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Foreword

Water is a fascinating liquid and is the critical component of all forms of life on this
planet. Both water and ice have anomalous structures, which have always been the
subject of intense study. It is the ensuing unusual properties of water, which enable
stability of many biological structures of both proteins and lipids to be maintained
but also contribute in a large way to their function. Many physicists, biophysicists,
biochemists, and chemists have been aware of this for a very long time and
although the structure and properties of water have been discussed in numerous
texts, there is a dearth of texts dealing solely with the structure and properties of
water and ice. As an electrochemist, I am particularly aware that water is an
essential component to many electrochemical reactions playing a large part also in
biological charge transfer, so a text which brings together a synthesis of the nature
of water and ice and their electrical properties as well as their interaction with
electromagnetic radiation is particularly timely. This book by Vasily Artemov
entitled “The Electrodynamics of Water and Ice” covers this whole subject in an
innovative and stimulating way with elegant historical introductions to each
chapter, which positively distinguishes this text.

The book is divided into five chapters. The Chap. 1 is a historical review of the
structures of water and ice covering all the basic work associated with this including
the radial distribution function, pH of solutions and conductivity,
molecular-dynamic modeling of water and ice, with a very good summary at the
end. Chapter 2 continues this theme dealing with the interaction of electromagnetic
waves with water. Dielectric spectroscopy is included here and of course encom-
passes dielectric relaxation and the static dielectric constant of water connected with
the water’s electrical structure and properties. This was especially interesting from
my point of view since I had done extensive work on the dielectric relaxation of
lipid films in water. Dr. Artemov then follows this logically with Chap. 3 on the
interaction of electromagnetic radiation with ice and then Chap. 4, which deals with
the microscopic interpretation of dielectric properties of water and ice. The final
Chap. 5 discusses the electrodynamics of electrolyte solutions and their conduc-
tivity. Particularly “eye catching” are the sections dealing with the electrodynamics
of water and confined water and the behavior of water in strong electric fields.



vi Foreword

I studied the behavior of phospholipids in strong electric fields for years so I found
this chapter particularly informative.

Dr. Vasily Artemov has large experience of studying water on both theoretical
and experimental levels. He was heading the lab of intermolecular interaction
spectroscopy for many years before he joined the Skoltech Center for Energy
Science and Technology in Moscow. He has had several stays in Germany, in
particular, at the 1. Physikalisches Institut, Universitdt Stuttgart. His research
interests and literature output correspond closely to the contents of this book.
I became particularly interested in Dr. Artemov’s work when he presented evidence
in a seminar on the enhanced conduction of protons at solid/liquid interfaces, the
mechanism of which he discusses in the last chapter of this book. This is extremely
topical since the enhanced lateral conduction of protons at lipid/water interfaces
was discussed and evidenced in relation to Peter Mitchell’s Chemiosmotic theory.
This exemplifies how relevant this book is to biological mechanisms of energy and
ion transfer, which incidentally the Author highlights in relation to nerve function.
As suggested by the Author, the ionic model of water paves the way for explaining
many water-related anomalies.

Leeds, UK Andrew Nelson
February 2021



Preface

Water is not only a substance No.l, but also an exceptional media of electro-
magnetic waves propagating on scales from the molecular to the global. Chemical
reactions in aqueous solutions, nerve pulse transmission, and global communication
systems are only a few of the many fields, which are significantly determined by the
electromagnetism of water and ice. The dielectric properties of water and ice are
equally important for many aspects of physical chemistry, soft-matter physics,
electrochemistry, atmospheric sciences, radiophysics, medicine, biophysics, and
neurosciences. The electrodynamic properties of water are accounted for in acid—
base reactions, solvation processes, electric double layers, and in systems where
water plays a role of solvent or reference liquid. The dielectric properties of ice,
liquid water, and water vapor are also crucial for location and navigation, as they
directly determine the quality of radio communications. In addition, such atmo-
spheric phenomena as thunderstorms, lightning, precipitation charging, surface
condensation, and evaporation depend on the unique dielectric properties of water
and ice. Finally, people wonder how microwave ovens work, why water is trans-
parent, how and why it conducts electricity, and how biological systems commu-
nicate. In spite of the fact that we would like to use the properties of water for many
practical purposes, the electrodynamics of water and ice still do not have an
exhaustive description, and is also poorly studied from a microscopic point of view.

In this book, I address a wide range of questions related to the electromagnetism
of water and ice. The book contains a variety of experimental data on the dielectric
properties of water in all its thermodynamic forms. The data are collated and
ultra-broadband dielectric responses are combined in the unified terms for liquid
water, ice, water vapor, and aqueous solutions. The interaction of electromagnetic
waves with water is analyzed through the prism of microscopic molecular
dynamics. The mechanisms behind different features of the water dielectric spec-
trum are discussed in fine detail. Well-established classic views on the structure of
water and ice are critically analyzed and accompanied by new ideas. The physic-
ochemical concepts of the electromagnetism of water and ice are formulated con-
sidering them on the same footing. Atomic-molecular dynamics are discussed in the
context of microfluidics, atmospheric sciences, and electrochemistry.

vii



viii Preface

In five interconnecting chapters, the reader will find a detailed explanation on
why and how molecules of water are connected, and which molecular dynamics
provide the variety of electrodynamic properties that water demonstrates in nature
and technology. Although on the surface the book is dedicated to a narrow topic,
the discussed questions go far beyond the electromagnetism of water and ice and
provide a good platform for further investigations and interdisciplinary research of
this vital, but still poorly understood compound.

Moscow, Russia Vasily Artemov
December 2020
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Chapter 1 ®)
A Historical Review of the Structures Gea
of Water and Ice

Abstract The details of the structure of water are important for understanding its
dielectric properties and vice versa, because the nuclei and electrons of water particles
are, in essence, charges interacting with each other and with external fields. Although
water has been studied like no other substance, its atomic-molecular dynamics (both
individual and collective) are still under discussion. Bernal-Fowler 100-year-old
paradigm, based on early diffraction data, requires critical analysis. In this chapter, I
consider the history of the notion of “water structure,” which includes several mile-
stones related to the appearance of particular experimental and theoretical methods.
I discuss early electrical conductivity measurements, X-ray diffraction and neutron
scattering techniques, pH measurements, isotopic tracer diffusion, nuclear magnetic
resonance, and simulations of molecular dynamics. All these techniques and meth-
ods have significantly contributed to the development of the concept of hydrogen
bonding in water and related substances. However, recent studies have shown that
classic models still fail to reproduce the basic electrodynamic parameters of water
and ice, and need to be improved.

1.1 What is “Structure” for Liquid Water?

The concept of “structure” for a liquid differs from that which is usually applied to
solid crystalline materials. At first glance, a liquid is a fluid that has no shape without
a container or confining medium, so it seems to have no “structure” at all, like a gas.
Liquids are also essentially incompressible, maintaining the intermolecular distance
and having a volume that is nearly as constant as in solids. One could say that this
is due to the translational movement of its molecular species, a movement that is
forbidden for ice molecules. However, glaciers, which are made of ice, slide and
move, and this implies a translational degree of freedom, but this process appears
on the much larger timescale. So, what does “structure” means for water and ice?
Although water, strictly speaking, refers to the gaseous, liquid, or solid forms, water
is used in the text to refer to liguid water, unless otherwise stated.

Although long-range order is not observed in water and is only a feature of care-
fully prepared ice samples, the concept of short-range order, in contrast, is fully

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2021 1
V. Artemov, The Electrodynamics of Water and Ice, Springer Series
in Chemical Physics 124, https://doi.org/10.1007/978-3-030-72424-5_1
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applicable to both forms. The short-order structure is mainly formed by pair interac-
tions of water molecules, which are identical in ice and water. The local molecular
environment is also expected to be nearly the same. Pair interactions, and the corre-
sponding local water structure, can be tested by simulations of molecular dynamics'
and by the adjustment of the potential of the interaction of water molecule pairs.
Abascal et al. [1] introduced the most popular rigid four-point model of the water
molecule (TIP4P/2005 model), which quantitatively reproduces the phase diagram
and the density of water and ice. Using this model, Ramirez et al. [2] showed that
the temperature (the thermal energy) of a system of water molecules defines the con-
dition of the long-range order formation. Figure 1.1 shows two quasi-equilibrium
configurations of TIP4P/2005 water molecules that represent the quasi-equilibrium
“structure” of water and ice. These two configurations are obtained at two different
thermal energies and both have nearly the same local molecular environment, while
the “structure” looks different. This example shows that, although the pair potential
stays the same, the residence time of molecule near the equilibrium position defines
the condition of long-order formation.

Figure 1.1 shows quasi-equilibrium configurations. In real ice, however, each
molecule has a chance to overcome the potential barrier and change the equilibrium
configuration, which in the frame of ergodicity,2 means that, when the observation
period is long enough, the structure shown in Fig. 1.1b is equivalent to the structure
shown in Fig. 1.1a (and vice versa). The difference between what we call the “struc-
tures” of ice and water is in the corresponding observation times and the period of
the averaging of relative molecular configurations.

As the structure of water and ice depends on the time and spatial scales over
which it is determined, we should define these characteristic timescales. Eisenberg
and Kauzmann [3] suggested several types of water structures, depending on the
time of averaging [3] and the experimental techniques used for their determination.
In particular, they introduced the instantaneous or I-structure, which is used for the
timescale less than 1 ps; the vibrationally averaged, or V-structure, for 1-10 ps;
the diffusion averaged, or D-structure, for the timescale more than 10 ps; and the
potential-energy-minimum static F-structure (+ — 00). According to this classifi-
cation, Fig. 1.1 represents the F-structure, as they were obtained by potential energy
minimization and do not reflect the real instantaneous I-structure. The latter is an
idealization, because no method can accurately measure it. For example, conven-
tional electrochemical methods deal with D-structure, while infrared spectroscopy
measures V-structure. Even neutron and X-ray scattering techniques, which have
a shortest interaction time of a single photon/neutron with a sample, still have a

Experimental methods of the short-order test are considered in Sects. 1.2 and 1.5.

2Ergodicity expresses the idea that any particle of a moving dynamic system will eventually visit all
parts of the space that the system moves in. This implies that the average behavior of the system can
be deduced from the trajectory of a selected particle. Equivalently, a sufficiently large collection of
random samples from a process can represent the average statistical properties of the entire process.
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Fig. 1.1 Pictures of two quasi-equilibrium configurations of N = 870 water molecules obtained by
minimizing the combination of Lennard-Jones and Coulomb interactions of pairs of TIP4P/2005-
model water molecules. a The structure of water. The thermal energy is higher than that allowed for
long-range order formation. b The structure of ice. The thermal energy is low enough for long-range
ordering. The local molecular environment stays nearly the same in both cases. Adapted from [2]
with permission from the PCCP Owner Societies

relatively large data acquisition time and cannot provide a true I-structure test. The
challenge of recent decades is to theorize an I-structure of water, the dynamics of
which would consistently give the V-, D-, and F-structures.

Some studies [4] show that there may be more than one meta-stable structure in
water and ice, which coexist in dynamic equilibrium. This concept has been found
useful for the explanation of neutron diffraction experiments [5], and gives a reason
to talk about the concept of low-density and high-density liquid states. Nevertheless,
a microscopic description of these two states is still lacking. It has recently been
shown that the combination of low-temperature ordered states of water based on
the tetrahedral structure and a high-temperature disordered state based on a distorted
tetrahedron structure can qualitatively explain some anomalies of water [6]. However,
the application of this approach for the explanation of the electrodynamic properties
of water is limited, mainly due to the lack of understanding on how and why these
two different water structures are formed, and change into each other.

1.2 Bragg Scattering and Bernal-Fowler Water

The first attempts to describe the dielectric properties of water on the microscopic
level were undertaken by Rontgen [7] and Kohlrausch [8]. However, only the ideas
of Bernal and Fowler [9] were elaborated enough to form a basis for the majority
of the modern structural models of both ice and water. Below, we discuss the main
arguments that have been used to develop this famous model of water structure.
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1.2.1 Scattering of X-Rays by Liquid Water

Bernal and Fowler used X-rays to identify the local molecular environment of H,O
molecules in a condensed state. They assumed that water molecules have spherical
symmetry with a triangular arrangement of the hydrogen and oxygen nuclei. Five
characteristic points were chosen for this model of the water molecule based on earlier
spectroscopic data [10]. The oxygen was placed at the center of the sphere as shown in
Fig. 1.2. Two hydrogen atoms (protons) were placed in the y-z-plane about 1 A from
the oxygen atom, and 1.5 A from each other so that the H-O—H angle was about 105°.
Two more points, which represent electron densities that compensate for the density
of the protons, were settled in the x-z-plane. This tetrahedral model molecule of H,O
became the structural unit of Bernal-Fowler water. It has been suggested that such a
molecule has some preferential orientations with respect to surrounding molecules,
due to electrostatic interactions between the specific points of its positively and
negatively charged parts. The search for these preferred configurations became the
main subject of Bernal-Fowler work and anticipated future studies of molecular
dynamics.

Bernal and Fowler noticed that an experimental X-ray pattern (see Fig. 1.3) that
was scattered by ambient water (cure 1 in Fig. 1.3b + open symbols) and the model
spectrum of amorphous quartz with a tridymite structure (curve 3) have much in
common.’ In particular, the positions of the minima and maxima of the intensity
distribution are approximately the same. Authors assumed that water, by analogy
with quartz, has a coordination of atoms as in amorphous SiO,, and suggested a
quartz-like structure of water, shown in Fig. 1.4. The asymmetric non-linear shape
of water molecules allowed them to form a tetrahedral molecular coordination as
shown in Fig. 1.4a. The assembly of pentawater complexes gives an open hexagonal
structure shown in Fig. 1.4b, which is similar to the structure of quartz shown in
Fig. 1.4c.

In order to obtain the correct density of water, Bernal and Fowler assumed that the
volume of voids between molecules is approximately equal to the occupied volume.
As aresult, a good coincidence between the experimental curve 1 and the theoretical
curve 3 was achieved. In such a way, the tetrahedrally coordinated arrangement of
water (see Fig. 1.4a), self-assembled into hexagonal rings, was introduced to the
water model as the most suitable configuration of the hydrogen and oxygen atoms
satisfying the X-ray data. However, this model structure corresponds to the most
probable position of atoms (F-structure) and does not account for any molecular
dynamics.

Although a good coincidence of Bernal-Fowler model with X-rays diffraction data
has been achieved, the quartz-like water model is static by nature. Electro-diffusion
data, rheological properties, and thermal effects were missing. Assuming that water
consists of long-lived H,O molecules similar to those observed in steam with small
mutual deformations, the model offers no explanation of the experimentally observed

3Note that in this kind of experiment, water atoms are not directly observed, because X-rays interact
with the electronic density around the oxygen atoms, but not the atoms themselves.
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Electrons

Fig. 1.2 The electron and nuclei distribution in a water molecule according to the Bernal-Fowler
model. Adapted from [9], with the permission of AIP Publishing

(b) 1ot

o
©

06

Relative intensity

X-rays 0.0 02 04 06 08 1.0

2sin%0/A (A™)

Fig. 1.3 a The schematic of X-ray experiments with water. b X-ray diffraction intensity-angle
distributions for water (curve 1); theoretical pattern for a quartz-like water model (curve 2); and the
theoretical pattern for amorphous quartz (curve 3). Adapted from [9], with the permission of AIP
Publishing

high mobility of H* and OH™ ions,* which assumes something other than the simple
hydration of ionic species, a mechanism that allows H* and OH™ ions to move
through the media and impart coherence.

Therefore, a number of modifications to the Bernal-Fowler water model were later
proposed. For example, Fig. 1.5 assembles the main species that different models
introduced to the quartz-like water model in order to interpret the scope of electro-
diffusion data. Defects of different types can be found: vacancies, interstitials, chains,
excess protons, holes, free, and randomly bounded molecules. All these particles were
needed to provide additional degrees of freedom to the static lattice structure revealed

4The electrical mobility of H3O and OH™ ions is known to be almost an order of magnitude larger
than the mobility of other ions with the same charge such as Li*, Na™, and K+ [11]. This point
was later understood by the Grotthuss mechanism (see Sect. 1.3).
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Fig. 1.4 Molecular configurations revealed from X-rays scattering data shown in Fig. 1.3b. a The
tetrahedral coordination of water molecules. Four molecules form a tetrahedron around a central
molecule according to the charge density distribution shown in Fig. 1.2. b The “quartz” water
structure suggested by Bernal and Fowler. ¢ The structure of quartz that was used as a prototype

Fig. 1.5 The structure of @
water based on the @/@ %
Bernal-Fowler model with efect ;
defects in the hexagonal / %
structure that have been used .
[l
AN

by different authors to
explain its dynamic
properties. Compare with the
structure according to the
ionic model in Fig. 4.5

by X-ray diffraction. Interestingly, for the interpretation of some experimental data,
such as electrical conductivity, dielectric relaxation, and the dielectric constant, all
these defects become even more important than the molecular structure itself.
Several ideas, accounting for the heterogeneity of the structure of water, have
been suggested to improve the Bernal-Fowler model. Concepts of light and heavy
phases, ice-like clusters, a high concentration of short-lived ionic species, liquid—
liquid transitions, polyamorphism, and the concept of high- and low-density water
have been introduced [12—16]. However, the debates around these proposals continue,
and no model yet has a decisive advantage. Nevertheless, it is obvious that water is
more than just an ideal tetrahedral arrangement of spherical molecules shown in
Fig. 1.4. There is much more “disorder” in water and the exact nature, size, and
sharpness of the boundaries between defects and fluctuating regions are still needed
to be clarified [14]. The experimental and theoretical efforts of recent years using
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intense X-rays from synchrotrons (SAXS) and from free-electron lasers (XFEL)
look promising [17]. These techniques have much shorter exposure time than in the
original Bragg experiments, and thus they are getting closer to the I-structure.

A century of X-ray studies after Bernal and Fowler has shown that the short-order
arrangement in water is similar to that in ice crystals. However, the microscopic
dynamics, which cannot be studied by this method, were still missing. In order to
introduce dynamics to Bernal and Fowler’s concept, Frenkel (1946) proposed the
idea of the simultaneous vibrational and translational motion of molecules, which
is suitable for liquids [18]. The idea was that the oscillations of the molecules in
quasi-crystalline cells have been assumed to be similar to those in solids, but the
translational displacements of the cell as a whole with the corresponding free path
were equal to the first step of diffusion (see Sect. 1.3 for details). Such dynamics
were proposed to account for a distinctive feature of liquids, and were well suited to
the molecular dynamics in water. This model has crystalline and gas-like properties
at the same time. This can explain the X-ray diffraction data and leaves space for
dynamics. Frenkel’s classical model was effectively used to interpret quasi-elastic
neutron scattering data (see Sect. 1.2.3), but was not further developed because in
the 1970s, the main focus was turned to simulations of quantum-mechanical molec-
ular dynamics (see Sect. 1.6), where the calculated volume of water is too small
to model Frenkel’s dynamics, which require significantly higher computational cost
than computers could afford.

1.2.2 X-Ray Crystallography of Ice

X-ray interaction with ice was historically studied separately from that for liquid
water. The method dates back to the first systematic detection of the diffraction pat-
terns of ice crystals by Rinne [19], and their interpretation in relation to the geometri-
cal arrangement of oxygen atoms by Bragg [20]. A large inaccuracy remained in the
arrangement of atoms and molecules in ice, until it was clarified by neutron scattering
(see Sect. 1.5), and infrared and dielectric spectroscopy (see Chap.2). Nowadays,
although the average position of oxygen atoms has been defined in detail, there are
still many questions concerning the details of ice’s structure and atomic dynamics.
The problem is that it is difficult to prepare a homogeneous ice sample, and then
establish its crystal symmetry, which corresponds to the ice lattice. The scattered
intensity of X-rays depends on the orientation of the sample relative to the incident
beam, as shown in Fig. 1.6. Thus, a lot of initial assumptions are needed in the
interpretation of X-ray diffraction data. The construction of the model is addition-
ally complicated by the fact that the crystal growing process is time dependent, and
the crystal structure is significantly dependent on the boundary conditions.’ Never-

31t should be noted that a single crystal of ice Ih (hexagonal) cannot appear upon cooling a hypo-
thetical infinite volume of water, since the latter does not have a distinguished axis. Ideal ice Ih
crystals grow on cooled surfaces with a surface-dependent structure (see, for example, [24]).
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(a) (b)

Laue
diagram

Fig. 1.6 X-ray diffraction experiments with ice crystals. a The experimental schematic. b, ¢, and
d Laue diagrams of ice crystals for an X-ray beam directed at an angle of 4.6 °C to the c-axis
of the crystal at —5 °C, at —196 °C (liquid nitrogen), and a temperature rising from —180 to —5
°C, respectively. Parts (b) to (c) adapted from [23] with permission of the International Union of
Crystallography

theless, X-ray crystallography of ice provided useful information about the relative
position of water molecules, averaged over long periods of time (usually more than
1s[21]).

Unlike liquid water, ice crystals scatter X-rays non-uniformly, producing areas of
low and high intensity as shown in Fig. 1.6a. Scattering patterns from ice crystals are
known as Laue diagrams,® shown in Fig. 1.6b—d. Similar to water, the interpretation
of these patterns requires knowledge about the structure, which for ice reduces to the
knowledge of the crystal lattice structure, which is unknown a priori and cannot be
deduced directly from the geometrical shape of the sample. Everyone knows that the
shapes of snowflakes vary significantly depending on the external conditions, not to
mention the more than 19 forms (both stable and meta-stable ones) of bulk ice that
one can find on the phase diagram of water (see [22]).

In order to describe the structure of ice, Bernal and Fowler relied on the infrared
and Raman spectra, which show common vibrational spectral features for ice, liquid
water, and water vapor (see Fig. 2.13). As the latter was supposed to consist of H,O
molecules, the condensed forms of water were assumed to be an assembly of H,O

%Named after Max von Laue, who used diffraction from crystals to prove the short wavelength of
X-rays.
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molecules too.” The 3D structure of ice was deduced from general assumptions that
molecules with the structure shown in Fig. 1.2 electrostatically interact with each
other. As the interaction of X-rays with ice reduces to the interaction with oxygen
atoms (except modern small-angle X-ray diffraction studies, which are sensitive
to hydrogen atoms as well [25]), no hydrogen—oxygen configurations leaving the
positions of oxygen atoms unchanged have been rejected on the ground of X-ray
experiments.

