at the low end of the probed frequency range, it is in general difficult to extract
reliable relaxation times. Due to the broad nature of the relaxation modes, the presence
of a second solute related relaxation mode at the same frequency range is an additional
complication. It is interesting to note, that this is the first time that two ion-pair processes
can be resolved for a 1:1 electrolyte with DR. The amplitude of the lowest frequency process,
S1, shows an initial increase up to ~2 at about 0.5molL™!, a value that is kept roughly
constant up to 1mol L™! (Figure 5.2). At higher concentrations it is no longer possible to
resolve this process. This behavior is consistent with the low frequency process observed
in NaCl(aq). Therefore, the lowest frequency process in NaH,PO,(aq) cannot solely be
attributed to ion-pair rotation, but also contains contributions from ion-cloud relaxation.
The second process shows a relaxation time, 75, that can smoothly be extrapolated to
~ 80 ps. This indicates, that this relaxation is solely due to ion-pair rotation, and that all
contributions from ion-cloud relaxation are found within the first process.

Derivation of standard state association constants, K3, was done in the way described for
potassium phosphates (see Section4.4). Effective dipole moments, g p, of the different
types of ion pairs were derived using the Barthel model, with ionic radii 7(Na™) =102 pm,
r(H,PO, ™) =200 pm, r(H,0) = 143 pm), polarizabilities of 1.44 A3 for water,'*® 0.258 A3 for
Na* and 5.79 A3 for H,PO, %7 and an effective dipole moment piog (H,PO, ™) = 5.904 D, 93:9
Then the g 1p Were used to calculate ion-pair concentrations, crp, from the relaxation am-
plitudes S; and Sy via Eq.1.47. Association constants, K for the process due to ion-pair
+ ion-cloud relaxation and K, for the process due to ion pairs only, were obtained in the
usual way (Eq. 1.72) and extrapolated to infinite dilution by means of an Guggenheim-type
equation (Eq.1.74) to yield standard state association constants K7 and K3. The overall
standard state association constant, K3, is obtained by an Guggenheim-extrapolation of
the overall association constant Kx = c¢ip/(Canion X Ceation), Where c¢ip is the sum of both de-
tected IP concentrations. Extrapolated association constants are summarized in Table 5.5
together with the rotational correlation times obtained via Eq. 1.56 and p.g for all possible
types of IPs.
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Table 5.5: Relaxation Times, 7, of All Possible Ion Pair Species, Estimated via Eq. (1.56)
Assuming Stick or Slip Boundary Conditions, Together with Their Effective Dipole Mo-
ments, (g as well as Standard State Association Constants for the Two Lowest Frequency
Processes in NaH,PO,(aq), K and K3, and the Overall Standard State Association Con-
stant for NaH,PO,(aq), K3.

Tstick  Tslip Heft K f K. g K Z
CIP 394 449 5.28 oo? oo’
SIP  80.8 23.4 19.6 7T+1 5.0+ 0.6 11 4 3¢

25IP 145 616 319 134£02 2.7+0.3

“Units: 7 in ps; prp in Debye (1 D = 3.3356-1073°Cm); K7, K3 and
K} in Lmol™'. ® Association constants oo denote, that cip > c. ©
Combined 2SIP + SIP model. Preferred K values (x = 1, 2) are
underlined.

A comparison of the experimental relaxation times of both processes with the calculated
rotational correlation times (Eq. 1.56) reveals that SIP and 2SIP may be responsible for
the second process, however, 7y is far higher than the calculated rotation correlation time
for slip and stick boundary condition. This is mainly related to the difficulties in the
separation of the two solute related processes, but also hints at a strong contribution from
ion-cloud relaxation. Possible combinations of IPs are 2SIP + SIP and SIP + CIP. As
Na™ is highly solvated (Zy, &5.2), it is reasonable to attribute the first process to 2SIP +
ion-cloud relaxation and the second to SIP reorientation. A contribution of CIPs can be
disregarded for two reasons: first, the expected relaxation time of a CIP, 4 < 7/ ps < 40, is
much shorter than the relaxation time of the second (faster) process. Second, assignment
of any of the two IP relaxations to CIPs, leads to cip > ¢, which is physically impossible.
With the assumption of a combined 2SIP + SIP model, a standard state overall association
constant of K3 = 11+3Lmol ™! was calculated, which has to be regarded as an upper limit
due to the contribution of ion-cloud relaxation. This value is significantly higher than the
only available literature value from dilute conductivity measurements K3 = 1.78.%° This is
also the case for KH,PO,(aq) (Chapter 4.4.2). However, the concentration dependence of
Ty indicates, that the ion-cloud contribution is completely subsumed in the first relaxation.
Thus K3 can be regarded as an good estimate for the true SIP association constant. This
value is still significantly higher than the one reported by Pethybridge et al., and shows that
also dilute conductivity measurements have difficulties in determining weak ion association.

Na,HPO,

As already mentioned above, the lowest frequency process in Na,HPO, is solute related.
The relaxation time 7, shows a steep decrease for ¢ < 0.25mol L™, and gradually levels off
to 7 ~ 100 ps at higher concentrations. The relaxation strength, S, shows a marked non-
linear behavior, with a steep increase for ¢ < 0.25mol L~! and decreasing slope for higher
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¢ (Figure 5.4). The already high amplitude at the lowest concentration (¢ = 0.05mol L)
indicates strong ion-pairing, and, for reasons already discussed in Chapter4.4, allows to
neglect ion-cloud relaxation for the purpose of K3 extrapolation. A contribution to this
mode from ion cloud relaxation, however, is evident from the strong decrease of 7.

The calculation of peg of the different possible ion-pair species was done by the method
described by Barthel et al.,’ using a(HPO,?")=5.79A3, r(HPO,?>")=200pm and an
effective dipole moment g (H,PO, ) =4.409 D. %% As Na,HPO,(aq) is a 1:2 electrolyte,
also the distinction between center of mass, ocys, and center of hydrodynamic stress, ooy,
for the pivot of the dipole rotation had to be taken into account for the calculation of pp.
The relaxation strength of the first process, S, was translated into ion-pair concentrations,
crp via Eq. 1.47, using the calculated peqp. Association constants, K4 were calculated in
the usual way and extrapolated with the help of Eq. 1.74 to yield standard state association
constants, K3. Table5.6 contains the results on dipole moments and infinite dilution
association constants for all possible ion pairs.

Table 5.6: Relaxation Times, 7, of All Possible Ion Pair Species, Estimated via Eq. (1.56)
Assuming Stick or Slip Boundary Conditions, Together with The Effective Dipole Moments,
ter and Standard State Association Constants for Center of Mass (CM) and Center of
Hydrodynamic Stress (CHS) Boundary Conditions.”

Tstick Tslip ,LLCH(CM) KZ(CM) LLCH(CHS) KZ(CHS)
CIP 394 449 140 (4 +1)x10° 145 (1.4 4 0.6)x10*
SIP  80.8 234 32.4 24 £ 5 34.8 42 £+ 2
25IP 145 61.6 49.4 20+ 1 53.2 16.2 + 0.8

“Units: 7 in ps, feg in Debye (1D = 3.3356 x 1073°C - m), K3 in Lmol .
Preferred K3 value is underlined.

The experimental relaxation time 7q is consistent with 2SIPs and SIPs as the dominating
ion-pair species. The strong decrease of 7 with ¢ is due to the influence of ion-cloud
relaxation on 7y, which is further illustrated by the fact that mp is viscosity dependent
and should thus increase with c. Ion cloud relaxation on the other hand shows the inverse
concentration dependence.!'” Taking into account the concentration dependence of the
viscosity (estimates via Eq. 1.56 are generally done for infinite dilution), the SIP relaxation
time of the most concentrated sample (¢ = 0.618 mol L. ™!) was estimated to be in between
35 ps for slip and 119 ps for stick boundary conditions. For the 2SIP relaxation time the
values are 91 ps for slip and 215 ps for stick boundary conditions. The experimental values
agree very well with the rotational correlation time for SIP under near stick boundary
conditions, but also with a 2SIP under near slip boundary conditions. As both ions are
highly hydrated, and it seems rather unlikely that they completely loose their hydration
sphere within the ion pair, it is reasonable to assume stick boundary conditions. This
strongly hints at SIPs as the dominating type of ion pair. Also, the available literature data
on ion-association in Na,HPO,(aq) is scarce. The only experimental value is from dilute
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conductivity measurements, with K3 = 47.6 Lmol 1.!% This is in excellent agreement
with the DR results assuming solely formation of SIP under both, CM and CHS boundary
conditions.

5.3 Aqueous solutions of (NH,)H,PO, and (NH,),HPO,

5.3.1 Choice of fit model and assignment of relaxation modes

Solutions of (NH,)H,PO, (¢ < 2.459molL~") and (NH,),HPO, (¢ < 3.173molL™") in
water have been measured at 25°C up to the saturation limit, over the frequency range
0.2< v/GHz <89. Sample pH was determined to +0.01 at room temperature with a
glass electrode (Metler Toledo, InLab Micro), which was calibrated with standard buffer so-
lutions of pH =4.01 and 7.00 before measurement. The measured pH values (Table 5.7) in-
dicated that a maximum of 5% of H,PO, ™ (aq) was hydrolyzed in solutions of (NH,)H,PO,
at all salt concentrations. Hydrolysis was thus neglected for this salt. The hydrogen phos-
phate ion in (NH,),HPO,(aq), however, shows considerable hydrolysis. The pH values of
the (NH,),HPO,(aq) samples were therefore used to calculate the actual speciation. Only
the hydrolysis to H,PO, ™ (aq) proofed to be significant at the detected pH values and was
thus solely considered. Table 5.7 also lists the calculated H,PO,  (aq) and HPO,*" (aq)
concentrations assuming pK, = 7.21 for H,PO, (aq).'*

Both sets of spectra show a marked difference in the concentration dependence of the
static permittivity, ¢ = lim,,o¢’ = ¢; . (NH,)H,PO,(aq) exhibits a steady increase
in € with increasing c, whereas the same quantity in (NH,),HPO,(aq) shows a steady
decrease after an initial increase at low c. Qualitatively, the two ammonium salts show
the same concentration behavior for € as the corresponding potassium salts, but significant
differences to the sodium salts. The static permittivity of aqueous electrolyte solutions is
influenced by several factors: kinetic depolarization, a dilution effect, as the water density
is reduced upon addition of solute, a hydration effect, as strongly bound water molecules
are no longer able to contribute to the total polarization and a solute effect, as the solute
as such or subsequently formed species (most important: ion pairs) may have permanent
dipole moments and thus contribute to the macroscopic dipole moment.'® The latter two
are generally the major factors in electrolyte solutions. As € of the ammonium salts shows a
very similar concentration behavior as the respective potassium salts, it is already possible
to state that the hydration and ion-pairing of ammonium phosphates is similar to the
potassium phosphates.