Figure 1.7 shows the structure that Bernal and Fowler proposed for ice on the basis
of the least energy configuration of five-point tetrahedral H,O species. This structure
has been used for the interpretation of Laue diagrams of ice. The oxygen atoms in
this model form a hexagonal configuration, similar to that for liquid water discussed
above. One oxygen atom was assumed occupying each corner of the hexagon. The
hexagons, being assembled in a plane, form a wrinkled surface of conjugate rings.
Then planes alternate in an (a)—(b)—(a)—(b) order along the c-axis, where each (b)-
plane is areflection of the (a)-plane along the same axes as the planes themselves [26].
The distance between two neighboring (a)- or (b)-planes is 7.3 A. The distance
between any neighboring oxygen atoms is about 2.8 A. The whole structure has
hexagonal symmetry (P63/mmc structure group®). The angle between the sides of the
hexagons is close to the tetrahedral angle (109.5°) and the angle between the hydrogen
atoms in the water vapor molecule (104.5°). The cavities inside the hexagonal rings
were assumed large enough to place another water molecule inside. That is why
the electrical conductivity and self-diffusion coefficient of ice along the c-axis, and
perpendicular to this axis differ several times, as has been experimentally confirmed
latter [27, 28].

The hydrogen atoms are not shown in Fig. 1.7, but they were placed by Bernal and
Fowler in fixed positions on the lines between oxygen atoms. Later Pauling adopted
this configuration, because he found that it does not contradict the residual entropy of
ice at low temperatures [29]. On the basis of statistical physics, Pauling then deduced
the following phenomenological ice rules, which although not applicable for real ice
crystals, were adopted, since they directly followed from the structure of the water
molecule proposed by Bernal and Fowler (see Fig. 1.2):

e Each oxygen atom has two hydrogen atoms attached to it at distances of about
0.95 A, forming a water molecule, the HOH angle being about 105° as in the gas
molecule.

e Each water molecule is oriented so that its two hydrogen atoms are directed approx-
imately toward two of the four oxygen atoms which surround it tetrahedrally.

"Modern data shows that the infrared and Raman spectra of ice and water are more complex than
those for water vapor. Apart from line shift and broadening [31], overtones, Fermi resonances, and
contributions from ionic species have been observed [32] (see Chap. 2 for details).

8P63/mmc means having a sixfold screw axis (rotation around an axis in addition to a translation
along the axis); the structure repeats itself three times during a complete 360° rotation; the “m’s”
stand for mirror planes perpendicular to the basal plane and parallel to the “c”-axis, and with the ¢

in “mmc” standing for the glide plane.
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oo 2.8 A

Fig. 1.7 Structure of ice Ih according to X-ray diffraction data. a Structure viewed perpendicular
to the crystallographic c-axis. b Structure viewed along the c-axis. Dots show the centers of oxygen
atoms. Atoms that are closer to the viewer have a lighter tone. The dashed lines outline the unit cell.
The straight lines between the atoms are guidelines for the eyes

e The orientations of adjacent water molecules are such that only one hydrogen atom
lies approximately along each oxygen—oxygen axis.

e Under ordinary conditions the interaction of non-adjacent molecules does not
appreciably stabilize any one of the many configurations satisfying the preceding
conditions with reference to the others.

At non-zero temperatures, ice crystals are free to change atomic configurations,
for example, by synchronous proton exchange, as shown in Fig. 1.8. For this, Paul-
ing [30] suggested two possible mechanisms of hydrogen atom migration: the rotation
of molecules around the center of mass and the intermolecular transfer of the hydro-
gen nuclei.’ Change from one of the two cyclic arrangements of hydrogen nuclei
to the other was permitted by the postulates mentioned above. The fact that the
dielectric constant of ice is higher than that of water shows that there are significant
dynamics in the ice lattice, which give it the ability to polarize. The crystal changes
the atomic relative arrangement under the influence of an electric field or due to
thermal fluctuations. Pauling’s concept of the residual entropy of ice means that at
very low temperatures, close to absolute zero, ice does not become (in a reasonable
period of time) a perfect crystal with no randomness of molecular orientation. Thus,
the defects of an ideal ice structure can be responsible for the electric and transfer
properties of ice even at very low temperatures.

Although recent studies continue to tweak the details of the quartz-like water
model, the main features, and the positions of oxygen atoms, remain the same.
However, the degree of tetrahedrality has been criticized [33, 34], and it is clear

Note that latter is circled and seems equivalent to molecular rotation. This can be true from the
static dielectric constant point of view. However, from the viewpoint of dynamic conductivity, the
molecular reorientations are not equivalent. The migrating proton (p™) produces local current, which
contributes to the spectrum at high frequencies and gives, for example, microwave absorption (see
Chap. 2 for details), while the molecular reorientation is not.



1.2 Bragg Scattering and Bernal-Fowler Water 11
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Fig. 1.8 Two equivalent molecular configurations of ice, from the X-ray diffraction point of view,
with different configurations of hydrogen atoms (a) and (b). There are two ways to switch between
these configurations. The first is shown by the large arrow (number 1), which demonstrates the
direction of the proton transfer. The second is shown by small dashed arrows (numbers 2), which
express the directions of molecular reorientations. Only one hydrogen atom is shown for each
water molecule for clarity. Both mechanisms are equivalent from the viewpoint of initial and final
arrangements of the atoms, but only the first scenario provides an intermolecular electric current

that real water is more disordered than the ideal tetrahedrally arranged openwork
network shown in Fig. 1.7. A further model that can account for the interstitial-
diffusion mechanisms and explain the similarity of the dielectric properties of water
and ice (described in Chap. 4) is needed.

1.2.3 The Radial Distribution Function

A direct way to describe and compare the local molecular environments of water and
ice on a sub-nm scale is the analysis of their radial distribution functions (RDFs).
RDF defines the probability g;; of finding an atom i at distance r from another tagged
atom j (see Fig. 1.9a). In other words,

dn,

S 1.1
4rridr - p (.1

&ij(r) =
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Fig. 1.9 The local
environment of the reference
water molecule (blue). Gray
molecules are those whose
centers are within the
circular segment designated
by dotted lines. The
algorithm of the RDF (red
curve) determination
involves accounting for the
molecules within a distance
of r and r+dr from a central
particle

where dn, is a function that computes the number of particles within a shell of thick-
ness dr, as shown in Fig. 1.9. For water and ice, one can distinguish oxygen—oxygen,
goo(1); oxygen—hydrogen, gon(r); and hydrogen—hydrogen, gy g (r) pair distribution
functions. However, one needs preliminary knowledge (a model) of the water struc-
ture, which can be used for the parallel analysis of X-ray and neutron scattering data,
and, reconstructing the data, one faces a mathematical ill-posed problem [35] with
multiple possible solutions. In addition, the methods of X-ray and neutron scattering
provide an atomic-scale resolution, but involve significant space and time averaging
over the sample size and the acquisition time, respectively. Thus, RDF is a model-
dependent function, which reflects a diffusion-averaged structure.

As RDF cannot be measured directly and requires a preliminary assumption about
the structure, a conventional RDF analysis assumes that water molecules are stable
structural units, which do not disintegrate with time and form the preferential con-
figurations prescribed by the structure of the individual molecule. Thus, the analysis
follows the Bernal-Fowler general idea that water consists of H, O, and is based on the
search for different molecular configurations. At the current stage of research, data
are collected with good statistical accuracy and generally converge [36]. However,
the result of data processing still depends on the model, and the initial assumptions
that were made. That is why there is still large uncertainty among the RDFs obtained
by different groups [37]. To understand the problem, let us look at how RDFs are
determined (Fig. 1.10).

The integral scattering intensity is assumed to have the following form:

2

N
1(Q) = (Y beexpiQ-r)| ), (1.2)

k=1

where b, r, and Q are the atom scattering length, the radius vector, and the scattering
momentum, respectively, and the angular brackets denote ensemble averaging.
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Fig. 1.10 Pair radial (@) 4
distribution functions
(RDFs) for a water, and b
ice: oxygen—oxygen, g0o, 3r
oxygen-hydrogen, goun, and
hydrogen—hydrogen, gyn). =
The inset shows distances S 2
between different atoms of
two neighboring molecules, 11
which corresponds to the
first maxima of the RDFs
0
(b) 4
3 L
S 27
1 L
0
0

r(A)

With these assumptions, the scattering intensity per atom is represented by the
additive sum:

I(Q) = ISEIf(Q) + Iintra(Q) + Iimer(Q)9 (13)

where first two terms correspond to the molecular form factor < F(Q)? >, and the
last term represents intermolecular correlations. It is important to note that if water
molecules are short-lived, the total scattering intensity is a more complex function
than that presented by (1.3), and does not converge to the additive sum. The term
<F(Q)?*> is assumed to be equivalent to that in water vapor, which can be obtained
by X-ray diffraction of steam [38] in the Debye approximation [39].!° The latter
considers water as a system of molecules similar to those in the gas phase, but
perturbed by mutual interactions.!! In other words, one can write

(F(0)) = Zm,ﬁ(Q)f,(Q)%g”’ﬁ (14
ij Ly

10The Debye scattering equation allows one to calculate the scattered intensity from an isotropic
sample which does not presume the periodicity of the underlying structure.

1Tt is shown in Chap. 3 that the intermolecular proton exchange which plays an important role in
the electrodynamics of water and ice is missing in this approach.
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where x; is the atomic fraction of atoms of type 7, r;; are the intramolecular distances
between the centers of nuclei.

At this level of approximation, the geometric structure of the water molecule is
assumed to be a rigid sphere, and individual atomic scattering factors are calculated
for isolated unbound particles. In fact, covalent bonding and the mutual interaction
of molecules change the charge distribution and, therefore, the atomic form factors
defined by (1.4).

The structural factor S(Q) is determined from the molecular form factor by

1(Q)
(F()?)

S(Q) = (1.5)

The contribution of intermolecular correlations to the total intensity (see the last term
in (1.3)) is given by [33]

Liner (Q) = Z (2 =8;))xix; f: (Q) f;(Q)Si; (), (1.6)

i<j

where the correlation factor §;; (Q) between atoms of type i and j is directly related
to the RDF by

Sij(Q) = 4ﬂp/r2(gij(r) - 1)%% (1.7)
0

where p is the atomic density.

Therefore, the structure factor S(Q) and the RDF itself can be calculated directly
from (1.7). However, a preliminary structural model is needed to weigh the scattering
correlations between the oxygen and hydrogen atoms. For this purpose, the diffrac-
tion pattern is analyzed by the empirical potential structure refinement [40]. Using
molecular dynamics and ab initio methods, interatomic potential energy functions are
consistently tuned to reconcile the simulated and measured structure factors S(Q).
The aim of the simulation is to find realistic constraints on the forces between atoms,
inside and between molecules, which will fit the experimentally observed RDF.
Since this problem generally has an unlimited number of solutions, the result always
depends on the model used. This is why there are still some differences between
the RDFs obtained by different authors depending on the initial assumptions and the
potentials that were applied.

The first RDF for water was reported almost a century ago [41]. Figure 1.9 shows
the modern RDFs for water and ice. The goo(7) function for water shows well-defined
maxima at 2.9, 4.5, 6.7 A and minima at 3.4, 5.5 A. The positions of the peaks have
a ratio close to the 1.63, which is expected for a tetrahedral water structure [42].
However, they are broad and overlapping, showing a wider range of O—O-0 angles
than those expected for the ideal tetrahedral arrangement introduced by Bernal and
Fowler. The exact degree of water tetrahedrality is still debated and the structural
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model of water, which corresponds to the X-ray and neutron scattering data, is still
developing [33, 34, 36, 43]. Obviously, water is more disordered than the ideal
tetrahedral arrangements of amorphous SiO,. Though the RDF analysis roughly
confirms the trigonal geometry of water molecules in the liquid state and shows that
time-averaged four-coordinated structures dominante [12, 44].

Ice generally reproduces the data for water, but there are several additionally
resolved maxima near 2.2, 3.4, 5.2 A. These maxima show that ice has a long-order
and a higher degree of tetrahedrality compared to liquid water. Why is the local
diffusion-averaged structure of water different from that of ice?

An analysis of the fine structure of the water RDF made by Samoilov [45] showed
that there is an additional smaller maximum at 3.5 A, which is not expected from the
purely tetrahedral arrangement of H,O molecules. He assumed that this maximum
corresponds to the interstitial molecules trapped in the hexagonal rings (see Fig. 1.9).
Samoilov used a pair distribution function, defined as 4 r2p(r), where p(r) is the
density, which can be understood as the deviation of the local density of water in
comparison with the averaged density. Figure 1.11 shows (a) the experimental and
(b) the calculated distribution functions. A relative subtraction shows that there is
an additional density peak near 3.5 A, which does not appear in the ideal structure.
Samoilov found that several percent of water molecules are temporarily trapped in the
interstitial cavities. This assumption explains the deviation from the ideal structure
of Bernal and Fowler, but does not explain why the interstitial states differ from
the lattice states. Most recent studies of the radial distribution function [42] show
that phenomenological constants allow a description of the experimental data with
satisfying accuracy, and no further improvement of the experimental data is needed.
However, there is still no simple structural model, which describes the RDF and
satisfies the scope of the thermodynamics, electrodynamics, and structural properties
of water.

Fig. 1.11 A comparison of 14 " T T T .

a experimental and b (a)
theoretical curves of the 12 |
radial distribution of oxygen | |
atomic density for water at — 10

275 K. The function = sl ]
difference ¢ shows a hidden NE (b)
density maximum at 3.5 A, < L 4

6
which is not expected from
the ideal tetrahedral 4r ]
structure. It corresponds to
the molecules trapped in the 2
cavities of the hexagonal 0
rings (interstitial molecules) 1 2 3 4 5 6 7
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(1) Time-
averaged
m
(2) Potential l g
energy minimum

Fig.1.12 The rotating-pendulum model that describes the difference between (1) the time-averaged
position and (2) the potential-energy-minimum point. An inverted position is more likely at averag-
ing as the pendulum spends there more time. However, it would never be observed if one searches
the equilibrium by the minimization of potential energy (see the text for analogy with the molecular
motion)

Three main problems prevent the understanding of the local structure of water by
RDF analysis. First, the result is significantly determined by the initial assumptions,
which are not yet well defined. As a result, we get significantly different results for
RDEF, depending on the molecular potential that we use. Second, the distribution func-
tion reflects the time- and space-averaged configurations of short-lived local molec-
ular environments. This fact makes the analysis of the potential-energy-minimum
F-structure controversial. For example, the averaged position for rotating pendulum
(see Fig. 1.12) corresponds to the upper point, because it spends more time there
than at any other point, while the potential-energy-minimum position is obviously
at the bottom. This analogy shows the difference between the diffusion-averaged
and potential-energy-minimum structures. Third, although the concept of interstitial
molecules qualitatively explains the denser configuration of water in comparison with
ice, it was not confirmed by high-pressure experiments [46]. The expected increase
of the concentration of interstitial molecules at higher pressure in this model has not
been observed experimentally.

Therefore, we cannot learn more about water structure using the RDF only. The
RDF confirms the roughly tetrahedral arrangement of molecules, but does not provide
the angular distribution among neighboring molecules, nor does it reflect the distri-
bution around the local atom within short periods of time. Thus, the RDF analysis
highlights the D-structure but says nothing about the I- or V- structures [3].
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1.3 Direct Current Conductivity and pH of Water

1.3.1 Electrical Conduction Mechanism

According to the theory of electronic band structure [47], water and ice are dielectrics
with negligibly small macroscopic electronic conductivity. The gap between the
valence band and the conduction band of about 5.1 eV [48] (see Fig. 1.13) prescribes
water to be a good dielectric, such as, e.g., quartz (6.3 eV) or diamond (5.5 eV).
However, when an external electric field is applied, even very pure water shows
anomalously high (for a dielectric) electrical conductivity o4, = 5.5-10~% S/cm,
which was measured by Kohlrausch [8]. This value is several orders of magnitude
higher than those for quartz and diamond. Thus, the analogy between water and
quartz, which was made by Bernal and Fowler on the basis of X-rays diffraction,
is not complete, in particular, for the electrodynamic properties. What structural
features make water so conductive in comparison with other dielectrics (Fig. 1.14)?

von Grotthuss (1806) (Fig.1.15a) suggested [50] that the relay-race transfer of
protons among water molecules (see Fig.1.15b) provides an effective mechanism
for charge transfer through the water sample. The Grotthuss mechanism allows one
to describe quantitatively the anomalously high electrical conduction of water. This
mechanism, the modern understanding of which is shown in Fig.1.15¢c, was used to
explain the higher mobility of HT (H301) and OH™ ions in water in comparison with

Fig. 1.13 a Energy band (a) E

structure (left), and the

energy levels as a function of Conduction

the spacing between band

molecules (right). b

Snapshots of bulk liquid Band gap p
water as observed by path

integral molecular-dynamic Valence

simulations with band

isoprobability contours of the
lowest unoccupied molecular
orbital. Part (b) adapted
from [49] with permission
from Springer Nature
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Fig. 1.14 a The
autobalanced electric bridge
circuit for the measurement
of the electrical conductivity
of water and aqueous
electrolytes at low
frequencies (typically around
1 kHz). The AC source is
applied to the points A and
D, the detector is applied
between points B and C. b
Molar electrical conductivity,
A, of several aqueous
electrolytes as a function of
concentration. A% is the
limiting molar conductivity
at infinite dilution

Fig. 1.15 a Theodor von
Grotthuss (portrait by
unknown artist, Bauska
museum, Latvia). b His
famous sketch of the
electrical conduction
mechanism in water, first
published in 1806. ¢ A
modern representation of the
Grotthuss mechanism of the
proton transport
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other ionic species [S1, 55]. However, the details of intermolecular proton transport
in water and its quantum-chemical quantitative parameters are still debated.

Since the charge carriers in water were identified, the question on how high
their concentration is immediately arose. Using an autobalanced bridge shown in
Fig. 1.14a, Kohlrausch [52, 53] showed that the conductivity of pure water does not
depend on the frequency between 1 Hz and 10 kHz, and can be interpreted as the
intrinsic conductivity of pure water.'> Following the ideas of Arrhenius, Kohlrausch

12The exact value of the static conductivity depends on the type of electrodes, cell geometry,
dissolved gases, and other factors, such as the measuring voltage, and can vary significantly.
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assumed that HY (H;0%) and OH™ ions do not interact with each other,'? and calcu-
lated the concentration, which corresponds to the observed conductivity level, using
the following equation:

Odc=¢q N+ - [, (1.8)

where ¢ and n. are the electric charge and concentration of carriers, respectively,
and 1 = q-D/kgT is mobility, defined by the diffusion coefficient D of ions.'* As
one can see, the mobility and concentration in (1.8) are coupled (appearing as a mul-
tiplication). On the assumption of non-interacting ions, the mobility u of the charge
carriers can be found in experiments with aqueous electrolytes. For this reason, one
can measure, for example, the molar conductivity A = o,4./n of NaCl, NaOH, and
HCl solutions at different concentrations, #, and evaluate the limiting conductivity at
“infinite dilution,” A%, by extrapolating the experimental curves to low concentra-
tions as shown in Fig. 1.14b. Assuming that ions of the solute do not interact with ions
of solvent (water) at infinite dilution, and that the solute is completely dissociated,
one can write the following equations:

jé%aCI = Agla + A(Oél’
AN%OH = A(I)\Ia + AOOH’ (1.9)
AHC] = AH + Aqs

where A%a, Agl, A(}I, and AOOH are the limiting equivalent conductivities of the
corresponding ions of the dissociation products of solute.

By solving the system (1.9), and applying the electro-neutrality principle,'> one
can obtain the concentration n, of H;OT and OH™ ions, and then calculate their
mobilities u by (1.8). Table 1.1 shows the mobilities of different simple ionic species
in water. The ionic mobilities of H3O" and OH™ ions exceed the mobilities of
other ions by several factors. One can also find that large ions have large mobility.
The former fact was explained by the Grotthuss mechanism [50]. The latter was
interpreted using solvation theory, which assumes that smaller ions have a large
hydration shell (electrostatically attracted water molecules) [11].10

Although the method of infinite dilution allows one to obtain the concentration
of charge carriers and calculate their mobilities, it is based on assumptions that ionic
species are long-lived (do not participate in dissociation-recombine events and do
not interact chemically with solvent), and that the concentration of intrinsic water

13The basis for this assumption was the fact that the conductivity of water in the specified frequency
range decreased during its successive purification; however, no evidence that the charges in water
do not interact with each other was presented.

14Equation (1.8) is known today as the Nernst—Einstein equation.

15The difference among concentrations of the ionic species of different signs is negligibly small.
16The author does not agree with this explanation, as all the listed cations have the same charge,
and thus produce the same electrostatic force. There is no physical reason why some ions attract
more water molecules than other. An alternative view has been proposed in [54] and is discussed
in Chap. 5.
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Table 1.1 The mobilities 11/(x10~8m?/s/ V) of different ionic species in water and their ionic
radii r./(pm), as obtained by the molar conductivity measurements at infinite dilution and X-ray
crystallography [11]

Cations Anions

w Te w Te
H* 36.2 0 OH™ 20.6 133
Lit 4.01 90 F~ 5.74 119
Na* 5.19 116 Cl~ 7.92 167
K+ 7.62 152 Br~ 8.09 182
Rb+ 8.06 166 1~ 7.96 206
Cs* 8.00 181 - - -

ions is low enough to neglect their mutual interactions. Neither statement has been
proved experimentally. Inasmuch as this model of electrolytes is widely used by the
scientific community, there are still several open questions which need to be clarified.
Why do different solutions have different molar conductivities at infinite dilution (as
it is assumed that they should all be pure water)? Why do ions of the same charge
attract different number of water molecules to form a solvation shell? Why do some
ions, such as, e.g., Cs™, have so-called negative hydration [11]? These questions
cannot be answered using the Arrhenius theory of electrolytic dissociation and ion
hydration.

1.3.2 The Autoionization of Water

The key element of electric current conduction by water is autoionization. Self-
dissociation of water occurs when a water molecule, H,O, donates the nucleus of
one of its hydrogen atoms (i.e., a proton) to another water molecule, according to
the formula:

H,0 + H,O<«-H;0" + OH ™. (1.10)

When this reaction goes in one direction, the donor molecule becomes a hydroxide
ion, OH™, and the acceptor molecule becomes a hydronium ion, H;O". Note that the
hydrogen nucleus, H*, does not exist as an independent particle and forms hydronium
ion with the nearest water molecule acceptor. That is why proton exchange occurs
through a lower barrier than those required for the simple detachment of a proton
from an isolated water molecule.

Figure 1.16 shows two basic intermediates of protonic transport in water. The
four-coordinated (solvated) hydronium ion, or Hgoj (see Fig. 1.16a), is known as an
Eigen cation. The intermediate state of the proton, between two molecules, or Hs O;’
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Fig. 1.16 The basic (a)
structural elements

responsible for protonic

current in water and ice. a +
Zundel cation, or a shared 0@
proton between two W
molecules with overlapped

electronic clouds. b Eigen

Hs0," (Zundel)

cation, or a stable (b) HgO4+ (Eigen)
four-coordinated state of the
hydronium ion @ +

c?

(see Fig. 1.16b), is known as a Zundel cation [11]. The interconversion of these two
cations provides the translational movement of protonic charge [56], and, as a result,
electrical conductivity. Note that the oppositely charged OH™ species that compen-
sate for the cations of water also participate in the ionic current. The mechanism of
their migration is qualitatively similar to those for hydronium ions [57, 106]. One can
simply imagine a “proton hole” instead of an “excess proton”Z. However, there are
some quantitative differences in the potential functions of the corresponding Eigen
and Zundel cations and anions [57], which are seen in their different mobilities (see
Table 1.1).

Although both cations mentioned above represent two intermediate positions of
a single mechanism of proton transport, the difference between them actually disap-
pears when their dynamics are considered [58]. Figure 1.17 shows the free-energy
profile of a Zundel cation. The proton-transfer energy barrier depends on the dis-
tance rop between the oxygen atoms of two neighboring species. When the separation
between themisless thanrog ~2.36 A, the proton transfers without a barrier, depend-
ing only on the probability of the appropriate relative orientation of the molecules.
The timescale, within which the two electronic clouds of the neighboring species
are overlapped, does not exceed a fraction of a picosecond. In the context of the
lifetime of the Eigen cation, which is a fraction of a picosecond [59], the formation
of the Zundel cation can be considered as a collision between a hydronium ion and
a nearby molecule. As a result of this collision, the proton transfer looks as if it just
“sticks” from one molecule to another.!” This important feature of protonic transport
is missing in the Bernal-Fowler model.

Each excess proton/hole is a source of an electric field unscreened by elec-
trons. Due to the specific structure of water molecules, described in Sect. 1.2.1,
the molecules of the first solvation shell of the hydronium ion are oriented in a way

17 As shown in Sect. 1.4, the mechanism, in which a proton sticks from one molecule to another
without hopping, explains the fact that hydrogen and oxygen atoms have the same diffusion coef-
ficients.
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Fig. 1.17 The free energy of
a Zundel (H5O§r) cation as a r00=2.95 A
function of distance d
between oxygen atoms.
Black dots show hydrogen
atoms, open circles are . foo

oxygen atoms. The g 3 + G
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o
T

proton-transfer energy
barrier disappears when the
distance is 2.36 A. Drawn
using data from [60]
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which favors effective proton transfer. The rate of proton transfer by the Grotthuss
mechanism is limited by the rate of the adaptation of molecules around the hydronium
ion [61], and thus it is diffusion controlled. Consequently, ionic transport in water is
not just the electric field dragging solvated hydronium ions, but the rearrangement
of water molecules in the way suitable for fast proton exchange, with a speed that is
much higher than for conventional molecular diffusion [57]. However, the diffusion
coefficient Dy =9.3- 1072 m%/s [9, 62] is related to the charge of the proton, but not
the mass of the proton, the diffusion coefficient of which is D = 2.3- 102 m?/s, the
same as that for the water molecule (see Sect. 1.4). Water, therefore, has a structure
in which the diffusion of mass and the charge does not coincide. It is in this prop-
erty that water differs from other dielectrics and ionic conductors. Interestingly, the
mobility of the proton charge in ice and water is of the same order of magnitude [63,
64]. This fact shows that the short-order molecular arrangement, which is the same
for both ice and water, defines the proton conduction in both ice and water. '8

1.3.3 Pondus Hydrogenii (pH)

The concentration of hydronium ions in pure water that has been established by DC
electrical conductivity measurements was used as a reference value for the concept

18Note that the modeling of protonic transport by quantum-mechanical calculations is still difficult,
because it involves too many particles to be calculated without simplifying assumptions [57].
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of pondus hydrogenii (quantity of hydrogen), or simply pH.'° The conductivity of
pure water oy, = 5.5-107% S/cm used in (1.8) n = [HT] = 1/2~adckBT/(q2DpNa),
where D, = 9.3:107 m?/s is the proton self-diffusion coefficient [66], gives n ~
10~7 M, which is better known as pH = 7.

The concept of pH appeared as a result of the adaptation of the notion of the
ionic product of water K,, = [H*]x[OH™], where [H*] and [OH™] are effective
concentrations of hydronium and hydroxide ions, in a form that is more convenient
for practical applications.?’ The ionic product is connected with pH by the formula
pH = 1/2 x pK,,, where p is the decimal logarithm.

According to the definition [69], pH is a measure of activity of hydronium ions.
When we assume pH = 7 for the pure water, it means that the effective concentration
of hydroxyl ions is n+ = 107”# = 107 mol/l, or 3-10" m~3, or 1077%.?' For an
aqueous solution, pH values vary from 0 to 14, where pH = 0 corresponds to a very
strong acid with seven orders of magnitude higher concentration of active H;O" ions
than in the pure water, and pH = 14 is for a very strong base with seven orders of
magnitude higher concentration of active OH™ ions. Salts do not alter the pH value
of water, as they do not bring any hydroxyl or hydronium ions to water, although
they significantly increase its electrical conductivity [11] and decrease its dielectric
constant (see Sect. 5.1 of Chap. 5 for explanation).

There is no direct way to determine the concentration of ions or the autoionization
constant, pK,,. In order to detect the ions, one can use indicators, such as dyes or
litmus paper, which change color depending on the activity?> of hydronium ions
and the intensity of the corresponding chemical reaction with water. Color indicators
cover the whole pH range between 0 and 14 and, together with spectroscopic methods,
allow a resolution better than 0.1 of the pH units. A more modern and precise method
for pH measurements is based on the glass-electrode galvanic cell. This method
measures the electromotive force between a reference electrode and an electrode
sensitive to the hydronium ion activity when they are both immersed in the same
aqueous solution [68]. Although this method is accurate, it requires calibration, and
is very sensitive to impurities and experimental conditions.

The activity of hydronium ions can be also tested by nuclear magnetic resonance
(NMR). The proton exchange broadens the line of the so-called chemical shift, which
represents the resonant frequency of a nucleus relative to a standard in a magnetic

19n chemistry, pH (also known as “the potential of hydrogen” or “the power of hydrogen”) is a
scale used to specify the acidity or basicity of an aqueous solution. The pH scale is the negative of
the base 10 logarithm of the “activity” of the H' ion.

201nterestingly, pH was originally developed in beer brewing [67] and apart from the modern
definition had very pragmatic meaning.

21 This value is several orders of magnitude lower than concentrations of such impurities in natural
water as HDO, H,0,, CO;, O, and N, in natural water, which are 1072, 10~7, 10~%, 107*, and
1073%, respectively.

221n chemical thermodynamics, activity a is a measure of the “effective concentration” of a species
in a mixture, in the sense that the species’ chemical potential depends on the activity of a real
solution in the same way that it would depend on concentration for an ideal solution. The term
“activity” in this sense was coined by Lewis in 1907.
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field. The proton exchange causes additional confounding linewidth broadening of
the NMR signal. One can measure the line width and compares it with the reference
value for the liquid with a known concentration of ions. However, water normally
serves as such a reference liquid, and another liquid with known ionic product is
needed. Thus, the method is not absolute and requires some a priori information.
If one assumes that proton exchange occurs via the Grotthuss mechanism, the line
width reflects the concentration of hydronium ions. This method confirms that the
high rate of proton exchange exists on a picosecond time interval [70]. However,
such a short lifetime assumes a high concentration of hydronium ions, which are in
dynamic equilibrium with neutral water molecules. This contradicts the conclusion
made by Bernal and Fowler that the lifetime of H,O is about 10 h [9], which assumes
much higher (microsecond) ion lifetime. This fact shows one more inconsistency
between Bernal-Fowler water and modern experimental data.

Some authors explain this inconsistency by the scrambling of protons between
two neighboring molecules, which broadens the NMR line, but does not produce
ionic species [70]. Quantum-chemical calculations, however, do not allow a high
rate of proton scrambling, because of the high potential barrier and the low proba-
bility of the corresponding molecular orientations suitable for synchronized proton
exchange [71]. Other authors [15] introduce the lifetime distribution of hydronium
ions, and show that only those ions whose lifetime is long enough to be detected by
relatively slow methods are pH active. In other words, most ions do not contribute
to DC conductivity, but still are accountable by NMR. The latter model is in line
with the fact that the pH of water shows an anomalously strong temperature depen-
dence. This ionic model of water is described in Chap. 4. For instance, at 0 °C and
100 °C the pHs of pure water are 7.5 and 6.1, respectively. This complicates the
application of the concept of pH for temperatures other than room temperature and
requires accounting for the temperature dependence of the concentration of active
ionic species in water (see Sect. 4.5.5 for details).

Figure 1.18 shows the temperature dependencies of the autoionization constant,
pK,, the DC electrical conductivity, o,., and the molar conductivity, A,,, which
was defined above. There are two “anomalies” that can be observed on these plots.
First, the autoionization constant has a non-monotonic form and shows a minimum
around 250 °C. Second, the difference in the concentrations of pH-active protons
between this point and 0 °C exceeds four orders of magnitude, which is too high for
the commonly accepted autoionization potential barrier of about 5.1 eV.

The origin of the strange behavior of the autoionization constant, pK,,, is
described in Sect. 4.5.5, and lies in the different temperature dependencies of the
equivalent conductivity, A?V, and the DC conductivity, oy, of water, as one can see
in Fig. 1.18. In order to understand this difference, one can rewrite the autodissoci-
ation constant in the following way:

K, = [H;0*][OH™] = [H;07)? = (a[H,0])* =
2 N2 (1.11)
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Fig. 1.18 The temperature
dependencies of the
electro-kinetic parameters of 10"+ Oy 5
water: the specific
conductivities, og.; the
equivalent conductivity, Ag,;
and the coefficient of the
autoionization constant,
pK,, derived from them.
The dotted lines mark T =
25 °C, the temperature at
which the concept of pH is
determined and pK,, = 14,

pH = 7. Experimental data o 14+ . .
from [72] S
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Table 1.2 Parameters of (1.11) for room-temperature water

na,0 M) | Ay (S m?/mol) | Ay Jo+ (8- m?/mol) | Agy- (S-m?/mol) | AY (S - m?/mol)
55.5 9.90-10~7 349.8 198.5 548.3

pH 0dc (S/cm) a npyo+ M) pKy

7 5.5.1078 1.8-1079 1.0-10~7 14

where @ = AW/A?V is the degree of H,O dissociation; A,, = 04./nn,0 is the molar
conductivity; and A, = AY, ;. + A, is the equivalent conductivity, defined by
the sum of the mobilities of H;0" and OH ™ ions as obtained from experiments with
infinite dilution. Table 1.2 shows different quantitative estimates of the parameters
of (1.11) at room temperature as the concept of pH is adjusted for room tempera-
ture (see black arrow in Fig. 1.18). However, the ratio represented by the last term
in (1.11) is not conserved when the temperature changes. The DC conductivity values
change faster than those for A? (see Fig. 1.18) which leads (see yellow arrow) to the
anomalous temperature behavior of pK,,, and, as a consequence, pH.
Summarizing, the concept of pH is based on the poorly defined notion of the
activity of hydronium ions in water and aqueous solutions. It reflects the diffusion-
averaged concentration of ions, and does not account for the fluctuation-borne short-
lived ions, the concentration of which is much higher [15, 73] in comparison with
the long-lived ions detected by glass electrode, or conductometric techniques (see
Chaps. 3 and 4). However, the short lifetime makes them “invisible” to static con-
ductivity measurements. Let us consider the following abstract analogy. Figure 1.19
shows the photo of the Paris boulevard at the midday taken in 1838.2* It looks empty,

23This photo is the first known photo of a human.
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Fig. 1.19 The photograph of
Boulevard du Temple in
Paris by Louis Daguerre
(1838). The time averaging
makes people invisible,
except those who stay at the
same state (see inset). See
the text for an analogy with
the averaged dynamics of
protons in water.
Open-source picture

because moving objects “dissolved” during the exposure, which at that time was very
long (about 20 min). Only one person (see inset) is detected, who was standing in the
same place during the whole exposure. By analogy, only those protons “visible” at
observation times that are long-lived enough to produce a signal for the period of the
sensing electric field. Further analysis of the concept of pH in new ionic structural
models of water is given in Sect. 4.5.5.

1.4 Self-diffusion by Isotopic Tracers

The study of water molecule self-diffusion provides a valuable piece of information
for understanding its transport properties. Due to the indistinguishability of atoms
and molecules by conventional methods, the self-diffusion coefficient of water was
poorly studied until isotopic indicators were used for this purpose in the second half
of the twentieth century, which became very affordable due to the beginning of the
nuclear era. Isotopic tracers are molecules which behave as any other molecule in the
substance being studied, but have some distinguishing property, such as a different
mass or radioactivity, by which it can be detected and identified among the native
molecules of the substance.

Isotopic substitution is a more direct way to obtain the self-diffusion coefficient
than nuclear magnetic resonance [65] and conductometry, discussed above. This
method works as follows. Before diffusion the capillary (1) (see Fig. 1.20) is filled
with a tracer solution of known concentration. Then it is held vertically in a large
circulating bath of pure ordinary water of the same temperature. After diffusion the
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Fig. 1.20 Capillary
apparatus for measuring
self-diffusion coefficients of
liquids: (1) a capillary with
an isotope tracer, (2) a vessel
with ordinary liquid. The
arrow shows the direction of
rotation. Reprinted with
permission from [75]
Copyright 1951 American
Chemical Society

capillary is taken out of bath, the solution is well mixed, and the residual concentration
is determined by weight. The diffusion coefficient, D, is calculated by

Dt 4 8
—:—ln(— xc—0>, (1.12)

2 72

where c,, is the average concentration of the tracer in the capillary at time ¢, ¢y is
the initial concentration of the tracer, and / is the length of capillary. Using different
isotopes, such as H,O'®, HTO'®, and H,0'®, and measuring the residual concentra-
tion as a function of time using a sensitive balance, one can distinguish the diffusion
coefficient for hydrogen and oxygen atoms. The ability to obtain atomic diffusion
coefficients separately by using “marked” oxygen or hydrogen atoms is a distinctive
feature of the method of isotopic substitution.

This method is also applicable for ice, but the experimental procedure is differ-
ent [74]. The isotopic tracer, e.g., tritiated water, is evaporated on the flat surface of
a cylindrical ice sample. Since tritium emits § particles, the surface activity can be
measured by a gas flow counter, which shows the residual concentration of tritium
in the surface as a function of time. After a certain time, the sample is sliced, and
the surface activity is measured as a function of the distance from the initial surface
along the cylinder. Finally, the diffusion coefficient D is reconstructed using Fick’s
diffusion equation.

Figure 1.21 shows the experimental temperature dependencies of the diffusion
coefficients of different isotopic tracers obtained by the above techniques. The
molecules with a deuterium atom (D =?H), a tritium atom (T =>H), or an oxygen
isotope (0'®) show the same, within the experimental uncertainty, diffusion coeffi-
cients with the equivalent activation energies. Data are independently confirmed by
the modern NMR data, which gives the same values of H,O-molecule diffusion, and
additionally extends the temperature range. Figure 1.21 shows the averaged fit of the
data points, and the best-fit parameters for all curves are given in Table 1.3. Both
the diffusion coefficients and their activation energies coincide within the margin of
errors for all studied molecular species. In other words, hydrogen and oxygen atoms



28 1 A Historical Review of the Structures of Water and Ice
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Table 1.3 The parameters of the temperature dependence of the diffusion coefficients of isotopes
and ions in water and ice in accordance with the formula D = Dgexp(-E,/kpT), where Dy is the

pre-exponential factor and E,, is the activation energy.

Isotope/Ion Water Ice

Do (m?/s) E, (eV) Do (m2/s) E, (eV)
H,0'® 2.3-107° 0.17740.003 1.1.1073 0.61940.001
H,O'8 4.3.1076 0.18840.005 1.2-107! 0.70940.038
HDO!® 5.4.1076 0.198+0.008 No data No data
HTO!6 42.1076 0.1924-0.001 42.1076 0.62840.042
H;0*/OH~ 5.0-1074 0.17440.003 No data No data

have the same diffusion coefficient as H,O molecules in both ice and water. The
molecular self-diffusion coefficients of water and ice near the melting point are Dy,
=2.0-10" and D; = 1.0-10~'* m?/s, respectively, showing a difference of five orders
of magnitude. The activation energy of molecular diffusion for water and ice differs
by a factor of 3 (see Table 1.3). Both the latter facts confirm the higher cooperativity
of ice particles in comparison with those in water.

The same diffusion coefficient for the oxygen and hydrogen atoms of water
and ice with the equivalent activation energies has been previously discussed by
Eisenberg and Kautzmann [3]. They conclude that oxygen and hydrogen atoms,
once assembled into H,O molecules, diffuse together. In other words, no recon-
structions of the molecules with time were expected. This assumption contradicts
many modern experimental data. As we have seen above, the hydrogen atom shows a
higher diffusion coefficient, D, =9.3-10~% m?/s, as a result of the molar conductivity
analysis (see Sect. 1.3.1), showing a five times higher diffusion coefficient than that
observed by the isotopic tracer technique. The NMR broadening line also assumes
intense proton exchange between the molecules (see above).

Figure 1.22 compares the isotopic (D,,) and conductometric (D) diffusion coef-
ficients, which are plotted as functions of temperature and pressure. The latter is
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Fig. 1.22 The diffusion (a) 300 200 100 T (°C) o0
coefficient of a proton, D, ) ! ' )
obtained by the equivalent
conductivity measurement
(see Sect. 1.3.1) and the
self-diffusion coefficient of
H>O molecules (and
protons), D,,, measured by
the isotopic substitution
technique: a as a function of
temperature; b as a function . . . .
of pressure. Data from [76] 2.0 25 3.0 3.5 4.0
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calculated using (1.8), where u = D, /kpT, while the former is measured directly.
One can see that these coefficients do not coincide. As the pressure increases, the
diffusion coefficients first diverge, but then converge again. Thus, there is a contra-
diction between the concepts of the Grotthuss mechanism for proton diffusion and
the diffusion data presented here. In the experiments with labeled atoms, protons do
not show increased mobility, which is expected by the relay-race mechanism of pro-
ton hopping. The latter implies that at the each step of proton transfer, it will gain an
additional spatial displacement in comparison with an oxygen atom, and, as a result,
should have a higher diffusion coefficient according to the following formula:

Ar?
D=——,
(33

(1.13)
where Ar is the first step of diffusion, which for proton hoping should be §r longer,
thus giving a higher diffusion coefficient D. But, the increased mobility of protons
was not observed with isotopic tracers.

The source of this discrepancy is in the incorrectness of the comparisons of D,, and
D,, because they were obtained using different methods. The first coefficient refers
to the mass, but the second is related to charge. If charge can move in the relay-race
manner, it moves ahead of the specific proton, because only one of three protons of
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an H;0™ ion can be transferred by the Grotthuss mechanism: the transferring proton
is not necessarily the same one which brought this charge from the previous step of
the diffusion.

Thus, the charge transfer is carried out through a proton “sticking” from H;O"
to H,O, as shown in Fig. 1.16a. In this way, 6r = 0. That is why a hydronium ion,
or proton, always has the same diffusion coefficient as an oxygen atom, because the
proton does not jump, but sticks from one molecular species to another, just like a
relay race, where the baton has the same mobility as the runner. This mechanism
assumes a finite lifetime of H,O molecules, which varies from 10 h [77, 78] to
ms [79], depending on the initial assumptions and the model.

1.5 Diffusion by Neutron Scattering

Quasi-elastic neutron scattering is a relatively new technique [80]. The first accurate
data on water appeared in the 1970s when Powles and Page measure the mixtures
of heavy and light water [81, 82]. But, the first results on water were even earlier;
Singwi in the 1960s suggested using neutrons for the study of the diffusive motion of
water molecules [83]. When neutrons interact with hydrogen atoms, there could be
an exchange of momentum and energy, which depends on the diffusive motion of the
water molecules. Since neutrons interact with protons only, we can track hydrogen
atoms, but cannot say anything about diffusion of oxygen atoms. In this context,
neutron scattering complements X-ray diffraction (see Sect. 1.2). Note, however,
that as we saw above, hydrogen and oxygen atoms are not necessarily attached to
each other, even if they have the same diffusion coefficient (see Sect. 1.4).

Figure 1.23 shows a typical quasi-elastic neutron scattering spectra for water.
Scattering intensity is plotted as a function of the energy transfer AE. The natural
line of water appears as a result of the subtraction of an experimentally measured
curve by the spectrometer resolution function. Figure 1.24 shows the half-width
of the corresponding natural quasi-elastic scattering line for water as a function of
wave vector k. This curve contains all the information on the diffusion of protons.
But, in order to extract this information, one again needs an initial assumption on
atomic-molecular dynamics, and a preliminary understanding of the type (rotations,
translations, drift, etc.) of molecular motion in water.

The Bernal-Fowler model of water (see Sect. 1.3.1) assumes that diffusion occurs
by an interstitial mechanism through the large displacements of molecules from a
stationary vibrational state to another quasi-equilibrium state. This idea continues
in modern quantum-chemical calculations, which show that molecular diffusion in
water goes through so-called wait-and-switch dynamics [85]. The approach assumes
that water molecules have an oscillatory-diffusional motion with a diffusion coef-
ficient D of &~ 10~° m?/s, periodically lingering for a time fy &~ 4 ps in localized
vibrational states. The main difference for the Bernal-Fowler approach is that the
oscillatory state is not stationary, because the center of oscillations drifts with time,
obeying Brownian motion. Figure 1.25a sketches the trajectory of a proton that corre-
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Fig. 1.23 Lines of
quasi-elastic neutron
scattering for water at ko =
121 A=, T=300K: 11is the
experimental curve, 2 is the
spectrometer resolution
function, and 3 is the natural
line of water. Data from [84]

Fig. 1.24 The half-width of
the natural quasi-elastic
scattering line for water as a
function of the squared wave
vector k2 at T = 300K.
Data from [84]

Fig. 1.25 The spatial-time
dynamics of protons in
water: a The proton
trajectory and b the mean
square displacement
according to quasi-elastic
neutron scattering data
within the wait-and-switch
model. For explanation, see
text
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sponds to the model of diffusion described above (see Sect. 1.4), where r is the radius
vector. Figure 1.25b shows the mean square displacement, one period of which has
two components. The first one, [y, corresponds to the drift of the equilibrium point of
the oscillatory state within time ty. The second one, /1, is the proton displacement to
a new equilibrium position within time 7;. For the observation times where ¢ >> 19
+ 11, the diffusion coefficient is equal to the averaged coefficient D. For ¢ ~ 1 or
71, the diffusion coefficient becomes time dependent, which, at the first glance, can
be interpreted as anomalous diffusion,?* but which reduces to the sum of the normal
diffusion processes on closer consideration.