Regarding the dielectric loss, £”(v), both sets of spectra show similar behavior. The max-
imum in ”(v) exhibits a clear red-shift and drop in height with increasing c¢. At the same
time the dielectric loss curve becomes marked asymmetric, with an shoulder emerging at
the low frequency end. Those observations are consistent with previous DRS investigations
on aqueous electrolyte solutions,3%16417 and hint at ion-pair formation and the emergence
of slow water.

Different from the potassium and sodium phosphates, free fits of the two ammonium phos-
phates yielded bulk water relaxation times that did not show a simple dependence on the
cation concentration. Moreover, they also differed significantly from the results obtained
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Table 5.7: Concentrations, ¢, and pH Values of Ammonium Phosphate Salt Solu-
tions. For (NH,)H,PO,(aq) the Measurements Were Restricted to ¢ < 1molL~'. For
(NH,),HPO,(aq) also the calculated ¢(H,PO,~) and ¢(HPO,?") are given. *

(NH,)H,PO, (NH,),HPO,

c pH c pH ¢(H,PO,”) c¢(HPO,*")
0.09976 4.41 0.09905 7.56  0.03058 0.06847
0.2018  4.29 0.1976  7.50 0.06698 0.1306
0.2964 4.27 0.2962 7.45 0.1082 0.1880
0.3917  4.16 0.3914 7.43 0.1472 0.2442
0.4865 4.11 0.4886 7.41 0.1890 0.2996
0.5810  4.07 0.5813 7.39 0.2313 0.3501
0.6695  4.04 0.6719 7.39 0.2673 0.4046
0.7520  4.02 0.7647 7.38 0.3085 0.4563
0.8575  3.97 0.8558  7.37 0.3500 0.5059
0.9465 3.94 0.9468  7.36 0.3925 0.5544

1.367  7.35 0.5739 0.7922
1.771  7.33 0.7641 1.0073
2.165 7.31 0.9582 1.2063
2512 731 1.1119 1.3998
2.851 7.31 1.2623 1.5891
3.173  7.30 1.4228 1.7504

@ Units: ¢ in mol L1,

for NH,Cl(aq).'6* The marked differences in the relaxation time, however, showed only up
for ¢ > 0.75molL~!. At lower concentrations, the trend in 7, appears to be dependent
on ¢(NH,™) only. Nevertheless, it was refrained from fixing the bulk water relaxation time
according to the results of NH,Cl(aq).

Analysis with Eq. 1.19 showed that both sets of spectra are best fitted with a three-Debye
model, which was confirmed independently by the relaxation time distribution analysis of
Zasetsky.®® Fit parameter of the three-Debye model for (NH,)H,PO,(aq) are presented in
Table 5.8, Figure 5.10 shows typical spectra and Figure 5.11 the concentration dependence
of the relaxation amplitudes. An analogous representation of the results for the three-Debye
fit of (NH,),HPO,(aq) is given in Table 5.9, Figure 5.12 and Figure 5.13.

The assignment of molecular species to the different relaxation modes is analogous to the
respective potassium and sodium salts (see Chapters4.2 & 5.2.1). The main relaxation
peak, centered at ~18 GHz is attributed to bulk water, i.e. water molecules that are
relatively unperturbed as compared to neat water. The intermediate mode, centered at
~8 GHz contains contributions from slow water and the anion. The lowest frequency
process at ~1.6 GHz is a composite mode as well: different to the one at ~8 GHz though,
it does not solely contain contributions from molecular species, but is a sum of ion-pair
reorientation and ion-cloud relaxation. The nature of the ion pair will be discussed in
Chapter 5.3.3.
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Table 5.8: Concentration Dependence of the Dielectric Relaxation Parameters of a Three-
Debye Fit of Aqueous Solutions of (NH,)H,PO, at 25°C: Concentration, ¢, Limiting Per-
mittivities, ¢; (j = 1 —3) & e, Relaxation Times, 7;, VNA Conductivities, £yna, and the

Value of the Reduced Error Function, yx

2 a,b

T

c €1 1 €2 2 €3 T3 €oo  KVNA X?
0.09976 79.25 144 7827 25.0F 7489 8.16 5.76 0.812 0.039
0.2018  79.67 125 77.65 23.0F 71.56 8.00 5.68 1.50 0.039
0.2964 80.54 99.3 77.04 183 67.04 7.88F 598 207 0.076
0.3917 81.38 91.1 76.72 17.0 63.11 7.77F 6.28 2.61 0.125
0.4865 81.68 95.2 76.57 19.0F 6221 7.67 6.24 3.10 0.144
0.5810 82.73 104 76.88 19.6 60.10 7.56F 6.22 3.56 0.059
0.6695 83.28 103 76.62 19.0F 56.92 743 6.43 3.98 0.081
0.7520 83.53 91 75.82 19.0F 55.78 7.38 6.46 4.42 0.089
0.8575 83.98 96 7549 189 5351 T3F 6.54 4.77 0.090
0.9465 84.74 99 7540 188 51.02 7.23 6.95 5.12 0.166
1.383 86.19 99 72.82 19.1 4572 6.95 6.87 6.63 0.093
1.798 88.37 108 71.27 19.8 41.29 6.71F 7.10 7.81 0.100
2.188 90.25 118 69.88 20.7 37.83 6.56F 7.41 8.66 0.129
2.459 90.85 126 68.68 21.6 3575 6.46 7.74 9.13 0.143

@ Units: ¢ in molL~!, 7j in ps, K in Sm™!; ® Parameter values followed by the

letter F were not adjusted in the fitting procedure.
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v/ GHz v/ GHz

Figure 5.10: Relative permittivity (a) and dielectric loss (b) spectra for (NH,)H,PO,(aq)
at 25°C and concentrations ¢/ (mol L™') = 0.09976, 0.2964, 0.4865, 0.9465, 1.383, 1.798
and 2.459. Symbols represent experimental data (mostly omitted for visual clarity), lines
the D4+D+D fit; arrows indicate increasing concentration c.
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Figure 5.11: Amplitudes of the three Debye relaxation modes for (NH,)H,PO,(aq) as a
function of solute concentration at 25 °C: ion-pair + ion-cloud relaxation (S1,V), slow water
+ anion (S2,M) and bulk water (S3,@®). Lines are visual guides only.
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Table 5.9: Concentration Dependence of the Dielectric Relaxation Parameters of a Three-
Debye Fit of Aqueous Solutions of (NH,),HPO, at 25°C: Concentration, ¢, Limiting Per-
mittivities, ¢; (j = 1 —3) & €, Relaxation Times, 7;, VNA Conductivities, kyna, and the

Value of the Reduced Error Function, y

2 ab

T-

c €1 71 €2 72 €3 T3 €oo  KVNA X?
0.09905 80.54 193 77.64 19.0F 73.26 8.06 5.89 141 0.028
0.1976  81.07 161 76.98 19.0F 69.15 7.85 591 2.45 0.065
0.2962 81.02 140 76.36 19.0F 65.66 7.71 5.85 3.32 0.045
0.3914 81.26 141 76.04 19.0F 6288 7.60 5.91 4.07 0.081
0.4886  81.30 143 75.77 19.0F 59.17 7.35 5.95 4.78 0.108
0.5813 80.53 113 75.21 19.0F 5748 7.32 6.29 5.42 0.071
0.6719 80.44 113 74.70 184 54.60 7.21 6.46 5.97 0.075
0.7647  80.99 124 75.12 19.0F 53.34 7.21 6.47 6.54 0.081
0.8558  80.52 111 74.20 18.7 51.72 7.21 6.68 7.03 0.092
0.9468 80.28 129 73.30 19.0F 49.68 7.02 6.56 7.33 0.093
1.366 78.29 131 70.81 20.6 44.01 6.81 6.91 8.96 0.099
1.771 77.56 142 68.68 21.3 39.72 6.77 7.43 10.1 0.110
2.165 76.30 144 65.73 21.2 34.57 6.40 7.67 10.8 0.094
2.512 75.03 150 62.78 21.2 2991 588 7.83 11.1 0.105
2.851 73.40 152 60.09 21.8 2749 564 7.98 11.2 0.124
3.173 72.17 157 57.37 22.6 25.76 5.57 8.18 11.0 0.115

@ Units: ¢ in molL™!, Tj in ps, K in Sm™!; ® Parameter values followed by the

letter F' were not adjusted in the fitting procedure.
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v/ GHz

Figure 5.12: Relative permittivity (a) and dielectric loss (b) spectra for (NH,),HPO,(aq)
at 25°C and concentrations ¢/ (mol L™') = 0.09905, 0.4886, 0.9468, 1.366, 1.771, 2.165,
2.512, 2.851 and 3.173. Symbols represent experimental data (partly omitted for visual
clarity), lines the D+D-+D fit; arrows indicate increasing concentration c.
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Figure 5.13: Amplitudes of the three Debye relaxation modes for (NH,),HPO,(aq) as a
function of solute concentration at 25 °C: ion-pair + ion-cloud relaxation (S1,»), slow water
-+ anion (S,M) and bulk water (S3,®). Lines are visual guides only.
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5.3.2 Hydration

The solvent related amplitudes are Sy and S3, with the later being the bulk water amplitude
and the former a composite mode of slow water and the anion. For both aqueous salt
solutions S3 shows a monotonic decrease with increasing salt concentration, whereas So
exhibits a monotonic increase. The respective slopes are greatest at low concentration
(¢ < 0.5molL™), and are leveling off at higher ¢. For (NH,),HPO,(aq) there is even a
decrease in S, at the highest solute concentration. This hints at solvation shell overlap,
especially as all involved ions exhibit significant hydration (mainly slow water).