Neutron scattering data allow one to obtain the characteristic diffusion lengths
and times shown in Fig. 1.25. The algorithm for the determination of these diffusion
parameters was suggested by Singwi. The differential scattering cross section is
determined by [83]

d*c K
dQdoe ko

(b25(g, ) + b2Ss(q, ), (1.14)

where x and k are the wave vectors of scattered and incident neutrons, respectively;
b, is the coherent and b; is the incoherent scattering amplitudes; and E = iw and g =
h(k-kp) are the energy and angular momentum of the scattering process, respectively.
The general scattering function S(g, ) is the Fourier transform of the space-time
correlation function G(r, ), and S;(g, w) is the Fourier transform of the autocorre-
lation function G,(r, t). The latter determines the probability of finding a particle at
the point (r, t), if at time t = 0 the same particle was at the origin.

At the classical limit, and assuming that the translational and rotational degrees of
freedom are not correlated, the interpretation of the G(r, ¢) function is based on the
idea that an isolated hydrogen atom, being at the origin at the time = 0, determines
the probability of finding an atom in a unit volume at point  at time 7. The atom in
position (r, t) can be either the same that was at the origin at the time t = 0, or a
different hydrogen atom.

G,(r, t) is defined by the sum:

G,(r.t) =Y _ Fi(r1), (1.15)

where F; is given by

24 Anomalous diffusion is a diffusion process with a non-linear relationship between the mean
squared displacement (MSD) and time.
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Fo(r,t) = g(r,t)p(1),
t n
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(1.16)

Formula (1.16) shows that the problem of determining G(r, ¢) reduces to the defi-
nition of the following quantities:

e The probabilities g(r, t) and h(r, t) of finding a proton in position r at time ¢
starting from the origin at time ¢ = 0, when it performs oscillatory motion around
the equilibrium position and diffusion motion between two equilibrium positions:

gr.t) = 2ny ] exp(—r2/2y (1)), (1.17)
h(r,t) = [A4n D117/ exp(—r? /4D 1), (1.18)

where y(¢) is a half-width of the autocorrelation function.

e The probabilities p(t) = exp(—t/ty) and g(t) = exp(—t/t;) that the proton will
remain in the same state of vibrational/diffusional motion for a longer time .

e The probabilities p'(t) = p(¢') — p(t) and q'(¢t) = ¢q(¢') — q(¢) that the proton
will leave its vibrational/diffusional state during the time # — ¢/, switching to a
diffusional/vibrational state.

Singwi and Sjolander assumed [83] that the translational diffusion coefficient
within time 7, is determined by the Einstein—Smoluchowski formula:

12

D] = -
6‘[1

(1.19)
where [ is the displacement of the particle within the time of the diffusional dynamics.
Later Oskotsky introduced [86] the continuous diffusion model of molecules in

an oscillatory state and showed that the total diffusion coefficient, D, consists of the
coefficients of continuous, Dy, and jump-like, D, diffusion:

d* + 17

= 1.2
6(to+11)° (1.20)
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Table 1.4 Proton diffusion parameters using neutron scattering data, defined by (1.22). Dy, Dy,
and D are the local-continuous, discontinuous, and general diffusion coefficients, respectively. /o,
l1, and [ are the lengths of vibrations, of hops, and between neighboring oxygen atoms, respectively.
79 and 1 are the waiting and hopping times, respectively. See also Fig. 1.25

Do (m*/s) | Dy (m%/s) | D (m?/s) [l (A)  |LA) |1 &) 0 (ps) |71 (ps)
0.7-.107° |5.8-107° [2.3.107° |0.31 L6 2.8 3.7 1.7

where d is the displacement of the proton during the time of the complete elaboration
of the “heat cloud” during oscillatory motion. This model is better suited for the
trajectory shown in Fig. 1.25. If d> « [2, (1.20) gives the relation between the
coefficients D and D in the form:

Doto + D171 = D(70 + T1),5 (1.21)

showing that the averaged mean square displacement is an additive sum of drift and
hopping. If 71 <« 19, the shape of the quasi-elastic scattering peak has a Lorentzian
shape with a width at half maximum of

aE=(14D e (1.22)
=— k*Doytg — ———— |, i
70 0% 1+K2D‘L’O

where 2W = k2 D1y (d?/1?) is the Debye—Waller factor. Figure 1.24 shows that (1.22)
perfectly fits the experimental data on neutron scattering. The best-fit parameters are
given in Table 1.4.

Table 1.4 shows that neutron scattering data assume two characteristic times of
diffusion, which correspond to vibrational or translational motion. The elementary
period of diffusion is ¢ = #y+1; & 5 ps. The corresponding distance in which a proton
moves for time 7 is equal to 3.1 A, and consists of two parts: o ~ 0.3 A and [, ~
2.8 A (see Table 1.4 and Fig. 1.25). The latter coincide with the diameter of a water
molecule, or with the average distance between two neighboring molecules. As long
as the probability that all molecules can rotate on the same angle of 180° is very small,
one can assume the distance /; corresponds to the intermolecular transfer of a proton.
This is the same as that observed in the NMR spectroscopy of water (see Sect. 1.3.3).
The time necessary for such a transfer is determined by the tracer diffusion coefficient
D,, = 2.3-107°, because proton transfer is limited by self-diffusion (see Sect. 1.5).
D,, = D, as follows from the Table 1.4, which indirectly confirms the assumption
that neutron scattering line width is determined by intermolecular proton exchange,
rather than molecular reorientations, although the latter help molecules to adjust the
position that is suitable for proton transfer.

Neutron scattering shows that the protons of water oscillate around a drifting equi-
librium position within #y =~ 4 ps, and then switch to another equilibrium position
within #; &~ 2 ps, showing a diffusion-oscillatory motion. Note that the vibrational
state residence time, 7y, is several times longer than the period of oscillations. After
several collisions, the proton is transferred to a new position within time ¢, after
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which it again appears in the new oscillatory state. Then the process repeats. Pro-
tons, when in oscillatory states, still undergo continuous diffusion with the center of
oscillation in a quasi-equilibrium vibrational state at the same time.

1.6 Water in Molecular-Dynamic Simulations

1.6.1 Methods of Water Modeling

Methods of computer simulation, such as molecular dynamics (MD), molecular
mechanics (MM), dissipative particle dynamics (DPD), and Monte Carlo (MC),
have been actively used for the studies of water and ice since the pioneering works
of Barker and Watts, and Rahman and Stillinger [87, 88]. Nowadays, computer sim-
ulations are an important part of studies of water and ice. Many experimental data on
water, including electrodynamic parameters, were verified by computer simulations.

The main problem of molecular-dynamic studies is to find the potential U of intra-
and intermolecular interactions, which would provide a description of the experi-
mentally measured parameters of water, e.g., structural, such as density, viscosity,
surface tension; electrical, such as dielectric constant, infrared spectrum, electrical
conductivity; and thermodynamic, such as heat capacity and thermal conductivity.
Figure 1.26 shows the landscape of the main modern methods of computer simula-
tion, which are used to study the microscopic structure of water and ice. One can see
that different methods are applicable for different time intervals, and can also account
for the different number of particles (molecules or atoms). The MC and MD methods
cover the largest range of times (including diffusion and structural relaxation), but
require knowledge of potentials, which is hard to assume a priori. That is why there
are huge variety of three-, four-, and five-point models of water molecules, which are
used to model different water properties. The most popular models are SPC/E, TIP4P,
TIP4P/Ice, and TIPSP [89]. In addition, some simple semi-classical approaches have
recently come under the spotlight again [90]. The wide range of models is a conse-
quence of the fact that different properties are described by different potentials. To
date, there is no model that can quantitatively describe all the properties of water,
and the search for a “universal” model continues.

The MD approach is based on the idea that water is an ensemble of H, O molecules.
The first molecular models were built on the structure proposed by Bernal and Fowler
(see Sect. 1.3.1 and Fig. 1.2), the model that has been around since the pre-computer
era [91]. When first computers appeared, it was immediately shown that rigid non-
polarizable models fail to reproduce the basic properties of water, including elec-
trodynamic parameters (see, for example, [92]). In order to improve the model, the
potentials that take into account the polarizability of H,O molecules due to the
influence of the environment have been suggested [93, 94]. In some calculations,
the molecular dipole moment u increases by 60% compared to those observed in
the gas phase [95]. These changes to the molecular structure are usually modeled by
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adding oscillating, distributed, or variable charges, and require some additional com-
putational cost. However, there are experiments in which such overpolarized H,O
molecules were not confirmed [96, 97]: in infrared spectra, the O—H stretch frequency
changes insignificantly compared to the gas phase, and neutron diffraction does not
confirm significant perturbations of the hydrogen atom positions. Thus, although
certain successes in the modeling of the water properties by MD methods have been
unambiguously achieved, there is still a question on how close these models are to
reality [98].

The growth of computer efficiency by the mid-1990s made it possible to imple-
ment quantum chemistry methods for the calculation of the electronic structure of
water molecules. Nowadays, so-called ab initio methods are widely used for the
simulation of water. This approach is based on solving the Schrodinger equation in
the Born—Oppenheimer approximation,”® and yield electron densities, energies, and
other properties of the molecular water system. Although the method does not use
any input parameters except initial atomic coordinates, it requires high computational
costs that makes the calculation of large molecular systems difficult. That is why the
pure ab initio method is not applicable for real systems, and deals with only a few
molecules (see Fig. 1.26).

The density-functional theory (DFT) is typically used to minimize the computa-
tional costs of ab initio calculations. In hybrid ab initio-DFT simulations, the elec-
tronic structure is evaluated using the electrostatic potential of the electrons for atoms
of the molecular system. The DFT potential is constructed as the sum of external
potentials U,,,, which can be determined by the X-ray spectroscopy of water vapor,
and an effective potential U,yr, which represents interelectronic interactions and is
generally unknown. Using this theory, the properties of water can be determined by

25The assumption that the motion of atomic nuclei and electrons in a molecule can be treated
separately, as the nuclei are much heavier than the electrons.
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using so-called functionals.?® Although the approach is very useful for the study of the
structure that corresponds to the potential energy minimum, the DFT fails to describe
the intermolecular interactions of water, account for intermolecular charge transfer,
the transition states of protons and proton holes, or find any far-from-equilibrium
potential energy surface [99]. Moreover, with current computers, a sufficiently accu-
rate simulation is possible only for processes shorter than a few picoseconds [100]
(see Fig. 1.26). Nevertheless, the DFT method continues to provide useful informa-
tion on the local structure of water and ice, including nuclear quantum effects [101],
which are beyond the consideration in conventional MD-potential models, but seems
crucial for the electrodynamics of water (see Chap. 4).

The most popular among ab initio approaches which have been successfully
applied to water and ice is Car—Parrinello molecular dynamics [102]. This is based
on the symbiosis of DFT and Kohn—Sham functions [91]. This method does not
require any potentials in an analytical form. Instead, wave functions are specified.
The parameters of water molecules in neutral [95, 103, 104], protonated [105], and
deprotonated [106, 107] states, as well as in ice [108] have been carefully modeled
by the Car—Parrinello method for the past several decades. Many atomic-molecular
mechanisms have been modeled by introducing adjustable parameters. However, the
universal parameters of interacting water molecules which can describe all the prop-
erties of water have not yet been found. There are some interesting examples below,
which are related to the electrodynamic properties of ice and water.

1.6.2 The Simulation of the Electrodynamic Parameters
of Water and Ice

Geissler et al. [77] analyzed the autodissociation of water by sampling ab initio
molecular-dynamic trajectories. Identifying the rare fluctuations in solvation ener-
gies, the authors studied the transfer of protons between molecules. This is an impor-
tant process for the electrodynamics of water. Calculations showed that the proton
“wire” (the chain of proton-transfer events) reaches a length of at least three molec-
ular diameters. This result coincides with a previous study [109], and additionally
shows that if the proton wire remains unbroken, the ions recombine rapidly within
100 fs.?” This time interval was later confirmed by Marx [50]. In accounting for the
concentration of ionic species that appear/disappear due to autoionization events,
Geissler et al. rely on the classic paper of Eigen who states, on the basis of the early
conductivity measurements (see Sect. 1.3.1), that the average H,O molecule lifetime

26Hybrid functionals are a class of approximations of the exchange-correlation energy functional
in DFT which incorporate a portion of the exact exchange from Hartree—Fock theory with the rest
of the exchange-correlation energy from other sources (ab initio or empirical).

27Note that this time corresponds to the so-called OH-band (3,600 cm ) of the infrared spectrum
of liquid water.
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is about 11 h [110].%8 In order to satisfy this huge lifetime, Geissler and co-authors
concluded that most water ions recombine quickly, without contributing to DC con-
ductivity; however, some of them can survive for a long time, and the transient ionic
species may provide an experimentally detectable electrodynamic signal.>

Hassanali et al. [73] analyzed the recombination of H;O" and OH™ ions in water,
taking into account nuclear quantum effects: proton tunneling and its zero point
energy. They found that the recombination of excess proton and proton hole occurs
in two stages: the compression of the chain of molecules connecting the correspond-
ing ions in about 0.5 ps, and the neutralization of the compressed chain in 65 fs.
Thus, it was established that recombination requires the coordinated motion of sev-
eral molecules, which makes this process unlikely in real temperature conditions.
However, one should note that phonons can provide the necessary conditions for
coordinated molecular dynamics even at room temperature.

Rick and Haymet [111] studied the dielectric properties of ice Ih, using a Monte
Carlo algorithm for sampling over proton configurations. They used non-polarizable
(SPC/E and TIP4P) and polarizable (TIP4P-FQ) molecular models to calculate the
static dielectric constant, €(0), of ice. A good agreement with experimental data was
obtained only in the temperature range 150-270 K, and only for the polarizable
model TIP4P-FQ, which requires a phenomenological g-factor that was adjusted
to reach the required value of €(0). The physical meaning of the g-factor, which
allowed the authors to fit the experimental data, is unclear, and it can be regarded as a
phenomenological parameter, the physical meaning of which is missing. For further
details, see Sect. 2.4.

Aragones et al. [112], continuing the previously mentioned study, calculated the
dielectric constants of ices Ih, III, V, VI, and VII for several water models using the
Monte Carlo method and an approximation in which proton-disordered configura-
tions satisfy the Bernal-Fowler ice rules. Figure 1.27 shows that the SPC/E, TIP5P,
TIP4P, TIP4P/2005, and TIP4P/ice models of water are unable to reproduce simul-
taneously the experimental dielectric constants of water and ice Th. The authors state
that the predictions of the Bernal-Fowler model for the dielectric constant differ,
in general, from that obtained rigorously by computer simulations because proton-
disordered configurations, which satisfy the Bernal-Fowler ice rules, differ in their
energies. They concluded that non-polarizable models cannot describe the dielectric
constants of different condensed phases of water because their dipole moments (about
2.3 D) are much smaller than those required for the fitting of the experimental data,
and, as estimated by the first-principles calculations, should be about 4.0 D. The pre-
dictions of TIP4P models provide an overall qualitatively correct description of the
dielectric constant of the condensed phases of water only when the dipole moment of
the model is scaled to the estimated value obtained from first-principle calculations

281n fact, Eigen uses the adjective “apparent” for the 11-hour lifetime, and highlights that the
“true” lifetime of H>O molecules is determined by the intensity of proton exchange and lies in the
microsecond time interval, but, because of the indistinguishably of protons, cannot be detected.
Latter, the NMR method confirmed the short lifetime of water molecules (see Sect. 1.3).

29These short-lived ionic species of water have been recently experimentally detected in the infrared
spectra of light and heavy water mixtures [32].
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(see Fig. 1.28). However, such scaling fails for SPC/E, TIP3P, and TIP5P, as these
models predict a different dielectric constant for ice Ih and water at the melting point,
thus contradicting the experiment, which shows that they differ by less than 10%.
Tuckerman et al. [113] and Markovich et al. [114] used ab initio methods to
model the structure and dynamics of solvated proton complexes which form around
H;0" and OH™ ions surrounded by polar water molecules. All atoms, including
the excited proton, were considered classical particles. The modeling of RDF (see
Sect. 1.2.3) shows that charge transport in water is provided by the Grotthuss mech-
anism (see Sect. 1.3.1) with an activation energy of 2.4 kcal/mol (0.1 eV), which
approximately coincides with the experimental NMR data obtained earlier by Luz
and Meiboom [115], as well as with the results of other calculations [116, 117], which
yield an activation energy of 0.11-0.14 eV. It is assumed that the proton transport
occurs through the interconversion of the Eigen (Ho Oj{) and Zundel (Hs 02+ ) cations.
Diffusion of the OH™ ion is carried out by analogy through the interconversion of
the H;O, and H30; anions. The authors found that the characteristic lifetimes of
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hydrated ions HgOI and H;0O, lay in the 2-3 ps time interval, which correspond to
that found by means of dielectric spectroscopy [118] (see Chap. 4 for details).

Markovich et al. [119] analyzed the dissociation—association rate of water dimer
(H,0-H,0) and calculated the self-diffusion coefficient D,, of water molecules. They
obtained the value of D,, = 2.27-10~ m?/s, which coincides with the experimental
result (see Sect. 1.4). They also found that the dimer recombination—relaxation time is
4.8 ps, which coincides with the second relaxation time of water at room temperature
(see Sect. 2.6.2). Similar values for the self-diffusion coefficient were obtained by
Liang et al. [117], who also showed that the proton diffusion coefficient is pH-
dependent and varies from D, = 1.0-107° m*/s atpH = 1 to D, = 9.3-10~ m?*/s
at pH = 6. The latter coincides with the proton diffusion coefficient obtained by
the equivalent conductivity measurement (see Sect. 1.3.1). The simulated proton
exchange rate k,, = 0.47 ps~! is close to the experimental value of 0.67 ps~! [120].
It is also approximately equal to the rate k; = 0.4 ps~' that corresponds to the
dissociation constant p K,, of water (see Sect. 1.3.2).

There is no standard schematic for the modeling of proton transport and the
electrodynamic properties of water and ice. The search for the optimal model is
continuing. The limitation of the ab initio approaches is the small number of particles
that can be taken into consideration, while DFT requires a priori knowledge of
potential. Therefore, a full comparison of the models with the real properties of
bulk water is complicated, because a condensed medium is something more than
just an ensemble of interacting molecules. Although the qualitative and quantitative
description of some properties of water and ice has been achieved [121] and we know
how to describe each molecule and the bonds between the pairs of them and how
to simulate their motion in a corresponding potential, there is still no real theory of
water [122, 123] underpinning a fully predictive model [124], and a universal model
of the water molecule has yet to be found [125].

Figure 1.29 illustrates the current status of the search for a universal potential. It
shows the ranks of the performance of different water models based on the analysis

Fig. 1.29 Animage with the scores from different molecular models for the description of the main
electrical, thermodynamic, and structural properties of water. For details, see the text. Reproduced
from [92] with permission from the PCCP Owner Societies
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proposed by Vega and Abascal [92]. The test of different models showed that the
scores (out of a maximum score of 10) range from about 3 (for TIP3P) to about
7 (for TIP4P/2005). None of the water models is perfect. The TIP4P/2005 model
gets the maximum score and can be regarded as a variation on the early model of
Bernal and Fowler (see Fig. 1.2), which, after 90 years of tests, is still used to model
water, although it is becoming obvious that water cannot be “built” using the long-
lived molecular species only. We should search for a model which accounts for the
intermolecular dynamics in the form of local chemical reactions.

DC conductivity, the dielectric constant, the infrared spectrum, and some geo-
metric parameters of water and ice have been modeled separately. However, these
models are highly specialized and very complex. The dynamics of various forms of
excess protons, such as H;O™, Hgoj, or proton holes such as OH™ allows the repro-
duction of parts of the water dielectric response. For the further developments of
computational methods and to account for quantum effects that do not follow from
the classical model of Bernal and Fowler, the interconversion of ions and neutral
water molecules should be taken into account.

1.7 Summary of the “Structure” of Water and Ice

Analysis has shown that the current structural models follow the original ideas of
Kohlrausch [8], Rontgen [7], Bernal and Fowler [9], which are based on static con-
ductometric measurements and early X-ray diffraction data, with two basic assump-
tions: that water consists of long-lived H,O molecules with a small concentration of
intrinsic ions and that the structure of water is similar to that observed in quartz. All
later models, except a few alternative ideas [48], are based on these assumptions.
The standard view on the structure of water can be described as follows (see
Fig. 1.30). There is a three-dimensional network of bounded H,O molecules. The
network is based on the tetrahedral coordination of water molecules caused by their
polarity and structure. There are defects in the hexagonal structure corresponding to
the tetrahedral coordination. Hydrogen atoms do not necessarily occupy the positions
according to Bernal-Fowler ice rules. In water, there is significant proton disorder.
Molecules are arranged, but they constantly change neighbors in such a way that
the average lifetime of the stationary states is about 1 ps. The translational diffusion
of molecules occurs via the interstitial mechanism, when a molecule temporally
occupies the cavity in the nearest hexagonal ring.** A spontaneous fluctuation-born
proton transfer between water molecules leads to the formation of ionic species,

30 normal conditions, in 1 second, molecules of ice and water were displaced by 0.1 mm and
0.2 wm, respectively. Distances are calculated using the Nernst-Einstein relation and the self-
diffusion coefficients Dy = 2.3- 1072 (298 K) and D; = 1.0-10~* (272 K) m?/s for water and
ice, respectively. These macroscopic distances are much larger than the molecular diameter, and
assume continuous molecular shuffling that destroys any long-living molecular clusters.
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Fig. 1.30 Elements of the
dynamic structure of water.
Numbers depict: (1) proton

transport, (2) molecular 2
adjustment, (3) interstitial : o § (\
diffusion, and (4) 3
molecular/ionic vibrations, 1 é( '\
respectively ol ) 1 4 =

most of which recombine in 0.1 ps, but some of them can live significantly longer.
The migration of the excess charge passes through the interconversion of Eigen and
Zundel cations.

Despite the fact that the individual properties of water and ice are well described
by variations of the Bernal-Fowler model, none of the existing models is capable
of explaining a sufficient set of properties necessary for a final description of the
dynamical structure. Dielectric relaxation, DC conductivity, the dielectric constant,
and infrared absorption are explained separately, but using specific models. Table 1.5
shows several common misconceptions related to the structure of water, which orig-
inate from the imperfection of the Bernal-Fowler approach. These misconceptions
contradict modern experimental data but are still used in some water models.

Recently, several experimental results were obtained which showed that the
Bernal-Fowler model of water fails to reproduce the properties of water, at short
(picosecond) time intervals, and also those for water at nanoscales. These results
change our current understanding of water’s structure and dynamics, and require
a significant reconsideration of our vision of water. There are several remarkable
examples of the anomalous properties of water, which show that specific details of
the water structure and its dynamics are still far from completely understood.

The spatial heterogeneity of water. Small-angle X-ray scattering (SAXS) demon-
strates the presence of density fluctuations in ambient water on a physical length
scale of about 1 nm [127]. The independent measurements of the time-resolved opti-
cal Kerr effect shows characteristic features near 50 and 200 cm~!, which indicate
the coexistence of two local structures with high density and low density [16]. This
effect is explained in Sect. 4.4 (see Fig. 4.6) within the ionic model of water.

The time heterogeneity of water. A femtosecond pump—probe spectroscopy study
of the OH-stretching mode of HDO dissolved in D,O shows that the orientational
relaxation of the HDO molecules occurs in either 13 ps or 0.7 ps, which suggests
that two distinct molecular species exist in liquid water with respect to orientational
dynamics [128]. A parallel analysis of DC and terahertz conductivity of water reveals
two time intervals, which correspond to different interaction potentials, thus exhibit-
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Table 1.5 The main misconceptions on the microscopic structure of water and their explanation

Misconception Experimental data Comment
The lifetime of an H,O NMR experiments and There is no reason to believe
molecule in liquid water is 11 h | terahertz spectroscopy show that condensed phases of water
that lifetime of H>O is less consists of long-lived H,O
than a microsecond due to fast | molecules. It is a dynamic
proton exchange [15, 120] system where protons are not
necessarily pinned to oxygen
atoms
Hydrogen and hydroxide ions | The diffusion coefficients of | The proton charge is not
have abnormally high isotopically labeled oxygen necessarily associated with the
mobilities compared to other | and hydrogen atoms are the selected proton. Due to the
ions same in water and ice [63, 64] | relay-race mechanism, proton
(see Sect. 1.4) charge translates four times

faster than the proton as a mass

Dielectric relaxation, dielectric | The relaxation time is too long | Dielectric relaxation is
permittivity, and microwave for molecular reorientations; in | associated with the dynamics

heating are caused by the the time of dielectric of a superlattice of short-lived
orientational motion of polar | relaxation, each molecule ionic species [15] (see
H>O molecules passes several molecular Sect. 4.5)

distances; if all molecular
dipoles were to simultaneously
rotate, the expected dielectric
constant would be several
times lower than the
experimental one [126]

ing the temporal heterogeneity of water [15]. The origin of the time heterogeneity
of water and ice is discussed in Sect. 3.5. Similar structure features were recently
found in alcohols [129].

Anomalies of water in confined geometry. Measurements of water flowing through
aligned two-nanometer carbon nanotubes shows that the flow rate exceeds values
calculated from continuum hydrodynamic models by more than three orders of mag-
nitude [130]. A dielectric spectroscopy study of water confined in purified nanodia-
mond ceramic shows that interfacial water has anomalously high protonic conduc-
tivity, five orders of magnitude higher than for bulk water [32]. For an explanation
of the anomalous properties of water in strong confinement, see Sect. 5.2.

Anomalies of water in an external electric field. A low-frequency electric field
drives a water droplet on a solid hydrophobic surface at speed of 10 cm/s caused
by the redistribution of electrostatic charge density between the moisture left on the
substrate surface and the moving droplet [131]. Other experiments show that pure
water forms a free-hanging “bridge” of a few centimeters in the space between two
reservoirs under high voltage, revealing properties of water that had been hidden [132]
(see Sect. 5.5 for details). The interaction of high-power 3 wm infrared laser radiation
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with water leads to the spatial separation and motion of electric charges [133], and the
emission of a high concentration of positively charged ions [134]. For the explanation
and other properties of water in external electric field, see Chap. 5.

Non-molecular species in water. A semi-classical simulation of the molecular
dynamics of water shows that water contains charged pairs of concentrations as
high as 1 mol/l that participate in the Grotthuss proton-diffusion mechanism [135].
Spectral-weight analysis of the experimental infrared spectra of liquid light (H,O),
heavy (D,0), and semi-heavy (HDO) water reveals a high (up to 2%) concentration
of excess protons (short-lived H;O™ ions) [136]. A neutron diffraction experiment
with isotopic H/D substitution on a concentrated HCI/H,O solution shows that the
interaction with the solutes affects the tetrahedral network of water molecules and
that both dissociated H* and ClI~ ions and undissociated HCI molecules coexist in
the sample [137]. The latter goes beyond the classical Arrhenius electrolytic disso-
ciation concept, but is confirmed by the parallel analysis of AC and DC electrical
conductivities of aqueous electrolyte solutions [54] (see Sect. 5.1).
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Chapter 2 ®)
The Interaction of Electromagnetic e
Waves with Water

Abstract Water is the most important substance in our everyday life, and has been
studied as no other medium. While it has a relatively simple atomic composition,
water nevertheless presents an astonishing variety of manifestations of its interaction
with electromagnetic waves of the different wavelengths from radio frequencies to
X-rays, representing its uniqueness compared to other dielectrics. In this chapter, the
response of water to external electromagnetic radiation is considered in an extended
frequency range from O to 10'> Hz. The independent view on the separate parts of the
spectrum, such as the dielectric constant, DC conductivity, radio wave, microwave,
terahertz, and IR absorption, is provided along with a comprehensive view on the
entire spectrum as a whole by means of sum rules, Kramers—Kronig analysis and the
isotope effect. A curious reader will find a complete description of water’s electro-
dynamic parameters, as well as specific questions regarding the dynamic structure
of water.

2.1 Maxwell’s Equations in the Presence of Water

On the macroscopic level, water is a dielectric which can be considered an ensemble
of charged particles (electrons and atomic nuclei) which interact with each other and
with an external electric field. The interaction of water with electromagnetic waves
has the same nature as that for classic dielectrics, and can be described by Maxwell—
Lorentz equations, which in the most general case have the following form:

roth = 4(—’7,0V—i— %%,
— _1loh
rore =" @1
divh =0,
dive =4mp,

where p and v are the charge density and velocity, c is the speed of light, and e and
h are microscopic rapidly changing electric and magnetic fields, respectively. All
quantities are space and time dependent.
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The system of equations, given by (2.1), can be completed by the system of
equations of motion applied for electrons and atom nuclei:

ma = ge (v, 1) + % [v.h (r, )] +f, 2.2)

where m is mass, ¢ is electric charge, and f is the force.

Although systems (2.1) and (2.2) are complete and allow one to describe any
atomic-molecular ensemble, they cannot be applied to the real macroscopic sub-
stance, because the microscopic fields and charge distribution change in time (in
the range of 107'°-10'5 s) and in space (at distances of about 0.1-1.0 A). Thus,
a detailed microscopic analysis would require high computational costs. For practi-
cal use, Maxwell suggested averaging, and replacing all quantities by the averaged
quantities, thus replacing system (2.1) by the following:

13E
c o’

¢ o’ (2.3)

where E = (e) and B = (h) are the averaged vectors of the electric and magnetic
fields, respectively. Although this system of equation loses some information about
the local fields, it requires much lower computational costs and can be applied to any
continuous medium.

Within this approach, the magnitude of the electric induction D is connected to
the dielectric polarization tensor P and the external electric field E by the following
formula:

D =E + 4nP, (2.4)

or in a more general time-dependent form:

oo

D) =E@) + / S@E( — 1)dr, (2.5)

0

where f(7) is a dielectric response function which characterizes the properties of
the media and t represents the delay of the reaction of the medium in a changing
external electric field. Inasmuch as any alternating field can be reduced to a set
of monochromatic waves by the Fourier transform, the time dependencies of all
quantities have a factor of e~ where w = 27rv and v are angular and normal
frequencies, respectively. For such fields, the relation between D and E is

D = ¢(w)E, (2.6)
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where the frequency-dependent function e€(w) is the dielectric function of the
medium, which is a function of its thermodynamic state and obeys the dispersion law:

e(w) =1+ / f(D)e“ dr. (2.7)
0

The function € (w) is a complex quantity, which assumes that it can be presented in
the following form:

o’

t =€ +i- & (w)=¢w)+ i4 (2.8)

where i = +/1 is the unit imaginary number, ¢’ and €" are the real and imaginary
parts of the dielectric function, respectively, and o’ is the dynamic conductivity.'

Following the causality principle, the real and imaginary parts of the dielectric
constant satisfy the integral Kramers—Kronig relations:

s(a))—l_—/ £ (x) :_/ e (x)z (2.10)
X — W
+00
1 [ &@) -1
¢ (w) = —— | 2T g 2.11)
T X —w

Assuming in (2.10) that x < w and comparing result with (2.9), we get the so-called
sum rule [1]:

—27:';62 / we’ (@)dw = / f(w)do =N, (2.12)
0 0

where f(w)dw is the oscillator strength.

!Note that in classical electrodynamics it is customary to divide currents into the conduction and
displacement components, writing the dielectric function as follows:

e(w) =

where oy, is the direct current conductivity and F(w) is a frequency-dependent dielectric function.
However, (2.9) is incorrect and contains a wrong physical meaning. Since both the conduction
current and the displacement currents are indistinguishable for the infinite sample and obviously
have the same nature, hereinafter, by o = €"egw, where € being the vacuum permittivity, we mean
the frequency-dependent dynamic conductivity, which includes both DC and AC conductivity parts,
and assume that formula (2.5) is a definition of the electrical conductivity function, which is valid
at any frequency (including w = 0).



54 2 The Interaction of Electromagnetic Waves with Water

Hence, the integral (or area under the curve of the frequency-dependent dynamic
conductivity o (w)) is proportional to the concentration of the charges per unit, and
one can find this concentration has a broadband spectrum (see Sect. 2.7 for further
details).

For dielectrics at w — 0, formula (2.10) is transformed into

£0)—1= 3/ SO (2.13)
T X
0

from which one obtains an expression for the static dielectric constant:

m w

2 o0
O L /f(‘z’))dw. (2.14)
0

Thus, the static dielectric constant €(0) of a dielectric material is defined by the
frequency-dependent dielectric response (see Sect. 2.4 for water).

In the linear-response approximation, and assuming that electromagnetic waves
in the medium are plane and monochromatic, the square of the wave vector is equal
to

2
K = K7 — K + 2iKK" = su2, (2.15)
C

from which for a medium with absorption, we have

k=./enw/c, (2.16)
where
JeEU =n+ik, 2.17)

and n is the refractive index of the medium, « is the imaginary part of the refractive
index, which determines the rate of wave decay. The coefficient « is related to the
absorption o = 1/x - 1g (Ip/I), where Iy and [ are the intensities of the incident and
transmitted-through-a-layer-x radiation, respectively, by

4k

_ e 2.18
@=— 2.18)

where A is the wavelength in the medium.
For water © = 1, we obtain the relation between n and « with the real and imag-
inary parts of the dielectric constant equal to

¢ =n*—«? & = 2nk. (2.19)
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Equations (2.16)—(2.19) connect all the main terms of the spectroscopic data, and
allow a recalculation of the corresponding frequency-dependent quantities into each
other, as according to local traditions, the different parts of the water spectrum is
represented in different terms, which complicates its comprehensive analysis. Here-
inafter, we use terms of the complex dielectric function € (w) = €'(w) + i€"(w) and
dynamic conductivity, o = €"€yw, as the most convenient form of representation of
the broadband dielectric response of water and ice. Note that € (w) directly contributes
to (2.6), and thus represents the simplest form of the data representation, regardless
of the technique used for its determination.

2.2 The Broadband Dielectric Spectroscopy of Water

Although € (w) fully characterizes the material and is a good parameter for analysis,
it cannot be measured directly. One should first understand the basics of dielectric
spectroscopy, in order to see how the dielectric response is measured in different
frequency ranges.

Figure 2.1 shows various methods used to determine the electrodynamic param-
eters of water and ice, which can be recalculated as the real €’ and the imaginary €”
parts of the dielectric function. In the low-frequency range (0—107 Hz), the complex
impedance Z*(w) of the sample? is measured in a parallel-plate capacitor circuit. In
the linear response approximation, assuming that the sample is homogeneous and
isotropic, and that the field changes by the harmonic law, the dielectric function € (w)
can be found by the following formula:

e(w) = 1/(iwZ*(w)Cy), (2.20)

where Cy is the capacitance of the vacuum.

In the middle-frequency range (10°-~10'! Hz), the function €(w) is derived by
measuring the complex propagation coefficient (reflection or transmission). In this
case, a waveguide or cavity circuits are used, and the impedance of the sample is
calculated by the following formula:

1+ r*(0)

Z*(w) = ZO]——r*(l)’

221

where [ is the length of the measuring line, r*(1)=U, /U, is a complex reflection

mnc
factor, where U, and U, are the reflected and the incident signals, respectively.

ef inc

2Note that the sample is not a material, because it always has finite size and boundaries, which can
affect the dielectric measurement at low frequencies (see [2]). Thus, one should be careful with the
transfer of the sample parameters to the material properties, and use the corresponding equivalent
schemes.



56 2 The Interaction of Electromagnetic Waves with Water

1 2 @) (4)

f &
[ l-a

>

Autobalanced bridge TDS Absorption
(1) (3) 4)
Reflection FTIR
(2) (3)

Radiowaves Microwaves IR Vis. UV, X-rays

| L | L | L | L | L | [
10° 10° 10° 10° 10" 10" 108
Frequency (Hz)

Fig. 2.1 The range of methods for the analysis of the dielectric response of water and ice from radio
waves to X-rays, which includes impedance analysis (10'~107 Hz); the network wave analysis (107—
10" Hz); time-domain terahertz spectroscopy (TDS) (10''-10'2 Hz); IR-Fourier spectroscopy
(1013-10' Hz); optical spectroscopy (about 103 Hz); and ultraviolet and X-ray spectroscopy
(1015-10'8 Hz). Insets show the main measurement schematics: (1) parallel-plate capacitor; (2)
open-end reflection; (3) Mach—Zehnder interferometry; (4) quasi-optical absorption measurement.
The water/ice sample is shown in blue

In the terahertz and IR frequency ranges (10'°-10'4 Hz), the dielectric parameters
are measured by a Mach—Zehnder interferometer or a cavity resonator. The latter is
used more for low-temperature measurements. The dielectric function is calculated
from the measured transmittance and phase shift using Fresnel formulas (see, for
example, [3]). A significant problem for optical measurements is the exclusion of
cuvette windows for water, and the boundary layers for ice. The attenuated total
reflection (ATR) method avoids this problem, but also has disadvantages related to
anomalous dispersion and the non-absolute-value problem.

The measurement accuracy differs for different parts of the spectrum and depends
on the size and shape of the sample, the quality of the electrodes, and the measurement
technique. Modern devices allows one to achieve the following accuracy, which is
given in terms of the dielectric loss tangent, § [4]*: tg § < 1073 (0-107 Hz); tg &
< 1072 (10%-10"" Hz); tg § < 1072 (10'°-10'5 Hz). However, if the measurement
method allows one to measure one of the parameters, €’(w) or €"(w), with better
quality, the accuracy can be increased by using Kramers—Kronig relations (2.10),
and (2.11).

3The loss tangent is defined as the ratio (or angle in a complex plane) of the lossy reaction to the
electric field E in the curl equation to the lossless reaction: tg § = €”/¢’.
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The listed modes of non-perturbing (an approximation of a linear response) sens-
ing of water cover the range from intramolecular vibrations in the IR region, with
characteristic times of the order of tens of femtoseconds, to structural relaxations
that take hours, and are combined under the general name of ultra-broadband dielec-
tric spectroscopy. The broadband dielectric spectroscopy method has an advantage
over other methods (for example, inelastic neutron scattering, nuclear magnetic reso-
nance, and isotope substitution (see Chap. 1)), because it allows one to observe a wide
time window of the dielectric polarization effects. All types of structures of water
from instantaneous (I-structure) to diffusion averaged (D-structure) (see Sect. 1.1)
are available for analysis by this technique. The main limitation of this method is
the integrity of measurements and the difficulty of the unambiguous identification
of contributions from various mechanisms, such as molecular reorientations, charge
separation, and the flickering or drift of the charge. This limitation, however, is tem-
pered by analysis of the temperature, phase transition, and isotope effects on the
broadband spectrum.

Figure2.2 shows the generalized ultra-broadband dielectric response of water,
collated from experimental data, using (2.15)—(2.19). The spectrum covers 14 orders
of the frequency magnitude, and includes the radio wave, microwave, terahertz,
infrared, optical, and ultraviolet regions. In terms of the dielectric function (upper
panel), the spectrum is characterized by the main feature: the Debye relaxation, and by
the static dielectric constant € (0). The dynamic conductivity spectrum, o (w), consists
of two parts which partially overlap in the visible region: the low-frequency atomic
contribution (blue) and high-frequency electronic (yellow). The low-frequency limit
corresponds to DC conductivity (see Sect. 1.3). Particular details of the spectrum
shown in Fig. 2.2 are discussed in Sects. 2.3-2.8 for water and Sects. 3.2-3.5 for ice.
The microscopic interpretation of the spectrum is given in Chap. 4. More spectral
data on ice and water can be found in appendix.

2.3 Microwave Spectrum: Dielectric Relaxation

2.3.1 Experimental Data

The dielectric (Debye) relaxation band is the main part of the broadband dielectric
spectrum of water shown in Fig.2.2, and one of the most fundamental properties
that characterize its molecular dynamics. The phenomenon of dielectric relaxation in
water has been extensively studied for several decades, and is based on the individual
properties of the dielectric function and the specific structural properties of water (see
Sect. 4.5.1).

In terms of permittivity €*(w) = €'(w)+i€” (w) (see Fig.2.2 upper panel), water
shows a wide bell-shaped band (see €”(w)) and the corresponding changes in €’ (w).
In other words, water shows frequency variation in the dielectric parameters or dis-
persion. If the external field frequency is low, water simply reduces the strength of
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the electric field, by a factor of 80, which is the static dielectric constant, €(0) (see the
next section). Here, the dielectric losses €”(0) are negligibly small and correspond
to the static DC conductivity (see the bottom panel in Fig.2.1). However, when the
electric field is changing relatively fast, the dielectric constant €’(w) reduces (see
red curve in the upper panel), as the molecular system becomes unable to follow the
changes of the electric field. A delay in polarization P in the response of water to
the changing electric field E appears. The time lag between E and P implies the
absorption of electromagnetic radiation caused by an irreversible degradation of free
energy and leads to the attenuation of electromagnetic waves passing through the
medium, showing, in this way, the relaxation band shown in Fig.2.3 (see blue curve
in the upper panel). This band was named after Peter Debye, who made the first
detailed description of this phenomena [5].

Debye found that the microwave dielectric spectrum of water, which includes
the dielectric relaxation band (orange area in Fig.2.2), is described by the following
formula:

Age
s(w) =& (w) +ie" (W) = e + (2.22)

l+ia)rD’
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Fig. 2.3 The microwave
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the curves). Graphs for
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lines are model (2.25). The
dielectric relaxation band
shows a blue shift with an
increase in temperature.
Collated on the data from [6]
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where €., is the high-frequency limit of the dielectric constant, tp is the relaxation
time, and A€ = €(0)—€,,, where €(0) is the static dielectric constant of water.* Dividing
the real and imaginary parts, one gets

A
() = o+ —— (2.23)
1 + w*tj
e’ (w) = M_ (2.24)
1+ w?tp

Formula (2.22) fits the experimental data for water up to 100 GHz, but at higher
frequencies, the experimental dielectric loses exceed those predicted by the Debye
equation, demonstrating an additional contribution. This high-frequency wing of
Debye relaxation is discussed in Sect. 2.6.

Figure 2.3 shows the temperature dependence of the dielectric relaxation mode.
As the temperature increases, the relaxation band shifts in the direction of higher
frequencies (blue shift). The band intensity and the corresponding dielectric constant,
€(0), decrease with an increase in temperature, showing the negative temperature
trend of the dielectric constant (see Fig.2.12).

4Equation (2.22) has an important consequence. It connects the dielectric relaxation band with the
static dielectric constant, which means that they both have the same microscopic nature discussed
in Sect. 4.5.
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Generalized dielectric spectra of water allow for several decomposition options.
The most simple way to treat the dielectric response is to use an additive sum of
a Lorentz-type oscillatory and the Debye-type relaxation functions. Following this
approach, Ellison [6] analyzed more than 3,000 experimental data points and derived
analytical formulas which fit the experimental water spectrum in an extended fre-
quency range from 1 MHz to 25 THz, and a temperature interval from 273 to 373 K.
He used three relaxors and two oscillators, according to the following formulas:

*t2(T) A&, (T)

3
oD =e0.T) =) 50

n=1

@*t2(T) Ae,(T)[1 + t2(T) (0 + )]

— ; 2.25
— 1+ 72(T)(wo + ©)°1[1 + 12(T) (wp — w)°] (22
>\ Ao, (T) - ?*t2(T)
o (@, T) = 04e(T) +; [T 7T
> A, (T) - 0*2(T)
1 2.26
+,§2~[Hr,%(T)(wn+w)2][1+r3<T><wn - )’ (2:20)

where
£(0, T) = 87.9144 — 0.404399(T — 273) + 9.58726 - 10~4(T — 273)> (2.27)
—1.32802 - 107(T — 273)3,
ln(ad_cl) =g+ T + a2T2 + ot3T3 + oz4T4 + a5T5, (2.28)

and g = 4,45656, a; = —7,3309- 1072, ap =5,0273 - 1074, a3 = —2,5792 -
1075, ay = 6, 6206 - 107 and a5 = 7, 0484 - 10713, For n=1,2,3:

Ao, (T) = oA, (T) /1, (T), (2.29)
Ag,(T) = a, exp(—b, (T — 273)), (2.30)
7,(T) = ¢, exp(d, /(T + 406.2883 — 2 - 273)), (2.31)

and forn =4 and 5:
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Aey(T) = po + pi(T —273) + po(T — 273)%,
wy(T) /27 = p3 + pa(T — 273) + ps(T — 273)* + pe(T — 273)°,
w%(T) = p7+ ps(T — 273) + po(T — 273)> + pio(T — 273)°,
Aes(T) = pii + pra(T — 273) + pia(T — 273)°,
ws(T) /21 = pia + pis(T — 273) + p16(T — 273)%,
t5(T) = p17 + pi1s(T — 273) + p1o(T — 273)%.
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(2.32)
(2.33)
(2.34)
(2.35)
(2.36)
2.37)

The coefficients a;, b;, ¢;, d;, where i = 1—3, and the coefficients 7, and p,,, where
n = 0-19, are given in Table2.1. The characteristic parameters of the spectrum
at different temperatures, calculated by formulas (2.25) and (2.26), are given in

Table2.2.