The composite mode Sy of (NH,),HPO,(aq) contains contributions of the two present
anions, hydrogen phosphate and dihydrogen phosphate, and slow water around them. In
order to calculate the amplitude solely due to HPO,?~ and associated slow water, the
relaxation strength of the present H,PO,~ and corresponding slow water was evaluated
from the results of (NH,)H,PO,(aq). First, the amplitude Sy((NH,)H,PO,(aq)) was fitted
for ¢ < 1.383mol L=t with an third order polynomial, Sy = 36.21c — 11.18¢% — 0.5928¢3.
Then the amplitudes due to H,PO, ™ (aq) in the (NH,),HPOP,(aq) system were calculated
with this empirical function and subtracted from the experimental Sy((NH,),HPO,(aq)).

The amplitude S5 and a non-resolvable fast water mode were combined to a single bulk
water mode S, = S3 + (600 — €0(0)), where £,,(0) = 3.52 is the low frequency limit of
bulk water. For the calculation of the slow water amplitude, Sg,,, the amplitude of the
intermediate process, Sy, had to be corrected for the free anion contribution, S_. The later
was obtained from the free anion concentration, c_ = ¢ — ¢rp (see Section 5.3.3) with the
help of Eq. 1.47, assuming anion dipole moments of 4.409 D for HPO,* (aq) and 5.905 D
for H,PO, ™ (aq).?*?% Hydration numbers Zy, and Zy,, were then calculated according to
Egs.3.2 & 4.1. As H,PO,™ and NH; are not able to strongly bind water, the ib water
in (NH,),HPO,(aq) can solely be attributed to HPO,%". Error bars, AZy, = AZgew
were estimated from the standard deviation, ogq, of the fit of the combined water related
amplitudes, Sy, according to Sy, = 74.848 + ay - ¢+ as - A +as- A

Figures5.14 & 5.15 show the results for (NH,)H,PO,(aq) and (NH,),HPO,(aq) respec-
tively. Interestingly, Zy, for both salts (Figures 5.14a & 5.15a) are essentially identical and
have physically meaningless negative values if the usual treatment of kinetic depolarization
under slip boundary conditions is chosen. Calculation of Zj, neglecting kinetic depolariza-
tion yields higher values (filled circles in Figures5.14a & 5.15a). For (NH,)H,PO,(aq) the
experimental values obtained for the two boundary conditions are both non-realistic, as slip
boundary conditions results in physically meaningless negative values, whereas those ob-
tained neglecting kinetic depolarization are tentatively too high. A previous DRS study on
NH,Cl(aq) showed that NH, " is not able to irrotationally bind water molecules, !5 though
no actual Zj, were presented. Also, as shown in this work, the dihydrogen phosphate anion
is not able to freeze water rotation. Assuming sub-slip conditions would result in reason-
able Zy, values around 0. The same treatment for the results of (NH,),HPO,(aq) again
shows, that the expected values (from K,HPO,(aq)) are in between the results for slip
boundary conditions and neglect of kinetic depolarization. As in both salts only HPO,*~
is able to irrotationally bind water molecules, the Z;;, values should be similar and converge
at the infinite dilution limit.
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Figure 5.14: (a) Number of irrotationally bound, Zj,, water molecules per unit of salt
for (NH,)H,PO,(aq) as calculated for slip (O) boundary conditions and negligible kinetic
depolarization (@). The broken line just marks Zy, = 0, error bars have only been included
for slip boundary conditions for visual clarity. (b) Number of slow water molecules, Zgoy,
per unit of solute. Symbols represent experimental values for (NH,)H,PO,(aq) (M) and
NH,Cl(aq) '%* (&), broken lines empirical fits thereof; solid line represents the ¢ dependence
of Zgow(Hy,PO, 7).

The present results indicate, that for a correct assignment of Z;, values of NH, T salts
sub-slip boundary conditions have to be chosen. A similar behavior has been observed
for Cs™(aq).* Also, a recent DRS study on Lil(aq) and CsI(aq) gave reasonable hydra-
tion numbers for Lil(aq) assuming slip boundary conditions, yet for CsI(aq) neither slip
boundary conditions nor neglect of kinetic depolarization yielded satisfactory results.!8°
Both ions, Cs™ and NH, ™ seem to be best described under sub-slip conditions. It appears
like slip boundary conditions apply well to small, non-polarizable cations, whereas big and
highly polarizable cations need sub-slip conditions for a correct assignment of Z;, values.

The obtained Zg,, show a strong decrease with increasing solute concentration for both
salts, with (NH,),HPO,(aq) exhibiting a more expressed decrease at low c. Both sets of
Zgow values were best described by a simple exponential function, Zg., = A - exp (—c¢/B),
with A = 24.940.7, B = 2.440.2 for (NH,)H,PO, (aq) and A = 37.0£0.8, B = 0.53%0.02
for (NH,),HPO,(aq). The infinite dilution values (the A parameter) of the salts are in
reasonable agreement with the sum of the respective single ion hydration numbers, though
in the case of (NH,),HPO,(aq) Zg,, is tentatively too low. Here the position of the fixed

low
slow water + anion mode has a crucial influence on the obtained Zguy.

Fitting the concentration dependence of Zg. ((NH4)"(aq)) as determined by Shaukat, 64
with the same simple exponential function (A = 14.2 £ 0.6, B = 2.4 £+ 0.2) allows the
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Figure 5.15: (a) Number of irrotationally bound, Zj,, water molecules per unit of salt
for (NH,),HPO,(aq) as calculated for no kinetic depolarization (@) and slip boundary
conditions (O). Symbols (&) represent the respective values for K,HPO,(aq). (b) Number
of slow water molecules, Zg., per unit of solute. Symbols represent experimental values
for (NH,),HPO,(aq) (W) and NH,Cl(aq)'%* (@), broken lines empirical fits thereof using
a simple exponential . Solid line represents the ¢ dependence of Zyo, (HPO,*7).

extraction of Zgey(c(anion)), which are given as solid lines in Figures5.14b & 5.15b. For

H,PO,~ the usual monotonous decrease with increasing c is obtained, with Z3_ = 10.6 £
1.3, whereas for HPO,?~ a non-monotonous behavior is observed with Z3 , = 8 + 2. For

concentrations ¢ > 0.25mol L™, even physically meaningless negative values for Z, are
reached. This hints that the additivity of single ion Zg, is strictly only true at infinite
dilution but not for finite concentrations especially for solutions of highly hydrated ions.
However, difficulties in the subtraction of contributions due to H,PO,~ are probably the
main reason for the negative Zg,,, values.

5.3.3 Ion association

As the fit model and behavior of the single relaxation modes of both salts are broadly
similar, ion-pairing results are discussed together. The low frequency relaxation of both
salts is solute related with the respective relaxation times, 7 ((NH,)H,PO,(aq)) ~ 100 ps
and 71((NH,),HPO,(aq)) ~ 140 ps, hinting at ion-pair relaxation. This is also indicated
by comparing experimental 7, with rotation correlation times (Tables5.10 & 5.11) for
different types of ion pairs as obtained via Eq.1.56. Both processes exhibit an initial drop
of 1 to ~90ps and ~110ps for (NH,)H,PO,(aq) and (NH,),HPO,(aq) respectively at
¢ ~ 0.5molL™!, with a subsequent increase at higher c¢. This behavior is in line with
a contribution of ion-cloud relaxation to 71 at low concentrations, as well as a general
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increase of relaxation time with ¢ due to the increasing viscosity (Eq. 1.56). The amplitude,
S1((NH,)H,PO,(aq)), shows linear behavior over the entire concentration range, whereas
S1((NH,),HPO,(aq)) exhibits a steep increase at ¢ < 0.2molL~! followed by a linear
increase at higher c. Standard state association constants, K3, were determined in the
same way as for potassium phosphates (Chapter 4) and sodium phosphates (Chapter 5.2.3).
As (NH,),HPO,(aq) is a mixture of hydrogenphosphate and dihydrogenphosphate (Table
5.7), ion-pairing was evaluated in an analogous way as for K;PO,(aq), using the results of
(NH,)H,PO, (aq).

For the calculation of bare (gas phase) dipole moments of the respective ion pairs, a radius
of r(NH, ") = 148 pm was assumed, effective dipole moments were calculated using a polar-
izability oo(NH, ") = 1.86 A%.197 Analogously to KH,PO,(aq), extrapolation of K values to
infinite dilution via Eq. 1.74 for (NH,)H,PO,(aq) was restricted to ¢ > 0.3917mol L', to
reduce the influence of ion-cloud relaxation on K3. For (NH,),HPO,(aq), ion-cloud relax-
ation is expected to have only minor influence, as argued for K,HPO,(aq) and Na,HPO,(aq).
Extrapolated K3 values for both salts and all possible types of ion pairs are summarized
in Tables5.10 & 5.11.

Table 5.10: Relaxation Times, 7, of Different Ion Pair Species, Estimated via Eqs. (1.56)
and (1.60) Assuming Stick or Slip Boundary Conditions, Together with Their Effective

Dipole Moments, g, and Associated Standard-State Association Constants, K3 for
(NH,)H,PO,(aq)."