Figure 2.4 shows the structure of the microwave spectrum of water decomposed
according to formulas (2.25)—(2.37). The function exhaustively describes the experi-

Table 2.1 Coefficients for the formulas (2.31)-(2.37)

a; = 79.2388 by = 4.3006 - 10~* c1 =1.3823.10713 d; = 652.7648

a; = 3.8159 by =1.1174- 1072 c2 =3.5104-1071° dy = 1249.533

a3 = 1.6350 by = 6.8415-1073 c3 = 6.3004 - 10~ 1 dy = 405.5169

po = 0.8380 ps =2.7382- 108 pio = 1.655- 1071 pi1s = —7.4414 . 10'0
p1 = —6.1186- 1073 pe = —1.2469 - 10° P11 = 0.6166 p16 = 4.9745 - 108

pr = —12937-107°

p7 =9.6186- 10714

pr2 =7.2385-10%

p17 =2.8825.10714

p3 =4.2360 - 10'2

ps = 1.7958 . 10716

p13 = —9.5234 - 1076

p1g = —3.1421- 10716

1z

—1.4261 - 1010

po =—9.3100-10"18

pia = 1.5983 - 1013

p19 = 3.5281-10718

Table 2.2 The parameters of the microwave dielectric spectrum of water in the temperature range
from 0 to 100 °C: o4, and €(0) being the static (DC conductivity) and the static dielectric constant,
respectively; wp) and tp are the frequency and the time of Debye relaxation, respectively; op; is
the high-frequency conductivity plateau in the GHz region

T (°C) 04c (u Slem) | €(0) wp1 =2mvp; | Tp1=2m/wp1|op1 (S/cm)
(GHz) (-107105)

0 0.0118 88.3 8.79 7.14 0.45
10 0.0229 83.9 12.2 5.15 0.64
20 0.0421 80.1 16.4 3.83 0.8
30 0.0710 76.7 21.2 2.96 0.96
40 0.113 72.8 27.1 2.32 1.18
50 0.172 69.9 329 1.91 1.36
60 0.249 66.9 39.7 1.58 1.5
70 0.345 63.9 46.8 1.34 1.62
80 0.468 61 54.6 1.15 1.76
90 0.615 58.4 62.5 1.00 1.94
100 0.784 55.7 71.5 0.878 2.17
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Fig. 2.4 The structure of the
microwave spectrum of

water at room temperature.
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mental data points up to 25 THz. The Cole—Cole plot of the dielectric loss, €”, versus
the real part of the dielectric permittivity, €', in the whole temperature interval is
given in appendix.

A similar fit of the dielectric spectrum of water was obtained by Yada et al., who
also got a satisfactory description of both light and heavy water spectra with only
two relaxors and two oscillators [7]. Parameters of Yada et al. roughly coincide with
those obtained by Ellison. Figure 2.4 shows that the first (main) relaxation band gives
95% of the contribution to the static dielectric constant, €(0), while the cumulative
contribution of all the other components is only a few percent. From the point of
view of dynamic conductivity, the relaxation bands are saturated at high frequencies,
which contradicts the sum rule (see Sect. 2.8 for details). Moreover, neither Tanaka’s
nor Ellison’s fits account for static DC conductivity.

An alternative fitting function, which is free of these problems, was derived in [8].
The model is based on a single fitting function, and assumes a common molecular
mechanism for high and low frequencies (see Sect. 3.5 for details), and addition-
ally accounts for static DC conductivity, which is missing in two previous models.
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Apart from different interpretations of the microscopic mechanism of polarization,
all three approximations have similar data-fitting accuracy, and can be used for the
analytical description of the microwave spectrum of water in different technological
applications.

Figure 2.5 shows the temperature dependencies of the main parameters of dielec-
tric relaxation. Two relaxation times: the first, 7p;, and the second, 7p,, correspond to
the frequencies of the relaxation-peak maxima, vp; and vp,, respectively (Fig.2.5a).
In terms of dynamic conductivity, the relaxation time loses its functionality, being
replaced by high-frequency conductivity plateaus, the first, op;, and the second, op»,
are shown in Fig. 2.5b. The plateaus can be defined by the Debye formula as

coAe
opy = —2L (2.38)
Tp1

where g is the permittivity of vacuum.

The parameters of the first relaxation band, shown in Fig. 2.5, have typical Arrhe-
nius behavior with an activation energy AE of both high-frequency conductivity, op,
and the relaxation frequency, vp, being close to that for the self-diffusion coefficient
(see Table 2.3). Thus, the Debye relaxation in water seems to be a diffusion-controlled
process.

The second relaxation band parameters, on the contrary, do not depend on temper-
ature. Yada et al. suggested [9] that the high-frequency relaxation time corresponds
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Table 2.3 The values of the activation energies A E and pre-exponential factors A for the temper-
ature dependencies of the parameters shown in Fig. 2.5 and for the self-diffusion coefficient Dy;r

op1 (S/m) t1=1/vp1 (s) | Dyery (m*/s) 0dc (S/m)
A 1.6-10* 67 231076 7.90
AE (eV) 0.14+ 0.03 0.18+ 0.03 0.18+ 0.02 0.37+ 0.05

to the molecular collision time, T, = 1/4-p resz sqrt(r*m/kgT), where r,¢r and m
are the effective diameter and mass of water molecules, respectively, and p is the
density of water. Using p = 1000kg/m?, rerr = 1.5 A, and m = 3-1072° kg, one
gets a value which is close to the experimental one. Thus, the second relaxation is a
collision-controlled process.

2.3.2 Data Interpretation

Great efforts have been made to study the dielectric relaxation of water [6, 10, 11];
however, its microscopic mechanism remains not fully understood, and the existing
interpretations are controversial [11-14] (see Sect. 4.5.1 for an alternative micro-
scopic description). Equation (2.22) means the exponential relaxation of polarization
can result from very different polarization mechanisms. In other words, Debye relax-
ation can be obtained from a very general model of the dynamics in a double-well
potential.

Figure 2.6 shows the typical model of the double-well potential. Let us assume that
the system, following the external electric field, occupies only one of two possible
states. We mark the quantities related to these states with indices 1 and 2. The rate
at which the concentration of the molecules of the first state changes, due to their
transition to the second state, is

—_ —=n —n y ‘9
’[ 1/1] 2R2

where n; and n, are the populations of the corresponding states and k; and k; are the
specific rates (probabilities) of the forward (1 — 2) and reverse (2 — 1) transitions
between the states.

If one assumes that f is an external force, which drives the transfer between
states, and that this force is weak enough to satisfy the approximation of the linear
response,’ the new populations can be defined from the undisturbed populations
without an electric field by the following formulas:

5In a linear response, a weak perturbation generates a small out-of-equilibrium response that is
proportional to this perturbation. The response is expected to be proportional to this perturbation,
where the response coefficient is independent of the strength of the external electric field [15].
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Fig. 2.6 The model of the

double-well potential for the
dielectric relaxation in water
(see the text for description)

dn 0 dk
ny = n + o ki =k + 5,
‘ Paf ki=kit Tr (2.40)
nz—nz fdf’kz_k +fdf'
In dynamic equilibrium, we get
70 0
— = — = exp(AG/KT), (2.41)
ny kg
where AG is the difference in free energies between the states 1 and 2.
Equation (2.41) gives
dk 1 dAG 9 dk
dki _ ot i R (2.42)
df f kT df f ny df

Substituting (2.40) into (2.42) and assuming that f = fyexp(iwt), we get

d d 1 dAG
<fdifl)+(k?+kg) <fdifl) :_kgng(kT o7 )foeXp(lwt) (2.43)

Equation (2.43) has a solution:

dn ”(#Z_ 1

1

- — = — 2.44
af "2+ (B8] 1+ oo (49

which contains all the properties of Debye relaxation. Thus, the Debye form of
relaxation is obtained for any mechanism that satisfies the transition in the two-
minimum potential with the relaxation time tp= (k0 + k9 D~ !in the linear-response
approximation.

The simple form of the dielectric relaxation with a single relaxation time, tp,
prompted Debye to conclude that relaxation is determined by the orientations of
identical particles. He suggested that dipoles of H,O can synchronously reorient,
following the external electric field, and that the dielectric response depends on
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time, because the orientation lags with increasing frequency due to viscous friction.
Although this simple idea is still popular, it has been shown (see, for example, [11])
that the orientation of H,O dipoles gives incorrect values of the static dielectric
constant of water and fails to reproduce its temperature dependence. Nowadays,
it is obvious that the process of dielectric relaxation has more complex collective
dynamics [13, 14], which are only partially associated with molecular reorientations
(see Sect. 4.5).

Jaccard [16] assumed that dielectric relaxation in ice, which has been shown to
be very similar to that in water [17], can be explained by two types of charged
defects. First are conventional H;0" and OH™ ions responsible for DC conduction,
and second are Bjerrum valence defects, which have either two protons (D defect) or
no protons (L defect) between two neighboring molecules, which manifest at high
frequencies. This model allows one to qualitatively describe the dielectric spectrum
of ice [18], although Bjerrum defects have never been observed experimentally.

Recently, Jaccard’s theory has been applied to water, and the main dielectric
relaxation has been explained by the dynamics of Bjerrum defects [19]. Although
the dielectric spectrum of water has been qualitatively described, the relatively high
value of the high-frequency conductivity of water, op;, assumes that the defect con-
centration is as high as a few percent of all water molecules. This means that the
strong interaction between all charge carriers, which is missing in the proposed
model, should be accounted for. However, the authors do not imply any interac-
tion between different types of defects. The interaction should, first, affect the DC
conductivity that the authors assumed is due to the free motion of H30" and OH~
ions, which is not the case, and second, give additional relaxation time, which is
not observed. Moreover, the lifetime of Bjerrum defects is expected to be about a
few picoseconds, as it is determined by molecular reorientations, while the Debye
relaxation time is dozens of picoseconds, thus significantly exceeding the expected
lifetime of the charge carriers. In other words, the model of two types of charged
defects does not fully satisfy the experimental results.

An alternative mechanism for the dielectric relaxation of water was first suggested
in [17]. The authors explained static conductivity and Debye relaxation by the Brow-
nian dynamics of interacting H3O" and OH™ ions, thus considering only one type of
charge carrier. The high-frequency dielectric response, which includes Debye relax-
ation, is shown to be the result of the polarization of interacting counterions, while
low-frequency DC conductivity is produced by the same ionic species, which are
long-lived enough to overcome mutual screening and contribute to static conductiv-
ity. Although the concentration of all H3O and OH™ ions was shown to be high, the
effective concentration of those ions participating in DC conductivity is exactly the
same as assumed by pH. It was also shown that this model (the ionic model of water
presented in Sect. 4.2.3) describes the experimental conductivity spectrum of water
and ice from DC current to THz [8]. For a detailed analysis of the ionic model, see
Chap. 4.

Thus, the microscopic description of dielectric relaxation in water is still debated.
We can say for sure that it does not reduce to the orientations of H, O dipoles. The rota-
tional mechanism of polarization is fully confirmed for the gas phase (water vapor)
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only. In the condensed state, however, the model of orientational polarization leads to
a lower dielectric constant than observed experimentally (see Sect. 2.4). In addition,
it has been shown [20] that the relaxation time, calculated by the Stokes—Einstein
formula (tp; = 4mwr3n/kgT, where r is the molecular radius and 7 is viscosity) is
too large if the macroscopic experimental viscosity is used.® The intermolecular
polarization mechanism, due to the dynamics of intrinsic ionic species, looks more
appropriate for the experimental data. Recently, a similar, nonrotational mechanism
of polarization has been discussed in monohydric alcohols, the dielectric properties
of which are very similar to those of water [21]. Both water and alcohols are two
typical representatives of polar liquids. Just like water, alcohols have a relatively
high dielectric constant and are good solvents. As alcohols have longer molecules
than those in water, rotational polarization is not possible. Thus, the nonrotational
mechanism of polarization suggested for alcohols is also possible for water, as their
spectra collapse to a single curve being scaled (see [21]).

2.3.3 Is Debye Relaxation a Unique Feature of Water?

Polarization ability governs various mechanical, chemical, and thermodynamic prop-
erties of dielectrics. Detectors, sensors, memory units, and electric-power storage sys-
tems all use this property. That is why different polar dielectrics have been studied in
detail. Although Debye relaxation is known as a hallmark of water, which is actually
missing in most dielectrics, a very similar relaxation band was also detected in a nar-
row class of materials such as organic solvents, molten salts, superionic conductors,
and ionic liquids. In the context of the microscopic dynamics, which accompany
dielectric relaxation, it is worth analyzing the spectroscopic data of these materials
and compare them with those for water.

Figure 2.7 compares dielectric spectra of water, a molecular liquid (glycerol), an
ionic liquid (ethylammonium nitrate), and amorphous quartz (SiO,). The general
similarity of the spectra is observed for all substances except quartz. One can see
that the spectrum of SiO,, which served as an analog of water structure in X-ray
diffraction experiments (see Sect. 1.2), does not exhibit Debye relaxation, shown as
the yellow-shaded area in Fig.2.7. Thus, Bernal-Fowler analogy between water and
quartz is not complete.

Nevertheless, the Debye relaxation is observed for some dielectrics, such as fer-
roelectrics, superionic conductors, alcohols, and ionic liquids. All these substances
are characterized by the ability of the atomic-molecular structure to rearrange. One
can see in Fig. 2.7 that the spectra of glycerol, ethylammonium nitrate, and water are
very similar in the microwave frequency range. The analogies between water and

SThe difference between experimental viscosity and that calculated by Stokes—Einstein formula is
observed for all polar liquids and, depending on the conditions, ranges from ten to several thousand
times.
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the other liquids are also manifested in the close activation energy of the relaxation
time and similar physical properties, yet the basic mechanisms underpinning their
dielectric properties were not fully analyzed in comparison.

2.4 The Static Dielectric Constant

2.4.1 Experimental Data

One of the most recognizable electrodynamic parameters of water is the static dielec-
tric constant, €(0), which at 25 °C equals 78.4 and increases to 93.0 at —1 °C. This
value is relatively high for dielectrics, but yet not the highest (see Table2.4). For
example, such ferroelectric materials as BaTiO3 or SrTiO3 have dielectric constants
of 4,000 and 300, respectively, while paraelectric SiO;, TiO,, and Teflon have dielec-
tric constants of 4, 50, and 2, respectively. Despite the commonly accepted opin-
ion, the dielectric constant is not always connected with the dipole moment of the
molecule. For example, the KCl molecule has dipole moment 6 D’ (more than three
times higher than for the water molecule), while the dielectric constant of KCI crystal
is only about 5.

The €(0) of water is important for various practical applications. It is used in
electronics, energy applications, communications, environmental sciences, analytical
chemistry, and electrochemistry. This parameter determines the characteristics of
the signal-transmission lines, indicates the phase transition and temperature change,

71 D (Debye) = 3.33 -10739 C:m.
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Table 2.4 Static dielectric constant, €(0), of some materials

Substance €(0)
Potassium tantalite niobate (KTN) 6000
Barium titanate (BaTiO3) 4000
Potassium niobate (KNbO3) 700
Strontium titanate (SrTiO3) 300
Water 80
Titanium dioxide (TiO,) 50
Acetone (C3HgO) 20
Silicon (Si) 12
GaAs 11
Soda-lime glass 7
KCl 5
Fused silica (SiOy) 4
Epoxy 4
PVC 35
Teflon 2
Paraffin 2
Air 1.0006

determines the solvation ability, and is used as a dielectric reference standard. Most
importantly, however, is that it allows us to understand the molecular dynamics of
water, because the causality principle and Kramers—Kronig relations (2.10), (2.11)
associate €(0) with dielectric losses, which is represented by the imaginary part
of the dielectric function (¢”(w)), the main part of which is the Debye relaxation
associated with molecular dynamics. The Debye relaxation makes up to 95% of the
static dielectric constant of water.® Thus, the problems of the dielectric relaxation
interpretation (see Sect. 2.3) are automatically transferred to the dielectric constant,
and vice versa.

Figure 2.8 shows the experimental temperature dependencies of the static dielec-
tric constant of water and ice. Malmberg et al. [24] and Johari et al. [25] showed
that these curves are described by the formulas €,(0) = 87.740-0.40008-° +
9.398-107* - °2-1.410-1079 - t°3 for water and €;(0) = 3.2 + (24620)/(t°+266.8) for
ice, where ¢° is temperature in °C. It can be seen from the figure that the difference
between the values of €(0) near 273 K for water and ice is less than 10%, and that
except of this slight shift, which is apparently due to the density difference (see the
solid lines and the right-hand scale), the curves generally show a uniform trend.’

8The same is true for alcohols (see, for instance, [21]).

9This is despite the fact that the relaxation time changes by seven orders of magnitude (see Chap. 4
for details).
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Figure 2.9 shows the temperature dependencies of the Debye relaxation contribu-
tions Ae€p, to the total static dielectric constant €(0). Both curves obey the Curie—
Weiss law:

Aepi(T)=A/T + B, (2.45)

where A equals 33,400 and 25,260 K—!, and B equals —40 and 0.20 for water and
ice, respectively. The curves intersect each other at the maximum supercooling tem-
perature of water at atmospheric pressure, which is —48.3 °C (225K) [26]. By coin-
cidence, this temperature corresponds to the maximum of supercooling: below this
point water has never been observed in a liquid state at normal pressure.

Figure 2.10 shows the temperature dependencies of the static dielectric constant
at different pressures. Interestingly, in the supercritical region, where water is more
like a dense gas of H,O molecules [27], than a liquid, the dielectric constant of water
drops down to about 5, which is more than an order of magnitude lower than that
under normal conditions. This shows the important role of the cooperativity of water
molecules in the dielectric constant, and that the dipole moment of molecular does
not play a significant role.

The microscopic interpretation of the static dielectric constant of water has a
long history which is not yet complete. It is believed that water and ice have a high
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dielectric constant, since they are capable of rapidly transmitting local fluctuations
of polarization [10]. The microscopic nature of such fluctuations is still discussed.
There are two basic approaches: the molecular (the local-field approach) and the
intermolecular (the spatial-charge-separation approach) which have been applied for
the explanation of the dielectric constant of water.

2.4.2 The Local-Field Approach

The local-field approach is based on the notion of the average local field, E’, which
acts in the interior of a molecule of a dielectric placed in an external electric field
E [29]. An approximation of the local field, which has been widely used, is the
Lorentz field:

E =E +47P/3, (2.46)

where P is the averaged polarization. Although the Lorentz field has been shown
to work for non-polar substances [30], it is entirely inadequate in the case of polar
substances, such as water.

Let us consider the development of the model for the dielectric constant of water
in the local-field approach and its final collapse. The starting point is the macroscopic
Clausius—Mossotti equation, which generally works for any isotropic dielectric [30]:

e—1 oy

= —, (2.47)
e+2 3¢V

where oyy=no is the macroscopic polarizability of a volumeV and n is the concen-
tration of unit cells each with a polarizability «.
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The first approach follows Debye’s idea of the molecular dipole reorientation
mechanism [5, 30, 31]. The starting assumption here is that the dielectric constant
arises from the ordering of polar H,O molecules in an external field E, which acts
against thermal disordering. Assuming that water molecules are rigid dipoles, o,
and that the applied E and the locally acting E’ fields are equivalent, one obtains

n,u,%
360kBT ’

£(0) — 0o = (2.48)

which is Debye’s equation for the static dielectric constant [5]. Equation (2.48) leads
to a static dielectric constant which is much smaller than the experimental value. For
example, at p=1.85 D and room temperature it gives €(0) = 13.

A more successful calculation of the local field in polar liquids was made by
Onsager [32]. He treated the molecule as a real cavity in a statistical continuum of
the uniform dielectric constant € equal to that of the liquid in bulk. On the basis of
this model, the electrostatic theory of continuous media leads at once to a simple
expression for the local field and the average torque effective in orienting a dipole
molecule relative to the field E. The molecular dipole moment in Onsager’s approach
contains a permanent part and a part induced by the local field E’, and derived the
following formula:

(e(0) — £0)(26(0) + £c) i}
£(0) (g0 + 2)°  9egkpT’

(2.49)

which at €(0) > e gives

nug (g +2)°

0) — 60 =
e =t =T 6

(2.50)

For room temperature, £p=1.85 D, and €., & 2, (2.50) gives the value €(0) ~ 30,
which is higher than those obtained by Eq. 2.49, but still several times lower than the
experimental one.

Kirkwood [33] suggested an extension of Onsager’s theory and assumed that
Bernal-Fowler tetrahedrally coordinated molecule (see Sect. 1.2) orients in the
dielectric continuum together with its first coordination shell. The field of the cen-
ter dipole 1 causes a favored average orientation of neighboring dipoles and thus
an increased moment p = g - o of the tetrahedral group of five H,O molecules. If
we assume a modified Bernal-Fowler structure for water and introduce a g-factor of
about 2.7, the experimental value, €(0) & 78, of the dielectric constant of liquid water
at 25 °C is obtained from (2.50) with a dipole moment in the liquid 26% greater than
that in the vapor.

Although the theory described above reduces the problem relating to the dielectric
polarization of polar liquids to the problem of the calculation of the g-factor and the
sum of the dipole moments of overpolarized molecules in its immediate environment
in water, there are still several points which do not allow one to fully accept this theory:
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e The concept that a group of five molecules can orient as a unit while retaining an
internal freedom of rotation seems incompatible with the notion of an extended
tetrahedral network structure [11].

e Using (2.50), the dielectric constant does not reduce to €4, at frequencies suffi-
ciently high for the contribution of the permanent dipole, 1¢¢, orientation to become
zero, as expected for scalar isotropic polarizability [10].

e The Debye—Onsager—Kirkwood—-Frohlich theory of the dielectric polarization
assumes a dramatic stretching of the water molecule in the liquid state in com-
parison with the gas phase, which is not confirmed by IR and neutron scattering
measurements. For example, an adequate description of the experimental curve
is possible (see Fig. 1.27) with the dipole moment p = 3.32 D, which is 180%
larger than the gas-phase dipole moment (o = 1.85 D. However, the comparison of
the data from the neutron diffraction of ice [34] and the IR spectroscopy of water
vapor [35] shows that the O—H distance changes from 0.099 and 0.096 nm, respec-
tively, showing a less than 4% difference. Furthermore, the IR molecular stretching
modes shift from gas to liquid only a few percent toward lower frequencies (see
Sect. 2.5).

e There is no uniform model for ice and water. The experimental temperature depen-
dence of the static dielectric constant is achieved with different structural param-
eters for ice and water [36], while they are very similar from the IR spectroscopy
point of view (see Sect. 2.5).

e The static dielectric constant is 95% formed by the dielectric relaxation band (see
Sect. 2.3). The self-diffusion coefficients of water and ice are so high (see Sect. 1.4)
that during the relaxation time each particle is displaced by several molecular
distances, and thus they are oriented and translated many times. In other words,
any molecular configurations are destroyed by thermal shuffling over the period
of the external field. Diffusion should lead to the averaging of all intermolecular
dipole moments.

e In a system of identical dipole moments, individual dipoles tend to lose their iden-
tity and “dissolve” in a system of compensating polar charges. The compensation
occurs by a change in the electrostatic free energy of the system; therefore, polar
liquids with a high Onsager’s local-field ordering are expected to be poor solvents,
which is not the case for water.

Thus, the Debye—Onsager—Kirkwod-Frohloch’s mechanism of “dipole moment
self-induction,” which is based on the Bernal-Fowler water model, assumes that
the reference H,O molecule is immersed in a medium of much smaller polarizable
particles. However, in Bernal-Fowler water, molecules are all the same size, and the
closing fields required by Onsager’s theory cannot be built with identical dipoles [11].
The problem of Onsager’s approach originates from the inappropriate mixing of
macroscopic and microscopic concepts. The theory of the local field fails, because
it does not account for intermolecular polarization effects, dealing with molecular
dipoles only.
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2.4.3 Intermolecular Polarization Approach

The alternative approach to the interpretation of the dielectric constant is based on
accounting for intermolecular charge separation effects. Analyzing the frequency
dependence of the conductivity of ice shown in Fig.2.11, Grénicher [37] and Jac-
card [38], suggested explaining the existence of two conductivity plateaus: the low
frequency, oy, and the high frequency, opi, by ionized states (H;O" and OH™)
and orientational L-D defects (doubly occupied or vacant bonds between the water
molecules [39]), respectively. The ice spectrum shows two levels of conductivity,
which differ by three orders of magnitude (see Fig.2.11). The high-frequency plateau
corresponds to Debye relaxation, and the entire spectrum can be described by the
Debye formula, written in terms of dynamic conductivity:

o — Oge = 2L 0t (2.51)
1+ —
where the relaxation time, t,, corresponds to the transition frequency from the high-
to low-frequency plateau, and op; is defined through the static dielectric constant,
€(0), and 7, by the following formula:

g0e(0)
Op1 — Ode X Op| = OT . (2.52)

Equation (2.52) assumes that the static dielectric constant €(0) is formed by the
same mechanism as the high-frequency conductivity op;.

Inasmuch as water and ice have much in common from the point of view of
electrodynamics (see Chap. 3), and despite their dielectric relaxation times differ-
ing by seven orders of frequency magnitude, their spectra show a perfect scaling
effect [17], which results, in particular, in the very similar dielectric constants. Sim-
ilar spectra can be explained similarly, and the model of Grénicher and Jaccard
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can be extended to water. Thus, the static dielectric constant of both substances,
following the Clauzius—Massotti approach, and using the Nernst-Einstein relation,
opl = qz/kBT - n+D, can be defined by

aniLZ

£(0) — e = ks’
B

(2.53)

where ny is the concentration of charged defects, L and D are their separation
distance and diffusion coefficient, respectively. The separation of L-D defects is
diffusion controlled, and thus one can write for the mean-square displacement for
the relaxation time:

L? = 6Dy, (2.54)

Substituting (2.54) for (2.53), and applying the self-diffusion coefficient of water
molecules, Dy, =2.3-107% m%/s (see Sect. 1.4), we getny p =6-10>" m~>. This value
corresponds to 20% of all water molecules with a concentration of n,, =3.3- 10%¥ m—3,
which immediately implies a significant distortion of intermolecular interactions, and
a strong interaction between charge carriers, including conventional H;Ot and OH™
ions.

The latter contradict the Bernal-Fowler model, in which intrinsic water ions have
been assumed to be independent particles (see Sect. 1.2). Furthermore, two types
of electrostatically interacting defects with different mobilities would lead to two
relaxation times, which are not experimentally observed. In other words, Jaccard’s
theory fails to adequately reproduce the Debye relaxation and the dielectric constant
of both ice and water.

In addition, the mechanism of polarization due to orientational defects is in prin-
ciple similar to that considered by Onsager, because it reduces to the collective
dynamics of perturbed H,O dipoles, and, thus, has the same problems as the local-
field approach discussed above (see Sect. 2.4.2). In particular, the relatively long
relaxation time, 7, of water and ice assumes that no orientational defects could
survive due to the relative molecular reorientations and translations, and that the
dipole moment of hypothetical L-D pairs would be averaged without contributing to
dielectric constant.

In order to resolve the problem of the intermolecular polarization effect, and of
the dielectric constant, Artemov et al. [8, 17] introduced a model with only one type
of defect, the conventional ionic species (H3O" and OH™). Unlike Bernal-Fowler
concept, where the ionic species are considered independent, this model accounts
for the electrostatic interaction between ions. As a result, the high-frequency con-
ductivity, o (D), of both water and ice is assigned to the dynamics of the short-lived
H;0™ and OH™ ions, and the low-frequency static conductivity, oy, is explained by
the long-lived (pH active) ions of the same type. In this way, the frequency depen-
dence of the conductivity shown in Fig.2.11 is explained by the single mechanism
of the diffusion of intrinsic ions of water with an exponential lifetime distribution
(see Sect. 4.5.3).
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The ionic model (see Sect. 4.2.3) shows that the relaxation time 7, corresponds to
the minimum time required for the percolation between ions (the static conductivity
limit), and approximately equals the lifetime of H,O molecules [8]. The static dielec-
tric constant, €(0), is explained in terms of the effective dipole moments formed by
the separated H3O% and OH™ ions, and is defined by

2
_q niD, -1,

£(0) — exo kaT %0
B

(2.55)

where 7; is the concentration of H;O" and OH™ ions, and D, = 9.3x10~° m%/s is
the diffusion coefficient of proton (see Sect. 1.4). Equation (2.55) is formally similar
to (2.53), but the parameters have another meaning.

Figure 2.12 shows that the experimentally observed static dielectric constant sat-
isfactorily fits (2.55) in the whole temperature range, providing an explanation for
the static dielectric constant of water and ice for the whole temperature range on the
same basis. The details of the ionic model are discussed in Chap. 4. Here we just
note for clarity that the existence of a high concentration of excess protons n; A 10%’
m~3, which corresponds to the short-lived H;O% and OH™ ions, has recently been
independently confirmed by IR spectroscopy [40], and the simulation of molecular
dynamics [41].

2.5 Infrared and Raman Spectra

Vibrational IR and Raman spectroscopy provide useful information about specific
intra- and intermolecular dynamics on sub-picosecond timescales, and clearly show
that water is not just an ensemble of individual H;O molecules bound together.
Here we focus on traditional methods of vibrational spectroscopy only, but there
are many interesting non-linear spectroscopy and pump—probe techniques that have
emerged over the past few decades, and which are reviewed, for example, in [42].
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These methods complement the scope of spectroscopic experimental data on the
electrodynamic properties of water in the IR frequency range, but lie outside of the
current book.

We first discuss the vibration of H, O molecule. The water molecule is an asymmet-
ric top [43] that has rotational and vibrational modes, both effectively resulting in the
absorption of electromagnetic radiation in the IR spectrum, which lasts from approx-
imately 10' cm™! to approximately 10* cm~! (10'~10'3 Hz). The three fundamental
vibrational modes of a single H,O molecule are symmetric-stretch (v;), asymmetric-
stretch (v3), and bending (v,) modes, which lie in the mid-IR region between 1,600
and 4,000cm™! (see Fig.2.13). All three main modes are both IR and Raman active.
The transitions between rotational levels are expected around 200cm™', and the
corresponding lines of water vapor range from 1,000cm™"' down to the microwave
region. The real spectrum of water vapor also contains mixed vibrational-rotational
transition line groups above 4,500cm™!, whose intensity gradually decrease as the
frequency increases, following Maxwell-Boltzmann statistics.'”

While the absorption lines of water vapor can be predicted theoretically and iden-
tified (see, for example, HITRAN database,'!), the spectrum of the condensed phases
of water is still far from completely understood. Table2.5 contains the frequencies
of main maxima of the absorption bands of water in all aggregation states. One can
see that spectra of water and ice differ from those for water vapor; the individual
lines are overlapped and form broad absorption bands with a complex structure and
an asymmetric shape (see Figs.2.13-2.15). There are also several lines, which are

10The absorption of the electromagnetic waves by water vapor is used in IR astronomy and radio
astronomy in the IR, and microwave or millimeter wave bands. For earth-based astrophysical obser-
vations, atmospheric water vapor creates distortions. The South Pole Telescope was constructed
because there is very little water vapor in the atmosphere above the poles, caused by the low
temperatures.

Uhttps://hitran.org/.
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Table 2.5 The wavenumbers incm™! corresponding to the maxima of the main infrared absorption

lines of vapor, water, and ice H,O and D, O shown in Figs.2.13 and 2.15 [46]

v V3 vy v Vg

Vapor H,O 3657 3756 1595 - -
D,O 2669 2788 1178 - -

Water H,0 3400 1637 685 177
D,O 2500 1215 179 179

Ice H,O 3172 1648 825 181
D,0O 2358 1226 No data

absent in the vapor, such as the overtone between the OH-band and the v, band, and
the libration band, v, near 600cm™".

Two circumstances hinder the progress with the IR spectra of water: strong cor-
relations and quantum effects. For instance, if two oscillators with the same char-
acteristic frequencies and energies are connected, this leads to a coupling effect,
which appears, for example, between modes v, and vs. Due to the coupling, the line
intensity and frequency can vary from those predicted from theoretical calculations.
Another example of coupling is Fermi resonance. Due to the high cooperativity of
water molecules, IR bands are wide and can overlap. For instance, the OH-stretching
band, which lasts for several hundreds of wavenumbers, overlaps with the first over-
tone of the bending band, triggering a resonance between these two vibrations [44],
which only affects the higher frequency band however. This effect, which is tradi-
tionally ignored in simulations, is important in the analysis of the fine structure of
the OH-stretching band [45].

Fermi resonance and other coupling effects which affect the structure of IR spec-
trum of water can be excluded by isotopic substitution, the study of temperature
dependencies, or the comparison of IR and Raman spectra. In the latter case, we
analyze the transformation of the band shape as shown in Fig.2.14. The main peak
of the IR spectrum is at 3,400 cm~! with a shoulder at 3,250cm™"! and a width of
375cm™', while the Raman spectrum has two peaks at 3,300 and 3,150 cm~!, and
a width of 340cm™!. Note that the vapor molecules have symmetric (v;) and asym-
metric (v;) fundamental stretching modes, which are IR and Raman active at 3,657
and 3,756cm™!, respectively, and thus have a split about 100cm ™" (see Table2.5).
However, the spectra of water are significantly redshifted from these values, and their
breadths are much larger than the v; — v, split.

The interpretation of the IR and Raman spectra can be roughly divided into two
approaches. The first one was suggested by Rontgen [47] and is based on the idea
that water is a multicomponent mixture of discrete species. To treat the spectra
one can use several Gaussians, which can then be attributed to a normal mode, or
to vibrations in different molecular environments. For example, the OH-stretching
mode can be split into several Gaussian peaks (from two to six), which can be
assigned to molecular species with different coordination numbers [48—52]. The
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results from such a procedure, together with the observation of isosbestic points on the
temperature-dependent spectra, can be interpreted as supporting the mixture models
of water [48, 49]. However, Geissler has shown [53] that a single solute species in a
fluctuating environment exhibits isosbestic points without implying multiple species.

The second approach to the interpretation of the IR and Raman spectra is based
on the continuum model. Water is considered as a continuum of several states with
varying strengths of interactions between neighboring molecules [54]. The smooth
transition between these states makes it impossible to separate the spectral lines
into additive components [55]. The parallel comparison of the spectra of light and
heavy water (see Sect. 2.7.2), and their mixtures, shows the monomodal shape of the
OH-stretch vibration region, thus favoring continuum models of water [54]. Every
description of water in terms of “broken” and “unbroken” bonds, or “monomers” and
“clusters” is therefore arbitrary [56]. We avoid this approach in the further discussion.

Figure2.15 shows the IR spectra of light and heavy water (more spectra can be
found in Sect. 2.7.2). All absorption bands of D,0O, except v,, show a systematic
redshift with the ratio vy,0/vp,0 & 1.41 = \/5, which corresponds to a change
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in the molecular torque when the hydrogen atoms (H) are replaced with twice-as-
heavy deuterium atoms (D). The spectral bands of H,O and D,O are extremely
broad, overlap, and have a highly complicated temperature dependence. However,
the interpretation of the very complex bands of pure components can be done using
the analysis of the spectra of semi-heavy water (HDO). The main advantage of these
studies is that the three native fundamental vibrations of HDO, and their overtones
and combination bands, are widely separated [56] so that Fermi resonance does not
occur (at least for bending modes).

Maréchal [57] has measured the IR spectra of light (H,O), heavy (D,0), and
semi-heavy (HDO) water, and found that the “pure” HDO spectra, obtained from
the spectra of mixtures with different proportions of H,O and D,0, are slightly
different near the bending modes (v,). Later Max and Chapados [58] showed, in a
more detailed study, that mismatches are reproducible and consistently change with
the molar fraction.

Recent work in this regard [40] showed that there are mismatches (see Fig.2.16)
in the IR spectra of HDO, obtained from different proportions of light and heavy
water, which correspond to fingerprints of the fluctuation-born short-living H;O,
DH,O%", HD,O™, and D3O™ ions with concentrations of about 2% of the content
of water molecules. These ions, in which the bending-mode model is shown in
Fig.2.17, presumably coexist with long-lived pH-active ions, thus making liquid
water an effective ionic liquid on the picosecond timescale.

The origin of two far-IR absorption bands at v, = 200cm~! = 5 THz and v; =
60cm™! = 1.8 THz (see also Fig. 2.4) is not clear at the moment. These modes show an
intermolecular nature, as they do not show the isotope effect (see Sect. 2.7) and have
high intensities, which assume unusually strong intermolecular interactions [59]."2
LO-TO splitting'® of the mode near 240cm~! was experimentally confirmed [60],
which means that the long-range force effect exists in ice. The detailed structure and
properties of the v; and v3 modes are still poorly studied. However, time-domain
spectrometers, which appeared a decade ago, triggered the studies of the terahertz
spectrum of water and ice, which is considered in Sect. 2.6.

Summarizing, the vibrationally averaged microscopic dynamics in water do not
reduce to the oscillatory dynamics of H,O molecules only. The strong correlations
and the intermediate states of protonic transport affect the molecular modes and con-
tribute to the IR spectrum. In particular, it was shown that Zundel and Eigen cations
(see Sect.1.3.2) contribute to the whole IR region [61-63]. Another important obser-
vation is that the IR spectra of ice and water are very similar. That automatically
assumes a unified interpretation, which is missing at the moment. For example, a
longitudinal and transverse dispersion resembling optical phonons has been demon-
strated for ice [60], but was never discussed for water until recently [64]. Inasmuch as

12The maximum of the IR absorption of water and ice is only an order of magnitude lower than that
for the ionic crystal of NaCl, but three orders of magnitude lower than the absorption of covalently
bounded crystalline silicon.

131 O-TO splitting manifests itself in a frequency difference between the longitudinal optical (LO)
and transverse optical (TO) phonon modes.
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Fig. 2.16 The experimental spectra of the dynamic conductivity of a pure HoO and D,O, b their
mixtures with different molar fractions, ¢ pure HDO calculated by the subtraction of the pure spectra
from the spectra of mixtures, and d, e magnified HDO spectra near the bending modes showing
“S-shaped” mismatches S and S, assigned to the short-lived excess-proton states (H3O"* and
OH™). Reproduced from [40] with permission from Springer Nature
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Fig. 2.17 The bending oscillations of positively charged ions in mixtures of light and heavy water
with corresponding eigenfrequencies. Gray circles are D atoms, small open circles are H atoms,
and large red circles are O atoms (see the text). Adapted from [40] with permission from Springer
Nature
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LO-TO splitting assumes long-range correlations, we should consider correspond-
ing changes to the Bernal-Fowler water model, as the model does not assume any
long-range order for water. Finally, the intense far-IR part of the water spectrum indi-
cates strong molecular correlations. This part of the spectrum, insensitive to isotopic
substitution, requires intermolecular correlations that go beyond the model of the
network of bounded H,O molecules.

2.6 The Terahertz Spectrum of Water

2.6.1 Between the Infrared and Dielectric Spectra

Vibrational spectroscopy studies intramolecular oscillations and dielectric spec-
troscopy is a reflection of collective dynamics, while terahertz spectroscopy, which
lies at the frequencies between these two methods, probes the transition between
oscillatory and diffusion motion in water and ice. That is why the continuous spectrum
of water was missing until terahertz data appeared. Time-domain laser spectroscopy
made the terahertz data widely spread; however, there are still some technical diffi-
culties.

The first comprehensive collection of spectral data points was made by Segelstein
in 1981 [69] and is still used for analysis. Mid-IR and far-IR data were measured
by Zelsmann in 1995 [65] and updated by Bertie et al. in 1996 [70], where the
attenuated total reflection (ATR) technique was used. A more recent collation of
data was made by Artemov in 2014 [71], and new experimental data from 500 MHz
to 400 THz were provided by Shiraga et al. in 2018 [72]. Despite the great work
on data collection and the availability of many independent measurements, the data
points still vary significantly depending on the sample geometry, the method used,
and the data processing procedure.

Figure2.18a collates spectral data points for water, which were obtained over
the past few decades. The terahertz—infrared part of the spectrum is enlarged on the
right-hand side of the graph. Although a generally good correlation between the data
points has been achieved, there is still a large degree of uncertainty in the terahertz
frequency region (mainly in the real part of the dielectric permittivity). In particular,
there is uncertainty in both the peak center and integrated absorption cross section
of the v; mode centered at about 5 THz (200cm™"), and there is a divergence of the
data in between 0.1 and 1 THz, which contain both secondary relaxations: vp, and
Vp3.

The terahertz region covers the intermolecular vibrational modes, which appear
in the frequency window from 1 THz up to about 10 THz, corresponding to 30—
300cm~'. This part of the broadband spectrum reflects the dynamics in the first
and the second molecular coordination spheres at distances of about 6-7 A. The
long-range sensitivity of terahertz absorption to the dynamic properties of water
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Fig. 2.18 A collection of experimental data points for water in terms of the dielectric permittivity
(real, €' (w), imaginary, €”(w), parts), and dynamic conductivity, o (w): a the full spectral range,
b the enlarged terahertz—infrared part. Arrows show the characteristic frequencies, discussed in
Sects. 2.3 and 2.5. Data from [6, 7, 65-68] are used

results from processes in water occurring on picosecond timescales. However, a full
interpretation of the terahertz spectroscopy data remains a challenging task.

2.6.2 5 THz Oscillation Mode

The oscillatory mode v near 5 THz (200cm™") (see Fig.2.18b) of the far-IR spec-
trum of water has properties that differ from other IR oscillations observed at higher
wavenumbers. In particular, it is conserved in isotopic substitution and phase tran-
sition [73], and, unlike higher frequency librational mode v, near 600 cm~!, is not
properly reproduced by conventional molecular-dynamic simulations [74—77]. This
mode does not correspond to any fundamental modes of water molecules or their
combinations. Heyden et al. [75] referred to v; as collective intermolecular stretching
vibrations, and others discuss a translation motion of molecules with intermolecular
charge transfer induced by the OH-stretching mode [76, 77]. However, these inter-
pretations do not account for mode v, disappearing in the supercritical state [78],
and being weakly influenced by the presence of electrolytes [79]. The mode can be
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fitted as a separate oscillator from the relaxation part of the spectrum (see Sect. 2.3.1)
which is contrary to its observed isotopic behavior (see Sect. 2.7), or it can be consid-
ered as part of the uniform intermolecular dynamics, which extends to the dielectric
relaxation part of the spectrum [8].

Figure 2.19 shows the terahertz part of the dynamic conductivity spectrum of water
and heavy water at different temperatures. The spectral region, besides the small
relaxation part below 150cm™!, contains two oscillatory modes: v; near 600cm™!
and v, near 200cm~!, which was mentioned above. The former shifts when the
hydrogen atoms are replaced by deuterium atoms, while the latter is conserved.
When the temperature decreases, the mode v, shows a redshift, while the mode v;
stays at the same position, and seems stable even in the solid state (see Fig.2.13).'4

Table 2.6 shows the parameters of the mode v, for H,O, D,0, H,0!, and ice.
The central frequencies and the intensities, which are represented by their dielectric
contributions Ae, coincide within a few percent for all the substances. For water, the
damping y; is approximately equal to the central frequency vy, which means that the
corresponding oscillatory motion is overdamped, due to the rapid rearrangement of
the environment of the oscillating particles. For ice, on the contrary, a smaller value
of y; in comparison with that for vy indicates a long-lived oscillatory state.