Tstick  Tslip Heff K /O{

CIP 51 9 7.29 00
SIP 99 33 21.7 4.5£0.6
25IP 172 79 34.0 1.7£0.2

“Units: 7 in ps, peg in Debye (1D =
3.3356 x 107%°C' - m), K3 in Lmol™'.
Preferred K3 values are underlined.

Unfortunately, there are no literature values for K3 of both salts and also no indepen-
dent information on which type of ion pair is predominantly formed. The only inference
on the ion-pair type can thus be gained by a comparison of experimental 7, and calcu-
lated rotation correlation times (Eq.1.56). As the ionic radii of H,PO,~ and HPO,*"
are assumed to be equal,'%” rotation correlation times for ion pairs of both salts are
also equal. The experimental values, however, reveal a decisive difference between the
two salts: 7 ((NH,)H,PO,(aq)) is on average ~30ps smaller than 7 ((NH,),HPO,(aq)).
This hints at the formation of an ion-pair species with more intervening water molecules
in ((NH,),HPO,(aq)). Very instructive is a comparison with the corresponding potas-
sium salts, as K* and NH,* have similar ionic radii (138 and 148 pm respectively). For
KH,PO,(aq) SIPs were identified as the most reasonable type of ion pair. As the observed
71(KH,PO,(aq)) are very similar to 7 ((NH,)H,PO,(aq)), it is most likely, that SIPs are
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Table 5.11: Relaxation Times, 7, of All Possible Ion Pair Species in (NH,),HPO,(aq),
Estimated via Eq. (1.56) Assuming Stick or Slip Boundary Conditions, Together with The
Effective Dipole Moments, p.x and Standard State Association Constants for Center of
Mass (CM) and Center of Hydrodynamic Stress (CHS) Boundary Conditions.®

Taick  Telip Mot (CM)  KS(CM)  peg(CHS) K3 (CHS)

CIP 51 9 15.8 1040 £ 350 19.3 167 £ 28
SIP 99 33 34.01 37T +5 40.2 22+3
25IP 172 79 50.8 151 28.9 101

“Units: K§ in Lmol .

also the dominating ion-pair species in (NH,)H,PO,(aq). Therefore, a standard state as-
sociation constant of K§ = (4.5 4 0.6) Lmol™! is obtained. Therefore, 2SIPs are the most
reasonable attribution for the observed ion-pair relaxation in (NH,),HPO,(aq). Validation
of this assignment is provided by the relaxation time 7, ((NH,),HPO,(aq)), which is signif-
icantly higher than the one observed in (NH,)H,PO,(aq), but at the same time also higher
than the corresponding relaxation time in K,HPO,(aq). In the latter salt, two ion-pair
relaxations (2SIP & SIP) could be differentiated: at low concentrations 2SIPs were the
dominant ion-pair species, with SIPs becoming the only type of ion pair at higher concen-
trations (¢ > 1molL™"). A marked difference, between K,HPO,(aq) and (NH,)H,PO,(aq)
is that for the latter only one type of ion pair is observable. As 7 ((NH,),HPO,(aq)) >
71(K,HPO, (aq)) over the entire probed concentration range, 2SIPs seem to be the overall
dominating ion-pair species. The converging relaxation times at ¢ > 3 mol L™! indicate that
for high concentrations also in (NH,)H,PO,(aq) SIPs are dominating. A shift towards ion
pairs with less intervening solvent molecules is commonly observed for increasing c in aque-
ous electrolyte solutions.'%® As both, NH,™ and HPO,?~ are highly hydrated, CHS bound-
ary conditions are preferred for the extrapolation of K3, yielding K3 = 10+ 1 Lmol ™.
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5.4 Conclusion

The results on hydration of ammonium phospahtes are in broad consistence with the results
of the respective potassium salts (Chapter 4) and Shaukat.!'®* However, the determination
of exact Z} values is difficult, as the correct boundary conditions for calculation of kinetic
depolarization of NH,* are not known. Thus, Z3 ((NH,),HPO,) =0, is different from the
expected value of ~4.

For NaH,PO,(aq), the determined hydration numbers are very similar to expected val-
ues: Zj is about one unit smaller and Z3 , about one unit bigger than expected. For
Na,HPO,(aq) a by ~4 decreased Z3 is observed, whereas Z3_ is increased by ~3.
Those observations show, that the total hydration number of the whole salt, Z(salt) =
Zip(salt) + Zgow(salt), is consistent with previous results, however a division into the single
ions may result in deviating results. Also, shifts of water molecules from ib to slow seem
to be rather common (see also A.2).

Regarding ion-pairing, NaH,PO,(aq) shows two separable ion pair modes: one attributed
to 2SIPs, the other one to SIPs. Aqueous solutions of Na,HPO, mainly containe SIPs,
as does (NH,)H,PO,(aq). On the other hand, the ion-pair mode in (NH,),HPO, could
mainly be attributed to 2SIPs.

Stronger ion-pairing has been detected for the sodium salts than for the ammonium salts
at the same concentration.



Summary and conclusion

The present work represents the first detailed DRS study of inorganic phosphate hydration
and ion-pairing. However, first aqueous NaCl solutions were investigated to gain more in-
sight into the physical origin of a low-amplitude low-frequency mode frequently present in
electrolyte solutions. Then the complete series of potassium phosphates was investigated
in order to extract detailed information on the hydration of phosphate anions, especially
the distribution of strongly bound and slowed water molecules over the first and second
hydration shell. Also the change in ion-pairing behavior was examined. The same cate-
gories, hydration and ion-pairing, were examined for sodium and ammonium phosphates
(dihydrogenphosphate and hydrogenphosphate). In the following, the results on those DRS
studies at 25°C in the frequency range 0.2 < v/GHz < 89 will be summarized.

ITon-cloud relaxation

The study on NaCl(aq) for ¢ < 2.112mol L ™! revealed that the low-frequency, low ampli-
tude mode present in all recent DRS studies of weakly associating electrolytes in our group,
is not an artefact. It is possible to resolve this mode now due to the increased sensitivity
of the instrumentation, especially the new VNA. Detailed analysis showed, that neither
ion-pair rotation, nor ion-cloud relaxation alone were able to fully explain the observed
features of the amplitude S; and the relaxation time 77. The observed amplitude, how-
ever, was surprisingly similar to the one predicted by Yamaguchi et al.,?? attributing it to
combined ion-cloud and SIP relaxation. Thus it is most reasonable to assume, that the
observed experimental mode is a composite of ion-cloud and ion-pair relaxation. Unfor-
tunately, it is at present not possible to divide both contributions, neither experimentally
nor with simulations. Therefore, it is only possible to extract association constants that
represent upper limits.

The insights from this study could successfully be applied to the investigated aqueous
potassium phosphate solutions. By comparing the amplitudes of assumed ion-pair pro-
cesses with the one from NaCl(aq), it was possible to estimate the contribution of ion-cloud
relaxation to the respective modes. Of course, this is just a very crude approximation, and
should moreover only be valid for 1:1 electrolytes. Nevertheless, the prediction of strong
ion-cloud contribution for KH,PO, (aq) and negligible one for K,HPO,(aq) and K;PO,(aq)
was mirrored in the deviation of the extrapolated K§(KH,PO,) from the one from dilute
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conductivity measurements,'®® while there was good agreement for K,HPO,(aq). This
result has to be taken with a grain of salt though, as also dilute conductivity has its
limitations for the determination of association constants K3 < 10.

Hydration of inorganic phosphate ions

Despite their importance in biological processes and technical applications, surprisingly
little is known about the hydration of inorganic phosphate ions. The existing literature is
scarce and even partly contradicting.3*” The results on the hydration of potassium phos-
phates showed, that with increasing charge of the phosphate the total hydration number,
Z¢, increased. Only one solvation shell was detected for H,PO,(aq), that contained 11-12
slow water molecules. For HPO,?" the first solvation shell contained 4-5 strongly bound
and 7-8 slowed water molecules. Additionally, HPO,?~ has a weak second hydration shell,
which contains ~3 slow water molecules. For PO~ ~15 ib water molecules were found,
out of which 12 should reside in the first and 3 in the second hydration shell. Additional
~7 slow water molecules are located in the pronounced second hydration shell.

A change of the cation has, within experimental errors, negligible effects on the H,PO,~
hydration numbers. Yet, it has to be kept in mind that the Zg,, values of NH,* and
especially of K™ are not very well known. For the hydrogen phosphates differences in the
Ziy and Zgoy values were detected. Surprisingly indifferent towards the respective cation
seems to be the total hydration number, Z;, which is ~11 for H,PO,~, ~14 for HPO,*~
and ~22 for PO,*". Thus, Z{ might be the best variable to characterize the hydration of
inorganic phosphate anions.

Ion specific effects: ion pairing and water dynamics

This final section is dedicated to extrapolate possible ion specific effects regarding phos-
phate ion pairing and water dynamics. Basis of this synopsis is the cation series Nat, K*
and NH,™ for the two phosphate anions H,PO,~ and HPO,?>". In principle, Li* would
have also been an interesting cation to study. However, due to the very low solubility of
Li;PO, in water, the synthesis of Li,HPO, in aqueous solution is a non-trivial task. This is
probably the reason why Li,HPO, is not available commercially. It was therefore refrained
from studying the lithium phosphates. Before the DR results are discussed regarding ion
specific effects, it is worthwhile to give an introduction into the topic of ion specific effects
and briefly summarize the existing knowledge of the investigated ions.

Inspired by the pioneering work of Franz Hofmeister on the effect of salts on protein denat-
uration, 518! also many other properties have been observed to be related in a systematic
way on the nature of cations and anions.'%%182 Different to the work of Hofmeister, who
draw conclusions for whole salts, today cations and anions are ordered separately. The
typical ordering for the so called “Hofmeister series” is for cations '
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N(CH,)," > NH,* > Cs* > Rb" > K* > Na® > Lit > Mg*" > Ca®"

and for anions!6°

CO,*” > SO,* > H,PO,” > F~ > Cl” > Br- ~NO;~ > 1" > ClO,~ > SCN~

Both series show a transition from salting out (protein stabilizing) to salting in (protein
denaturating) ions. For cations this leads to a ordering of large, highly polarizable ions of
low charge density to small, weakly polarizable ions of high charge density. For anions the
ordering is just opposite to the one observed for cations.

The long range influence of ions on the structure of water® was traditionally regarded as
one of the major reasons for the ordering of ions in the Hofmeister series.!®® Accordingly,
ions are classified as structure makers or structure breaker - a concept that was introduced
by Gurney in 1953.® However, as pointed out by Marcus,® both concepts seem to pertain
to different regions of the solution: while structuring is a bulk property, Hofmeister effects
apply to ions close to a surface. Furthermore, there is currently no consensus whether there
is an effect of ions on the structure of water beyond the first hydration shell(s)'!*185-187
or not. 11887191 Qverall, the scientific community is increasingly refraining from the use of
the concept of structure-making and breaking: very recently Philip Ball even suggested to
“retire |it] gracefully”. "

More instructive seems to be the classification of ions as kosmotropes and chaotropes, '

which makes a statement on the hydration of an ion, rather than the influence on the
long-range order of liquid water. Kosmotropic ions are usually small with a high charge
density and are able to bind water molecules strongly. The term chaotrope was intro-
duced by Collins and denotes big ions of low charge density, that are only able to bind
water molecules weakly. Regarding the studied cations, KT and NH,* are classified as
chaotropes and Na™ is on the borderline between chaotropic and kosmotropic behavior. %2
The dihydrogen phosphate anion, H,PO, ™, is a borderline ion, whereas HPO,?>~ and PO 3~
are kosmotropes. Based on the classification of ions as kosmotropes and chaotropes is the
Collins’ concept, or concept of “matching water affinities”, 193719 which allows the prediction
of the predominantly formed type of ion pair. According to Collins, the decisive parameter
for classification of an ion as chaotrope or kosmotrope is the strength of ion-water interac-
tions as compared to water-water interactions: for kosmotropes, ion-water interactions are
stronger than water-water interactions, whereas for chaotropes ion-water interactions are
weaker. Collins now predicts, that two kosmotropic ions and two chaotropic ions prefer-
entially form CIPs, whereas the combination of a chaotropic with a kosmotropic ion leads
to the preferential formation of SIPs and 2SIPs. Though this model gives a very simpli-
fied picture and should only be taken as a rule of thumb,%® it is able to explain many
phenomena like heats of solution, solubilities and viscosity B-coefficients.

For the tested row of hydrogen phosphate salts the following trend for the observed types
of ion pairs has been detected (Table 5.12): the kosmotropic HPO,?~ predominantly forms
2SIPs with the chaotropic NH, ™, whereas the borderline Na*t leads to the formation of
SIPs. This agrees very well with the predictions from the law of matching water affinities.
Here a combination of chaotropic cation with kosmotropic anion results in the formation
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Table 5.12: Summary of Predominantly Detected Types of Ion Pairs in NaH,PO,(aq),
KH,PO,(aq), (NH,)H,PO,(aq), Na,HPO,(aq), K,HPO,(aq), (NH,),HPO,(aq) and
K,PO,(aq) Together with the Respective Overall Standard State Association Constants
K3.®

PO~  HPO,* H,PO,~
Nt SIP SIP & 2SIP
a 4249 11+3

w+  28TP  28IP & SIP SIP
49+18 21 +2 5.4+ 0.6

9SIP SIP

+

NH, 10+1 4.5+ 0.6

*Units: 7 in ps, feg in Debye (1D = 3.3356 x
107%9C - m), K3 in Lmol™. Preferred K§
values are underlined.

of solvent separated ion pairs, whereas Nat, with hydration properties more similar to the
anion, predominantly forms solvent-shared ion pairs. For the borderline anion H,PO, 192
SIPs are formed with the chaotropic cations K™ and NH, ™", but a small fraction of 2SIPs
along with the dominant formation of SIPs is observed with the borderline Na™. Based on
this observation, the borderline anion H,PO,™ has to be classified as rather chaotropic and
Nat as rather kosmotropic. The also in Table 5.12 included combination of the chaotropic
K™ and the strongly kosmotropic PO, leads to the formation of 2SIPs. The agreement,
between the experimentally detected types of ion pairs and predictions by the concept of
matching water affinity is surprisingly good, if the concept is extended in the way, that
with increasing differences in the hydration properties of the ions, ion pairs with more
intervening water molecules are formed. Thus, it looks like the Collins’ concept may serve
as an additional tool for the determination of the predominantly formed type of ion pair
in aqueous electrolyte solutions.

It is important to note, however, that though the concept of matching water affinities
seems to produce right predictions of the formed type of ion pair, it does not give any
information on the degree of ion pairing. Table 5.12 also lists overall K3 values for all
examined electrolyte solutions. The presented data suggest, that the amount of formed ion
pairs is principally governed by electrostatics: for a fixed anion more ion pairs are formed
with the cation of higher charge density. The same trend is observed when the cation is
fixed with varying anion: the higher charge density HPO,?>~ has a higher propensity to
form ion pairs as H,PO,~ for all studied cations.

Table 5.13 gives an overview of hydration numbers for cations and anions detected so far
with DRS, which are ordered according to the Hofmeister series. The higher the Z;, value,
the more kosmotropic the ion. Different the situation for the amount of detected slow
water: the higher the detected Zgow, the more chaotropic the ion, at least for those ions
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Table 5.13: Effective Solvation Numbers, Z;, and Zg,, of Different Cations and Anions as
Obtained with DRS.

Cation Z; Zlow Anion Z; Zow

Mg*  ~14 0 PO~  ~15  ~T7
Lit 812 0%  CO,2> 13 02
Nat 5.2 0 SO,2~ 10" 0
K+ 0% ~9'"2 HPO,>~ ~4 ~10
Cs™ 0 0¥  H,PO,~ 0 ~12

NH,¥ 0 ~14¢ CI” 0 0

@ Values as reported by Shaukat '* have been
fitted by a simple exponential function as de-
scribed in Chapter 5.3.2.

which do not show ib water. This leads to the apparently paradox situation, that NH, " is
able to slow more water molecules than K™, yet it is at the “lower hydration end” of the
Hofmeister series. This apparent controversy is also expressed in the fact that the position
of NH, " and K™ is reversed in the reported Hofmeister series of different authors.®

The question of ion effects on the water relaxation time(s) was addressed in Chapter 4.5.
While, for potassium phosphates, the anions seem to have no notable effect on 7y, it
appears as if there is a subtle dependence on the cation. This trend is in principal also
observable for the sodium and ammonium phosphates, however, with mayor constraints.
For most of the sodium salt samples 7, was fixed during the fitting procedure, and the
(NH,),HPO, samples follow the above mentioned trend only for ¢ < 0.6molL~'. Never-
theless, for sodium and potassium phosphates over the entire probed concentration range
and for ammonium phosphates at ¢ < 0.6molL~! there is a subtle trend of faster bulk
water dynamics with increasing size and polarizability of the cation. At higher concentra-
tions, though, clear deviations from this trend become evident for (NH,),HPO,(aq). At
ammonium concentrations > 3mol L™, this salt even shows the same 7y, behavior as the
respective sodium salt.

Regarding slow water relaxation time, 74y, the observable trends are less subtle. It must
be noted at this point, that the stated 7y, actually also contain a contribution from
anion reorientation, which can be neglected as a first approximation. Table 5.14 gives an
overview of the average slow water relaxation time for the probed dihydrogen phosphates
and hydrogen phosphates.

For each row of phosphates, the respective sodium salts show the highest 7., potassium
salts a medium and ammonium salts the lowest 7yo,. For fixed cations, the dihydrogen
phosphate salts have higher average 7y, as compared to the hydrogen phosphates. The
latter can be well explained with the differences in the anion hydration and was discussed
in Chapter 4.5. The probed potassium and ammonium phosphates exhibit slow water due
to both, anions and cations. Thus, the difference in 744, for a fixed anion hints at the
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Table 5.14: Average Slow Water Relaxation Times, 744y, as Observed for Different Com-
binations of Inorganic Phosphate Anions and Cations at 25°C.

H,PO,~ HPO,*"
Na*t 25 ps 23 ps
K* 23 ps 21 ps
NH,”  20ps 19ps

degree of slowdown around the different cations. As Na™ is not able to slow water rotation,
the 740w values of the sodium salts may serve as a benchmark for the relaxation time of
water molecules around the phosphate anions. The values of Table 5.14 suggest, that the
water molecules around K are more slowed down as compared to NH, . This is in line
with the lower charge density of NH, ™. Consequently, K™ shows stronger interaction with
water than NH, ", and should thus also be the more kosmotropic ion. Apparently the
absolute number of affected water molecules is of minor influence for the classification of
ions as kosmotropes or chaotropes as compared to the water interaction strength.

Though the effect of ions on 7y, is well explainable and thus seems to be real, it is strikingly
paralleled by the effect on 7,,: higher 74, are accompanied by tentatively higher 7. This
hints that the effect on 7,y is actually an artefact of the fitting procedure and as such to
some extend has to be regarded as an “echo” of 7y4. Therefore, the observed dependence
of 7, on the cation concentration for potassium phosphates and the apparent similarity of
Tow (NaCl) and 7, (NaH,PO,) has to be regarded as fortuitous. The in electrolyte solutions
commonly observed speedup of 7, might well be solely explained by an increased fraction
of fast water with increasing solute concentration.

In summary, till now a conclusive explanation for the observed 7, remains elusive. Also
this work is only able to add some tesserae, which in fact render the picture of solute effect
on bulk water dynamics even more blurred. As already stated, an extended frequency
range is necessary to reliably disentangle fast, bulk and slow water contributions to the
DR spectrum. For the time being, we have to live with the unsatisfactory knowledge, that
the extracted 7, are only of limited value for the judgement of solute and especially ion
effects on water dynamics.



APPENDIX

Appendix

A.1 Conductivities, Densities and Viscosities of Aque-

ous Phosphate Solutions at 25°C

Table A.1: Concentration, ¢, Conductivity, s, Density, p, and Dynamic Viscosity, n, of
Aqueous KH,PO, Solutions at 25°C. Errors are Within the Limits Described in Chapter

2.3.¢

c K p n
0.05008 0.4588 1001.87  0.9209
0.09990 0.8601 1006.57  0.9269
0.1492  1.231 1011.19  0.9350
0.1980  1.586 1015.73  0.9582
0.2965  2.240 1024.81  0.9765
0.3933  2.852° 1033.73  1.007
0.4900  3.440 1042.52  1.049
0.5842  3.935 1051.02  1.054
0.6791  4.413 1059.53  1.097
0.7721  4.892° 1067.82 1.125
0.8649  5.360 1076.05  1.165
0.9564  5.728® 1084.13  1.193

1.048  6.097 1092.08  1.228

1.137  6.438 1099.84  1.266

1.206  7.016 1105.82  1.289

1.332  7.189 1116.71  1.341

@ Units: ¢ in molL™!, xin Sm™!, pin
gL~! and 1 in mPas. ° Interpolated

values.
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Table A.2: Concentration, ¢, Conductivity, x, Density, p, and Dynamic Viscosity, n, of
Aqueous K,HPO, Solutions at 25°C. Errors are Within the Limits Described in Chapter
2.3.¢

c K p "

0.02983 0.6071 1001.55  0.9160
0.04975 0.9615 1004.51  0.9207
0.1500 2,512 1019.04  0.9613
0.1989 3.209 1026.03  0.9756
0.2504  3.882 1033.36 1.004
0.2975  4.493 1039.99 1.013
0.3943 5.780  1053.50 1.069
0.4904  6.820 1066.76 1.100
0.5893 7.713  1080.26 1.141
0.6830 8.620 1092.87 1.172
0.7771 9.506 1105.54 1.233
0.8667 10.26  1117.38 1.289
0.9643  11.07° 1130.27 1.330
1.4150 14.05  1188.25 1.643
1.8480 16.01  1242.22 2.019
2.644 17.52  1337.89 3.060
3.349 16.83  1419.04 4.752
3.987 14.95 1490.04 7.110

@ Units: ¢ in molL™!, xin Sm™!, pin
gL~! and 1 in mPas. ° Interpolated
values.
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Table A.3: Concentration, ¢, Conductivity, x, and Density, p, of Aqueous K;PO, Solutions
at 25°C. Errors are Within the Limits Described in Chapter 2.3.¢

c K p

0.0250 0.8457  1002.01
0.0500 1.5330  1007.10
0.0749  2.094  1012.01
0.0999 2.695° 1017.19°
0.1497 3.691° 1026.46
0.1988 4.642° 1036.01
0.2489  5.584  1045.61
0.2985  6.488" 1055.30°
0.3476  7.258  1063.89
0.3985 8.087 1073.58
0.5920  10.97°  1108.70
0.7826 13.43" 1143.88
0.9730 15.53° 1175.72
0.9727 15.54% 1176.33°
1.4291  19.03% 1252.55
1.8623 20.41° 1322.65
2.2681 20.14° 1385.75
2.6507 18.75  1443.79
3.0119 16.86 1497.53

@ Units: ¢ in molL™!, & in
Sm~! and pin gL™!. ® In-
terpolated values.
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Table A.4: Concentration, ¢, Conductivity, s, and Deunsity, p, of Aqueous Na,HPO, Solu-
tions at 25°C. Errors are Within the Limits Described in Chapter 2.3.¢

c K p

0.0520 0.3517 1001.84
0.0993 0.6460 1006.02
0.1484 0.9179 1010.35
0.2005 1.164 1014.88
0.2469 1414 1018.92
0.2960 1.640 1023.17
0.3966  2.055 1031.82
0.4932 2442 1040.05
0.5882  2.773  1048.06
0.6834 3.119 1056.08
0.7765  3.583  1063.82
0.8734 3.694 1071.83
0.9632  3.860  1079.23
1.860  5.536  1151.17
2.682  6.080 1214.40
3.438  6.192  1270.92
4153  6.154 1326.11
4.794  6.002 1372.00

@ Units: ¢ in molL™!, x in
Sm~! and pin gLt

Table A.5: Concentration, ¢, Conductivity, s, Density, p, and Dynamic Viscosity, n, of
Aqueous Na,HPO, Solutions at 25°C. Errors are Within the Limits Described in Chapter
2.3.¢

c K p n

0.0498 0.7434 1004.03 0.9268
0.0999 1.316 1010.77 0.9474
0.1499 1.845 1017.45 0.9840
0.1996 2.281 1023.98 1.012
0.2496 2.726 1030.46 1.036
0.2992 3.081 1036.84 1.059
0.3488 3476 1043.21 1.103
0.3988  3.769 1049.56 1.145
0.4965 4.329 1061.83 1.208
0.6184 4942 1076.97 1.324

@ Units: ¢ in molL™!, kin Sm™!, pin
gL~ and 7 in mPas.
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Table A.6: Concentration, ¢, Conductivity, &, and Density, p, of Aqueous (NH,)H,PO,
Solutions at 25°C. Errors are Within the Limits Described in Chapter 2.3.¢

c K p

0.09976 0.8511 1003.52
0.2018  1.565® 1010.01
0.2964  2.179 1015.93
0.3917  2.735 1021.83
0.4865  3.267 1027.73
0.5810  3.758 1033.35
0.6695  4.195° 1038.63
0.7520  4.583  1044.60
0.8575  4.975  1049.77
0.9465  5.341  1055.10
1.383  6.895 1080.19

1.798  8.073 1103.64
2188 8944 1124.92
2459  9.349 1139.61

@ Units: ¢ in mol LY, & in
Sm~! and p in gL™!.b In-
terpolated values.



118

APPENDIX

Table A.7: Concentration, ¢, Conductivity, x, and Density, p, of Aqueous (NH,),HPO,

Solutions at 25°C. Errors are Within the Limits Described in Chapter 2.3.%

c K p
0.09905 1.467 1005.39
0.1976  2.557 1013.34
0.2962  3.450 1021.11
0.3914  4.238 1028.45
0.4886  4.967 1035.79
0.5813  5.673% 1042.68
0.6719  6.254 1049.32
0.7647  6.824 1056.03
0.8558  7.350 1062.54
0.9468  7.770° 1068.95
1.366  9.466° 1097.64
1.771  10.57°  1124.03
2.165  11.26 1148.69
2512 11.64° 1170.20
2.851  11.82° 1190.44
3.173  11.86° 1209.62

@ Units: ¢ in molL™Y, & in
Sm~!and pin gL™!. ® In-

terpolated values.
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A.2 Solvation of the osmolyte ectoine in water and aque-
ous NaCl

During the time period of this thesis, aqueous solutions of ectoine and ectoine+NaCl were
investigated by Andreas Nazet for the preparation of his bachelor thesis. Initial studies
on ectoine(aq) have been done by Thomas Riick and Alexander Stoppa. I was supervising
and guiding the erperimental part and the initial analysis. Also, I did the final analysis
and interpretation of all available data. The following pages contain a manuscript draft,
originally prepared for Angewandte Chemie.

Andreas Eiberweiser, Andreas Nazet, Alexander Stoppa, Thomas Riick and Richard Buch-
ner

Institut fiir Physikalische und Theoretische Chemie, Universitit Regensburg, D-93040 Re-
gensburg, Germany.

Introduction Osmolytes are small molecules found in extremophilic microorganisms liv-
ing under severe osmotic stress. They aid maintaining the cell volume and fluid balance,
and thus enable organisms to survive even harsh environments like extreme saline waters.
Examples are betaine, trimethylamine N-oxide (TMAQ), glycine and ectoine. Those are
also known as compatible solutes, as these natural products do not negatively affect the cell
metabolism. In addition, compatible solutes also stabilize biomolecules against negative
effects due to heat, dryness and UV-radiation. '

Ectoine, (S)-2-methyl-3,4,5,6-tetrahydropyrimidine-4-carboxylic acid (Figure A.1), which
was first characterized by Galinski, °"1% is widely found in halophilic bacteria. It is com-
mercially used in cosmetics, as a cell and tissue protectant, and is a potential therapeutic
agent for certain diseases.!%?

Co0 goc':r
Hm/j HHrTll’j
)*‘ﬁ /L\N

H H

Figure A.1: Zwitterionic representation of ectoine, as it is found in aqueous solution. The
molecule consists of hydrophilic (carboxylate group, ammonium groups) and hydrophobic
(e.g. methyl group) parts.

The ability of ectoine to stabilize the native conformation of proteins is attributed to
the water binding nature of this molecule and rationalized by the so called preferential
exclusion model.?%’ According to this approach, osmolytes are excluded from the surface
of proteins, though being highly hydrated themselves. Thus the hydration of the protein
is promoted, the diffusion of water molecules slowed down, and the natural conformation
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of the protein is preserved.?! The protective nature of ectoine is well known and could

be applied to human skin.?°?2% However, with the exception of MD simulations,2°!:204,205
little is known about the hydration structure of ectoine.

In this communication we report on the solvation of ectoine in aqueous solution and the
influence of ectoine on water dynamics. We also shed light on the effect of NaCl, as a model
electrolyte, on the hydration of ectoine. The main experimental technique used to gain this
information was dielectric relaxation spectroscopy in the frequency range 50 MHz < v <
89 GHz. This technique is sensitive to fluctuations of the macroscopic polarization of a
sample in an external electric field, mainly occurring through the reorientation of dipolar
species, and yields the complex relative permittivity £(v) = ¢'(v) — ie”(v).18

Experimental Section Ectoine samples were provided by bitop AG (Witten, Germany)
in two different purity scales and used as received. Most samples of aqueous ectoine were
prepared from a batch of >96% purity, the samples for the ectoine+NaCl(aq) study, as well
as a series of additional ectoine(aq) solutions were prepared from a batch of >99.5% pu-
rity. As the spectra, and corresponding fit parameters, obtained for the NaCl-free ectoine
solutions from the batches with 96% and 99.5% purity were consistent, the dielectric data
of all samples were included in this study. NaCl (pro analysi, Merck, Germany) was dried
for 48 h at 200 °C under reduced pressure (p = 2-107%bar), using P,O (Sicapent, Merck,
Germany) as a desiccant. The dried salt was stored in a glove box under nitrogen atmo-
sphere prior to use. Samples were prepared gravimetrically without buoyancy correction,
using degassed water (Millipore, specific resistance > 18 MQ-cm).

Sample densities, p, were determined at (25 + 0.01) °C with a vibrating tube densimeter
(DMA 5000M, Anton Paar, Austria). Taking into account all sources of error, especially
the different purities of both ectoine batches, we estimate the uncertainty of p to be within
+2-10*kgL™ %

Electrical conductivities, k, were determined at (25 £ 0.01) °C with a computer controlled
setup as described previously.?! The used set of five two-elecrode capillary cells with cell
constants ranging from (24.9 to 359) cm™! was calibrated with KCl(aq).?? The cell resis-
tance, R, was determined in the frequency range 200 < v/Hz < 2000 and extrapolated
to infinite frequency, R, using the empirical function R(v) = R, + A/v®*. A is specific
to the cell and the exponent a shows values of 0.5 < a <1. Data acquisition, temperature
control and extrapolation of R, values was done automatically by a home-built software
package. The relative uncertainty of x is < 0.5%.

Dynamic viscosities, 7, were measured with an automated rolling ball viscometer (AMVn,
Anton Paar, Austria) at (25 £ 0.01) °C using a calibrated glass capillary with 1.6 mm
diameter and corresponding steel balls. The relative uncertainty of 7 is ~0.5%. Viscosities
were only determined for ectoine(aq) samples made from the ectoine batch with purity
> 99.5%. The data for p, x and 7 are summarized in Table A.8.

Broadband dielectric spectra of relative permittivity, ’(v), and total loss, ”(v), were mea-
sured at (25 £0.05) °C in the frequency range 0.05 < v/GHz < 89. In the lower frequency
range (0.05 < v/GHz < 50) data were determined by reflectometry using an Agilent
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Table A.8: Experimental values for density, p, viscosity, n, and conductivity, «, for all
studied samples.”

c(ectoine) ¢(NaCl) p n K
0.0496 0 0.9990
0.0987 0 1.0009
0.0993 0 1.0010 0.941
0.1951 0 1.0048
0.3759 0 1.0118
0.4739 0 1.0156 1.124
0.6441 0 1.0223
0.9035 0 1.0324 1.342
1.2732 0 1.0469
1.5124 0 1.0561 1.816
1.6207 0 1.0605
2.1668 0 1.0816 2.646
2.2819 0 1.0862
2.7921 0 1.1060

0.8929 0.2233 1.0408 1.342 1.70
0.8959 0.4485 1.0495 1.388  3.22
0.8917 0.6691 1.0578 1.402  4.58
0.8878 0.8873 1.0660 1.446  5.84
0.8710 1.7442 1.0974 1.609  8.78

@ Units: ¢ in molL™Y, p in kgL ™!, 5 in mPas
and x in Sm~!.

E8364B vector network analyzer (VNA) with corresponding E-Cal module. Coaxial-line
cut-off cells?" were used for v < 0.5 GHz whereas two open-ended coaxial-line probes cov-
ered 0.2 < v/GHz < 20 and 1 < v/GHz < 50. Calibration of this instrument followed
the procedure described in Chapter 2.2.2 for the two cell types. At mm-wave frequencies,
60 < v/GHz < 89, a waveguide interferometer with a variable-pathlength transmission cell
was used. 20" This instrument does not require calibration.

From 7”(v) and the dc conductivity, &, the corresponding dielectric loss £”(v) = 0" (v) —
k/(2mvey) was obtained (go is the permittivity of vacuum). The probable uncertainties
of '(v) and n"(v) are 1-2% of the static permittivity, ¢ , of the sample. The obtained
loss spectra, €”(v), for ectoine(aq) are shown in Figure A.2a. Figure A.3a shows the
corresponding spectra of the ectoine+NaCl(aq) samples.

Data Analysis Real, ¢/(v), and imaginary, €”(v), part of the dielectric spectrum were
fitted simultaneously by a sum of n independent relaxation modes j according to Eq.
1.19. All reasonable relaxation models for n < 5 were tested using a home-built software
package based on a non-linear fitting routine. The quality of the fit model was assessed

by the value of the reduced error function, x2,87 and the additional criteria discussed
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10 100 0.01 0.1 1
v/ GHz v/ GHz

Figure A.2: (a) Dielectric loss spectra, €”(v), of aqueous ectoine solutions. Arrows in-
dicate increasing ectoine concentration, 0.10 < ¢ /molL™' <2.79; symbols represent ex-
perimental data, lines fits thereof. (b) Resolved modes of the dielectric loss spectrum for
c=2.T9mol L7t

by Rahman et al.?® It turned out that for all investigated samples the superposition of
four Debye equations (the 4D model, n = 4) provided the best fit (Figures A.2b & A.3b),
yielding sets of parameters for ectoine(aq) (Table A.9) and ectoine+NaCl(aq) (Table A.10)
that smoothly varied with concentration.
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Figure A.3: (a) Spectra of dielectric loss, £”(v), for NaCl@ectoine(aq) at ¢(NaCl) = 0.22,
0.45, 0.67, 0.89 and 1.74 mol L=!. Dots represent experimental data, lines fits thereof
with Eq. 1.19. (b) Deconvolution of ”(v) into single relaxation modes of Debye type,
corresponding to ectoine, slow, bulk and fast water.

Table A.9: Parameters of the 4D fit for the observed DR spectra of aqueous solutions of
ectoine at 25 °C: limiting permittivities, ¢; (j = 1 —4) & e, relaxation times, 7;, and the
value of the reduced error function, x2.%

c/molL™Y & 7 /ps e m/ps 3 T3/ps €4 T4/DPS Eco X2
0.0496 79.63 95.0 77.79 77.79 8.50 6.32 1.0F 3.83 0.0964
0.0987 80.95 91.0 77.14 77.14 8.57 6.40 1.0F 4.28 0.0915
0.0993 80.51 94.7 76.78 76.78 8.46 6.34 1.0F 5.66 0.0511

0.1951 83.45 951 76.07 15F 7274 853 6.67 1.0F 3.36 0.0346
0.3759 88.19 103 74.05 155F 67.79 872 693 1.0F 346 0.0454
0.4739 90.11 106 7231 154 6433 855F 6.54 0.85 510 0.0358
0.6441 95.13 117 7131 17F  60.27 876 644 0.5F 3.66 0.0682
0.9035 101.5 132 6841 18F 5293 872 646 033 3.64 0.0393
1.2732 111.5 157  65.62 21F 4777 9.16 6.20 0.5F 4.54 0.0889
1.5124 116.9 173 62.69 219 44.13 95F 6.78 052 513 0.0639
1.6207 120.1 183 6249 235 4293 9.6F 6.55 0.5F 3.74 0.0598
2.1668 1324 238 56.86 27F 3593 105 694 0.5F 512 0.0921
2.2819 1374 263 57.18 29.8 3493 108F 6.88 0.5F 271 0.1124
2.7921 1484 351 53.07 33F 2930 11.6 7.00 0.BF 234 0.2075

@ Parameter values followed by the letter F were not adjusted in the fitting procedure.
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Table A.10: Parameters of the 4D fit for the observed DR spectra of ectoine+NaCl(aq) at
25 °C: limiting permittivities, €; (j = 1 —4) & e, relaxation times, 7;, together with the
value of the reduced error function, 2.

c¢(NaCl)  c(ectoine) &1 T1 €2 To €3 T3 €4 T4 €oo Xr

/molL™!  /mol L~} / ps / ps / ps / ps
0.2233 0.8929 9724 140 66.80 18.0 47.57 8.2F 6.70 1.0F 5.08 0.0545
0.4485 0.8959 93.50 142 64.38 18.2 4569 79F 644 1.15 5.64 0.0654
0.6691 0.8917  90.17 145 62.30 183 44.19 7.76 6.59 0.5F 4.98 0.0733
0.8873 0.8878 87.27 151 60.64 18.7 4212 7.63 7.27 1.0F 4.26 0.0610
1.7442 0.8710 76.52 165 ©54.04 20.3 37.34 693 741 1.0F 4.57 0.1047

@ Parameter values followed by the letter F were not adjusted in the fitting procedure.
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Results and Discussion The lowest frequency mode at 0.6 GHz is attributed to ectoine.
With the help of Eq. 1.47 the effective dipole moment of ectoine was calculated as a function
of solute concentration, ¢, from the amplitude of the lowest-frequency mode, S;. As can
be seen from Figure A.4a, pueg(ectoine) exhibits only a weak linear decrease (intercept
20.39 £ 0.03 D; slope —0.47 £ 0.02) with increasing c¢. The effective dipole moment of 20.4
D for ectoine at ¢ — 0 is in excellent agreement with semiempirical calculations for the
zwitterionic form (20.3 D).%% Significant ectoine-ectoine interactions can be ruled out as
the effective dipole moment only weakly decreases with increasing concentration.

The relaxation time determined by dielectric spectroscopy is a collective property incor-
porating static and dynamic dipole-dipole correlations. For ectoine, exhibiting the slowest
relaxation in a series of four superimposed Debye modes, the corresponding rotational
correlation time (molecular relaxation time), 7/, can be calculated via Eq. 1.60. Pro-
vided strong ectoine-ectoine correlations are negligible, and molecular reorientation oc-
curs through small-angle rotational diffusion, the thus obtained rotational correlation time
should follow the generalized Stokes-Einstein-Debye (SED) equation (Eq. 1.56).

According to Figure A.4b, 7{ is proportional to viscosity over the entire concentration range
studied. This is clear evidence that ectoine-ectoine interactions are weak. From the slope,
an empirical friction coefficient of C' = 0.63 can be deduced with the help of the Van der
Waals volume.?%® This value is in between the stick and slip limits, indicating that ectoine
is well hydrated and carries at least part of its solvation shell when rotating.

200

7'l ps

100

¢/ molL” nlmPas

Figure A.4: (a) Effective dipole moment, pqs(c), of ectoine as determined by direct evalu-
ation of the relaxation amplitude S; with Eq. 1.47. (b) Microscopic relaxation time, 77, of
the ectoine molecule (M) as a function of solution viscosity, 7. The solid line corresponds
to a linear fit. The proportional increase of both quantities hints at rotational diffusion as
the relaxation mechanism.
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Both, for aqueous ectoine (Figure A.2b) as for NaCl solutions in 0.89 M ectoine(aq) (Fig-
ure A.3b), it was possible to discriminate three different water relaxations, namely slow,
bulk and fast water.'® While bulk water, at ~18 GHz, and fast water (~300 GHz) show
comparable relaxation behavior as neat water,% slow water (~7 GHz) can only be detected
for the solutions and is typical for moderately bound hydration water. 830

From the amplitude of the slow-water mode, the corresponding concentration ¢(H,O,
slow) of retarded H,O can be immediately calculated, whereas the sum of the ampli-
tudes of slow, bulk and fast water yields the total amount of water, ¢(H,O, DRS), de-
tected by DRS for that sample.'® Together with the solute concentration, c(solute) [so-
lute = ectoine or NaCl|, and the analytical solvent concentration, c¢(H,O), this allows
distinction of two hydration numbers: Zgo, = ¢(H,O,slow)/c(solute) gives the num-
ber of moderately bound/slowed down H,O molecules per equivalent of solute, whereas
Zi, = [¢(Hy0) — ¢(H,O, DRS)]/c(solute) gives the number of irrotationally bound solvent
molecules, which are so strongly bound by the solute that they appear to be "frozen" on

the DRS time scale, i.e. cannot be detected anymore.?*
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Figure A.5: Hydration numbers of strongly bound, Z;, (W), and moderately bound, Zgoy
(@), H,O molecules, as well as the total hydration number, Z; (fit only) for (a) aqueous
ectoine solutions and (b) 0.89 M ectoine+NaCl(aq). Solid lines are a guide to the eye only;
dashed line in (b): predicted Z$T assuming additivity of ectoine and NaCl contributions.

Figure A.5 summarizes Zi,, Zgow and the total hydration number, Z; = Zi, + Zow, of
aqueous ectoine solutions. Clearly, ectoine is well hydrated up to the highest concentration,
but the large majority of the bound water molecules is only retarded by a factor of ~2
compared to bulk water. The amount of strongly bound water is rather small, with Z;, =
2.9+ 0.2 at infinite dilution and a subsequent linear decrease to ~2 at the highest ectoine
concentration. In contrast, Zgow = 12.6 = 0.2 up to ~0.9 M and then decays sharply to
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~6, indicating increasing hydration-shell overlap above this threshold concentration. It
appears reasonable to associate the strongly bound water to the charged moieties of the
zwitterionic ectoine (Figure A.1). From studies of aqueous sodium carboxylates,3%:17 it
is known that the -COO™ moiety is able to "freeze" 1-2 and additionally to slow down
4-5 H,0O molecules by hydrogen bonding, keeping the total hydration number at ~5-6 up
to the saturation limit. This leaves Zj, =~ 1 for the two equivalent ammonium groups, in
line with computer simulations of Smiatek et al., who found 5.59 H-bonds between water
and -COO™ and 0.68, respectively 0.75, H-bonds for the two nitrogen atoms.?°> Thus, the
remaining ~8 slow water molecules must be due to interactions with the ammonium group
and hydrophobic hydration. The total hydration number Z; = Z, + Zgow = 15.5 0.4
reveals that in sufficiently dilute solutions ectoine is indeed highly hydrated, corroborating
thus the inference from the relaxation time of ectoine. However, most hydrating water
molecules are just moderately bound.

To understand the functioning of ectoine in the presence of salt, knowledge on osmolyte-ion
interactions and their effect on ectoine hydration and ion-ion interactions is indispensable
and thus NaCl solutions in 0.89 M aqueous ectoine were studied. Interestingly, for all
samples the spectra are again best fitted by a sum of four Debye equations, with the same
assignment of the resolved modes as for the salt free solutions (Table A.10). There is no
evidence for Na™Cl~ ion pairs nor - more importantly - for any association between ectoine
and Na'(aq) or Cl™(aq). This is corroborated by the data for density, conductivity and
viscosity (Figure A.6a-c). The values determined for the aqueous ectoine+NaCl mixtures
are fully explained by simply adding the contributions of both two-component systems.
There are no excess contributions typical for direct solute-solute interactions. It is thus
possible to conclude, that the hydration of Na*(aq) and Cl~(aq) in the mixture is not
different from that in aqueous NaCl.'?7

For the NaCl-ectoine mixture, we have to deduce an effective Zj,, as both, Na™ and ectoine,
are able to "freeze" surrounding water molecules. The dashed line in Figure A.5b shows
the expected concentration dependence of Z§! = (¢(H,0) — ¢(H,O, DRS))/(c(ectoine) +
¢(NaCl)) calculated from the data for NaCl-free ectoine(aq) (Figure A.5a) and NaCl(aq). '3
The experimental values are slightly below the expected Zﬁf , Whereas Zoy is substantially
higher than the value of ~12.6 for 0.89 M ectoine(aq). For the lowest NaCl concentration,
it appears that each ectoine molecule freezes one water molecule less than in the NaCl-free
solution, but 3 additional water molecules are slowed down. Apparently, the screening
effect of the added electrolyte causes a shift from strongly bound to moderately bound
water, which is accompanied by a significant increase of the total hydration number of
ectoine, i.e. Z;(0.22 M NaCl@ectoine(aq)) = 17.4 as compared to Z;(ectoine) = 14.9 for
the salt free solution. Moreover, this increased hydration shows only little dependence on
NaCl concentration (Figure A.5b). These findings demonstrate impressively, that ectoine is
not just able to further increase its hydration in electrolyte solutions, but also to maintain
the hydration shell even in highly concentrated NaCl(aq). Its strong hydration despite the
presence of hydrophilic ions makes ectoine the perfect candidate for an osmosis-regulating
substance.
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Figure A.6: Concentration dependence of (a) density, p, (b) conductivity, x, and (c) vis-
cosity, 1, for aqueous solutions of NaCl (H), ectoine (@) and the ectoine/NaCl mixture
(A). Lines represent empirical fits. For density and viscosity the values for NaCl+ectoine
show the same concentration behavior as NaCl and an infinite dilution limit (relative to
NaCl) that corresponds to the density/viscosity of 0.89 M ectoine(aq). Regarding the con-
ductivity, within measurement errors, the proportion between both sets of conductances,
x(NaCl)/k(NaCl+ectoine), stays roughly constant at ~ 1.5, and is in excellent agreement
with the corresponding inverse value for viscosities, 7(NaCl+-ectoine)/n(NaCl).

The effect of the solutes on solvent structure is judged by the change in bulk water re-
laxation time (Figure A.7). Although we have to keep in mind, that this quantity is
almost certainly a weighted average over states ranging from essentially unperturbed H,O
molecules far away from the solute to the transition zone between there and the solute’s
primary hydration shell (with its distinct water dynamics leading to Zgow and Zy,), it
informs on the impact of solutes on the cooperative hydrogen bond dynamics.%? Roughly
speaking, faster bulk water dynamics indicates weaker/less H-bonding, slower dynamics
consequently stronger/more H-bonding. Ectoine clearly is slowing down the bulk water dy-
namics, whereas NaCl has the opposite effect. Thus, in the notion of the structure maker,
structure breaker concept, ectoine has to be classified as a structure maker (kosmotrope),
NaCl as a structure breaker (chaotrope).® Interestingly, the bulk water relaxation time of
ectoine+NaCl mixtures closely resembles that of pure NaCl(aq) even at high ectoine to
NaCl ratio. In other words: although ectoine alone has a significant retarding effect on
bulk water dynamics, this is not the case anymore as soon as ions are present. This clearly
non-additive behavior is remarkable and might be the reason why ectoine does not show a
negative effect on cell metabolism.
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Conclusion The extensive hydration of the osmolyte in ectoine+NaCl solutions, mainly
in the form of moderately bound water, stays constant even at high electrolyte concen-
trations. This allows microorganisms to regulate their water content in environments of
high osmotic stress simply by uptake/production or release/degradation of ectoine. The
finding that compatible solutes do not interfere in a cells metabolism can be explained by
the fact that ectoine does not interact directly with ions, i.e. form associates, in addition
to its exclusion from the surface of proteins via its stable hydration shell.2° Also the strik-
ing finding that the influence of ectoine on bulk water dynamics vanishes as soon as ions
are present in the system, works in this direction. It suggests, that the presence of the
osmolyte does not interfere with processes where water molecules with dynamical proper-
ties pertaining to physiological salt solutions are relevant. This is in line with increasing
evidence that water is not just a mere solvent, but instead takes part as an active player
in biological processes.’
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