Figure2.20a compares the Raman spectrum and the vibrational IR spectrum of
water, which look very similar to each other. The Raman spectrum has two oscillatory
modes, v near 60cm™! (~1.8 THz) and vF near 175c¢cm™" (5.3 THz), which are

4Forice, the v, mode splits and has a structure of at minimum two components, which is presumably
caused by the longitudinal- and transverse-phonon modes splitting.
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Table 2.6 Best-fit parameters of the oscillatory 5 THz mode of liquid HyO, D,0, and H,0'8 at
room temperature (data from [80]) and ice at 266 K

A€

vy (THz)

¥s (THz)

€00

H,O

1.25

1.11

1.22

0.85

D,O

5.30 (0.05)

5.36 (0.03)

4.95 (0.04)

5.44 (0.03)

H2018

5.40 (0.20)

5.06 (0.08)

4.25 (0.09)

2.93 (0.25)

Ice

2.34 (0.02)

2.29 (0.01)

2.28 (0.01)

2.2(0.1)

Fig. 2.20 a A comparison
of the Raman [81] and
infrared spectra of water. The
dashed line is obtained by
subtracting the
high-frequency modes. The
shaded areas are the
components of the spectrum
according to (2.25) and
(2.26). b The temperature
dependence of the Raman
mode central frequencies.
Calculated using data from
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close to those in the IR spectrum. The v corresponds to the third relaxation mode
of the IR spectrum (see Fig.2.4) and the vSR coincides with the vy, mode of the IR
spectrum, discussed above. Note that the IR-v; mode is perfectly matched with that
in the Raman spectrum when the high-frequency contributions are taken out (see the
red dashed line Fig. 2.20a).

Two main features of the Raman spectrum, v 53 and vSR, have been assigned, by
analogy with the IR spectral features, to O—O-O bending [83], and O-O stretch-
ing along the O—H-: - - O line [84], respectively. Walrafen showed [85] that the 60
and 175cm™! Raman peaks have a more complex nature, and correspond to trans-
verse spherical acoustic shear and longitudinal spherical acoustic dilatational waves,
respectively, and both involve the displacement of the center of mass of H,O, which
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Fig. 2.21 The Raman spectrum of the superionic conductor «-Agl. Modes vp3 and v are marked
by analogy with those for water (see Fig.2.20). The dashed line is the model which considers
coupled motions of mobile ions and cage ions (see Sect. 3.5 for the same model applied to water).
The numbers correspond to: (1) the oscillatory motion of a “dressed” ion and (2) the bare diffusion
of ion to the nearest “cage.” Data from [86]

is possible through the interstitial mechanism discussed in Chap. 1.'> The latter
explains the insensitivity of both peaks to isotopic substitution, because the oxy-
gen atom is an order of magnitude heavier than the hydrogen/deuterium atom, and
thus displacement does not change the molecular weight significantly. Figure 2.20b
shows the temperature dependencies of the central frequencies of the modes v&, and
vR. The former is temperature independent, while the latter shows a redshift as the
temperature increases with a very small activation energy of 0.02 eV, which is close
tokgT.

The described spectral features and their behavior are similar to those observed
in superionic conductors, dielectric materials with high ionic conductivity, whose
structure is characterized by disorder in the sublattice of the conducting ions. For
example, Fig.2.21 shows the typical Raman spectrum of silver iodide (Agl). The
large peak belongs to vibrations of the silver atom near the equilibrium position,
while the small one is connected with the diffusion of the same atom from one quasi-
equilibrium state to another [87]. Comparing Figs. 2.21 and 2.20, one can see that the
spectra are qualitatively similar to each other, and even have comparable intensity of
their peaks.

The models of electrical conductivity of superionic conductors were developed in
1970s, when the lattice-gas model was used for the explanation of Raman spectrum
similar to that shown in Fig. 2.21 [87]. In case of Agl, the I™ ions are considered to
form the lattice, while Ag™ ions are mobile and form a kind of fluid in the frame of
reference of the stable iodide lattice.

I5Note that the acoustic waves involve the motions of entire HyO molecule and describe the irregular
molecular arrangement, whereas the X-ray RDF analysis (see Sect. 1.2.3) gives diffusion-averaged
0O-0 distances. That is why an additional small maximum of the radial distribution function near 3.5
A can be caused by the molecules in the state of diffusion between two quasi-equilibrium positions.



2.6 The Terahertz Spectrum of Water 87

Fig. 2.22 Possible (@) H,O (b)
molecular dynamics that CD/

correspond to the vy mode in + - O
the a Raman and b infrared —~ H,O"/OH

(IR) spectra of water O q O@O

V, (Raman) Vs (IR)

Following the analogy with superionics, the oxygen atoms seem to play the role of
the “lattice,” while the hydrogen nuclei (protons) form a disordered fluid (or quasi-gas
of protons and proton holes) in the frame of reference of the oxygen atoms (or water
molecules). The redshift of the Agl spectrum with respect to the spectra of water
can therefore be explained by the difference in the molecular masses of the silver
ion (M 4, = 108) and water ions (M g,0+,on- =19 or 17). The latter are considered,
because unlike the Agl, where Ag ions are free to move, the protons of water are
always attached to the oxygen atoms (see Sect. 1.4). The good coincidence of the
spectral shapes of water and superionic conductors in the far-IR region opens up the
possibility for the further development of the microscopic model of water by analogy
with superionics.

Decka et al. [79] discuss terahertz fingerprints of the solvated proton and show
that it has two resonances, which they assigned to a solvation water mode (or the
H307 rattling mode) of around 140cm™' and a blueshifted hindered translational
mode of an Eigen species H;OV in the surrounding water molecules (see Fig. 2.22b)
at 325cm™!. This fact is in agreement with the result by Lapid et al. [88] who found
oscillatory motion of the excess proton in a H;O" moiety and its nearest neighbor
oxygen prior and after a proton transfer event. The same mode was obtained by
Kim et al. [89] in the vibrational density of states based on multistate empirical
valence bond simulations. Interestingly, Eigen [90] considered the excess-proton
delocalization within the HyO' Eigen complex as a very fast process on the sub-
picosecond timescale, which corresponds to the terahertz frequency range.

Thus, a possible explanation of the mode vy is arattling of H;O™ ions. The possible
mechanism of the dynamics behind the terahertz spectrum of water is discussed in
[73]. The dielectric contribution Ae¢, of the mode v; allows one to estimate the
concentration ny of ions. For the harmonic oscillator approximation:

2 %
ny = A880(27r2vS) m ’ (2.56)
q

where ¢ and m* are the charge and effective mass of the ion, respectively. Equa-
tion (2.56) gives n+ &~ 10*7 m~3, which corresponds to a few percent of all water
molecules, thus providing a significantly higher value, which is usually used in the
concept of pH. Nevertheless, as discussed in Chap. 4, short-lived excess-proton states
can explain the majority of the spectral features of the broadband dielectric spectrum
of water.
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2.6.3 Second Dielectric Relaxation (“Excess Wing”)

The frequency gap between IR oscillations and the dielectric relaxation is the most
poorly studied part of the dielectric response of water. The corresponding frequency
range from 50GHz to about 10 THz is hard to reach by dielectric spectroscopy
techniques from the left side and IR spectroscopy from the right side. That is why, the
right-hand side of Debye relaxation has been long unstudied, and even today a large
uncertainty of the data point exists, as shown in Fig. 2.18b, in this part of the spectrum.
Recently, terahertz time-domain spectroscopy revealed two sub-picosecond spectral
features, which have been treated as fast relaxation processes, vp;, near 60 cm~ ! (2
THz), and vps3, near Scm~! (0.2 THz) [91], which constitute the so-called “excess
wing” of the dielectric relaxation, because the dielectric losses here exceed the level
expected from the Debye formula 2.24. This deviation from Debye’s prediction has
been called a “fast relaxation” process [9].

The relaxation process vp, was initially assigned to the reorientation of an individ-
ual water molecule [91], as predicted by computer simulations [92, 93]. This interpre-
tation assumes a two-component structural model of water, which has been revealed
by Raman spectroscopy [94] and neutron scattering [95]. However, a different inter-
pretation has been proposed based on the results of ultrafast spectroscopy [96]. It has
been shown that both the main and the fast relaxation processes are due to collective
dynamics, in which the main relaxation is caused by the collective reorganization
of water molecules [97], and the fast relaxation is the inertial motion of individual
water molecules [98].

Yada et al. [7], using terahertz time-domain spectroscopy, showed that the tem-
perature dependence and the isotope shift of fast relaxation are in good agreement
with the individual relaxation mode, thus confirming the existence of free molecules
in the sub-picosecond timescale. The fast relaxation vp; is assigned to the collision
process, which means that the heterogeneity of the water is dynamic, and the ambient
water is regarded as two-component mixtures in a sub-picosecond time interval.

The mode vp3, which has been shown to be Raman active and similar to those
observed in superionic conductors (see Sect. 2.6.1) and by neutron scattering [99], is
assigned to the hindered translations [ 100, 101]. Arbe et al. [99] compared the dielec-
tric relaxation data and the neutron scattering data and found that on sub-picosecond
timescales, the hydrogen atom moves in a “cage” with a size of 0.5 A. Such a size cor-
responds to the amplitude of the vibration of hydrogen atoms (presumably together
with the host molecule) and is much smaller than the intermolecular distance, which
is 2.8 A. These results confirm that the mode v p3 is related to the local translational
movements of molecules, presumably in the excess-proton state, as discussed in [73].

Several phenomenological models have recently been suggested to describe the
main dielectric relaxation near 20 GHz and the high-frequency processes shown in
Fig.2.4) on the same footing. Figure2.23 compares these models with the experi-
mental data in terms of dielectric permittivity. The classic Debye model (magenta)
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is valid up to about 80 GHz, and does not reproduce the high-frequency processes. '®

Popov et al. [19] introduced the defect-migration (DM) model (green), and assumed
that the high-frequency dynamics, and the main relaxation, can be explained by the
migration of orientational defects through the network of water molecules. However,
the DM mechanism, as the Debye model, does not fulfil the sum rule (both models
lead to the infinite dielectric loss paradox when the frequency tends to infinity) and
has other problems discussed in Sect. 2.3.2. Figure2.23 shows the Debye and DM
models exceed the experimental dielectric losses in IR region.

Shiraga et al. [72] reconsidered the relaxational and vibrational line shapes, and
suggested a discreet stochastic frequency modulation (DSFM) model (blue), which
assumes the instantaneous modification of the line shapes by the correlation with
the surrounding system. This model solved the problem of the conductivity sum rule
(see Sect. 2.8) and reproduced the experimental dielectric spectra up to 1 THz (see
Fig.2.23), but did not account for the vibration mode v,, which is definitely a part
of the intermolecular dynamics. Moreover, the DSFM model does not contain static
DC conductivity.

An alternative model has been suggested by the author [8]. A fit within an “ionic
model” of water is shown in Fig.2.23 as a red line. One can see that the ionic model
describes all the intermolecular spectral regions up to 10 THz, satisfies the sum rule,
contains static DC conductivity (out of the graph), and describes water and ice on
the same footing. According to this model, ice and water conduct electricity by the
interaction of excess protons and proton holes. No other defects, except short-living
H;0™ and OH™ ions, are required for the dielectric-spectra interpretation from DC
up to terahertz. Within the model, the mode v, corresponds to the oscillatory motion
of short-lived ionic species, the mode vp; is a free-pass translational motion of a
newly appeared ion, the mode vp; corresponds to the solvation (hydration) of ions,

16Note that the Debye model of relaxation is based on the diffusion limit, where extremely complex
dipolar relaxations at long timescales can be treated statistically, neglecting the moment of inertia
of the dipoles and intermolecular interactions. However, for highly anisotropic and strongly dipolar
molecules such as water, their effects should be rigorously taken into account at such short time
frames as an equilibrium statistical description is inapplicable [102].
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and the main relaxation band vp; is a result of the finite lifetime of ionic species
(dielectric losses go down when the period of the external electric field exceeds the
lifetime of the ionic species). The details of the ionic model are discussed in Chap. 4.

2.7 Heavy Water: H/D Isotope Effect

The atomic-molecular dynamics of water can be effectively tested by isotopic substi-
tution. This assumes the replacement of one or several atoms by their isotopes, and
a subsequent analysis of the transformation of the dielectric response. The simplest
way to analyze the isotope effect on the spectrum is to compare the dielectric response
of light (H,O) and heavy (D,0O) water. Below we discuss the isotope effect in the
relaxation (dielectric spectrum) and oscillation (IR spectrum) parts of the dielectric
response or water.

2.7.1 Dielectric Spectrum: Intermolecular Dynamics

Figure 2.24 shows the dielectric spectra of ordinary and heavy water at room temper-
ature in terms of the dielectric permittivity and dynamic conductivity. The spectra
parameters are given in Table2.7 at room temperature, and the coefficient of their
temperature dependencies are given in Table2.8. Up to 10'3 Hz, the spectra show a
minor response to the substitution of hydrogen by deuterium: the ratio of the main
parameters of Debye relaxation is close to 1. The dielectric contributions of the main

Fig. 2.24 The broadband
dielectric spectra of ordinary
(red) and heavy (blue) water =, 60
at room temperature: the real
and imaginary parts of the
dielectric constant (top 20
panel) and dynamic
conductivity (bottom panel).
They are data from [12]. The
vertical line separates the
regions of the strong and
weak isotope effect (the
relative shift of the spectra).
Thin lines are fit components
according to (2.26). The
right part is shown separately
in Fig.2.30
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Table 2.7 The best-fit parameters of the dielectric spectrum of HO and D, O at room temperature
according to (2.26). Frequencies are in terahertz and conductivity values are in S/m

Aep) | A€pn | o4c oDl op2 | oD3 VD1 VD2 VD3 Vs
H,O |74.1 4.7 5.5-107% |74 27 148 0.019 |0.17 2.0 4.6
DO |749 4.8 1.3.107% |66 53 125 0.016 |0.16 1.8 4.6
Ratio | ~l1 ~1 4.2 1.1 1.1 1.2 1.18 1.06 1.06 ~1

Table 2.8 The coefficients of temperature dependencies of the dielectric spectra of light (H,O)
and heavy (D,0O) water. According to the Arrhenius formula, A(T)=A¢-exp(AE/kpT), where Ag

and AE are the pre-exponential factor and activation energy, respectively

A(T) A€p) o1 (ps) 04c (S/m) op1 (S/m)
H,O Ao 14.0 0.41 7.9 1.6-10*

AE 0.042 0.190 —-0.370 -0.14
D,O Ag 13.9 0.69 6.6 1.1-10*

AE 0.042 0.188 —0.398 -0.15

(Debye) relaxations, A€ep;, almost coincide, and the small redshift of its relaxation
frequency, vp;, appears, accompanying the decrease of the microwave conductiv-
ity plateau, op;. The second and third relaxations follow the main relaxation and
show a slightly bigger redshift of the central frequencies vp, and vp3 compared
to the main relaxation. However, the much smaller amplitude of both secondary
relaxations assumes a large uncertainty in the corresponding parameters.

The temperature dependencies of the main parameters of the relaxation spectrum
are collated in Fig. 2.25. The coefficients of the temperature dependencies of the high-
frequency conductivity, op, the relaxation time, 7p, and the static dielectric constant
€(0) are obtained by the Arrhenius formula A(T)=A¢-exp(A E/kpT), and the best-fit
parameters are given in Table 2.8. The magnitude and the activation energy values
of heavy water are close to those for ordinary water for all the parameters, which
indicates that the potential barriers are of the same amplitude. The static dielectric
constants, €(0), of H;O and D,0 coincide over a wide temperature range with an
accuracy better than 3% (see Fig.2.25c¢), thus differing from the behavior prescribed
by the rotational polarization mechanism. The ratio between the relaxation times is
about 1.2 for light and heavy water, and about 1.5 for ice (see Table 2.7). The general
properties of the main relaxation shows that either the role of rotation molecular
diffusion in the relaxation process is minor or negligible.

Okada et al. [12] found that the static dielectric constants of D,O and H,O follow
the polynomial formula introduced by Uematsu [28], in which the number density
instead of the mass density is used as the input parameter. The dielectric relaxation
time decreases rapidly with increasing temperature and, unusually, jumps to a very
large value at the liquid—gas transition. This result reveals that water molecules
cannot be treated as point dipolar particles because the dielectric relaxation time
of an isolated point dipolar particle would be very short. The authors measured
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the dielectric relaxation under a DC bias field of 30 kV/m and confirmed that this
strong field does not influence the relaxation time, 7p;, which one would expect
for the molecular dipole reorientation mechanism. They concluded that dielectric
relaxation in the gaseous state is governed by the binary collision of water molecules,
and explained the relaxation time quantitatively by introducing the collision time':

1 mim 2.57)
T =— | —, .
drprd?\ kT

where m is the mass of molecule, p is the density, and d is the diameter of the water
molecule. The authors showed that for dense water vapor the relaxation time, t,, is
equal to the collision time, defined by (2.57).

Figure 2.26 shows separate light and heavy water molecules, which are asymmet-
ric tops with three different moments of inertia along one of three axes: a, b, or c.
The basis of such molecules is a relatively heavy oxygen atom (O) with a molecular
weight of 16, and two relatively light hydrogen atoms (H) with the molecular weight
of 1. Note that latter are only about 5% of the total molecular weight. The center
of mass of the isolated water molecule is close to the center of the oxygen atom
(see black dots in the figure), and the angular momentum is formed mainly by the
hydrogen or deuterium atoms.

Table2.9 shows the eigenfrequencies and rotational constants A, B,
C = h2/(8n21A/3/c), where I4,p,c are angular moments, for ordinary and heavy

17They also found that the product tp; - D, where D is the self-diffusion coefficient of water, is
nearly independent of both light and heavy water
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Fig. 2.26 The scheme of an H»O molecule (left) and a DO molecule (right). Short-dotted circles
indicates the molecular border with a diameter of 2.8 A according to X-ray data. Hydrogen and
deuterium atoms are shown by small open and close circles, respectively, both lie on the distance
of the core-electron orbit radius from the center of the oxygen atom (O')

Table 2.9 The rotational constants and eigenfrequencies of free light and heavy water molecules,
according to [43]. Rotational constants are given in terahertz, and frequencies are in cm ™!

A B C 1 ) V3
H;0 0.8332 0.4347 0.2985 3694 1615 3802
D,0O 0.4615 0.2177 1.455 2666 1178 2787
Ratio 1.8 2.0 1.92 1.4 1.4 1.4

water molecules, shown in Fig. 2.26. The ratio between rotational momenta for D,O
and H,O is about 2 regardless of the axis of rotation, and the ratio of the eigenfre-
quencies is close to (ﬁ), because in the frame of reference of the heavier atom, the
ratio of eigenfrequencies between H,O and D,O is determined by the ratio of the
masses of protons and deuterons by the following formula:

mi mp
— = [—2 =141, (2.58)
my mpy

where my and mp are the masses of the proton and the deuteron, respectively. In
other words, for free rotations, the moments of inertia are determined by the hydrogen
(H) and deuterium (D) atoms only.

For the translational motion of molecules, shown in Fig. 2.26, the moment of iner-
tia is formed by the whole molecule, and the ratio of eigenfrequencies is proportional

to
Mo_ M0 _ s, (2.59)
my mm,o0

where mp,o and mpy,o are the masses of the heavy and light water molecules,
respectively. This value is close to unity, and almost 1.5 times lower than that obtained
by (2.58).

Yada et al. [7] showed that the collision time defined by (2.57) corresponds to the
second relaxation, vp;. Using the Debye formula (2.38) and (2.57), and assuming 7,
= Tpp, One gets
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G’f?z = Poeo Mo _ Ly, (2.60)
ops pmo\ mp,o 1.
which is close to the experimentally observed value (see Table2.7), and close to the
value prescribed by (2.59).

Thus, one can conclude that the gas-phase relation time, t,, introduced by Uematsu
(2.57), corresponds to the second relaxation time, vp,, of liquid water, and does
not directly correlate with the main Debye relaxation, vp;. The fact that the ratio
V9@ a2 1.18 (see Table2.7) is closer to that obtained by (2.59) than that by
(2.58) indicates that the mechanism of the main relaxation of water, and the dielec-
tric constant formation, is more like collective translational dynamics than collective
reorientations. Since the conductivity plateau op;, which is part of the main relax-
ation band, corresponds to the intermolecular charge dynamics (see Sect. 2.3), it is
reasonable to associate these charges with excess protons/proton holes, which are
apparently in the form of H3O" and OH™ ions.

W

2.7.2 Infrared Spectrum: Intramolecular Dynamics

Figure2.27 shows the IR region of the dynamic conductivity spectra of light and
heavy water in different representations: (a) linear scales, (b) linear-logarithmic
scale, and (c) double-logarithmic scales. Table2.10 shows the frequencies of the
maxima and integrals of the main peaks. The figure and table show that the spectra
undergo a systematic shift with isotopic substitution, except the region of the peak
vs, which is discussed in Sect. 2.6.1. The frequency shift of all peaks above 300 cm™!
occurs in accordance with formula (2.58), which assumes the intramolecular nature
of the corresponding dynamics. In other words, peaks correspond to the dynamics
of protons/deuterons in the frame of reference of the parent oxygen atoms. On the
contrary, the lowest frequency resonance v, does not exhibit an isotopic effect, and,
thus, should be attributed to intermolecular vibrations or the dynamics of excess
charge together with the translation of the oxygen atom.

The mode v;+v; is commonly agreed to be the O-H and O-D stretching vibra-
tions. Their ratio vfgolvf?gO is equal to 1.35, which is close to that expected by
formula (2.58). However, this mode is not a single Loretzian and has considerable
substructure, which is different for H,O and D, O [105]. In particular, the O-D band
of D,0 has three distinct peaks at 2,395, 2,479, and 2,587 cm~!, while H,O has a
similar structure but the peaks are far less distinct and the high-frequency peak has
essentially disappeared [106]. The most common interpretation of the fine struc-
ture of this mode is based on the idea that there are several types of interactions
between molecules, which influence the relative vibrations of hydrogen and oxygen
atoms [54, 107]. Within this approach, the low-frequency shoulder has been assigned
to an overtone of the bending mode, enhanced by Fermi resonance [108, 109] or,
alternatively, to strongly bonded molecules in structured geometries [110, 111]. The
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differences of these spectra for light and heavy water also indicate that there are
nontrivial isotopic effects present.

Maréchal [105], analyzing the structure of the IR spectrum of water, found that
the band v,, which is commonly assigned to molecule bending, has a perfect single-
Lorentzian shape for light and heavy water. This fact excludes several types of interac-
tions, which was assumed from the analysis of the O—H stretch band v;+v3. Maréchal
concluded that water is made of H,O molecules which either perform librations
around one of their three axes (see Fig.2.26) or perform rotations around an axis
close to their C, symmetry axis, b, of a diffusional (relaxational) type. Inasmuch as
molecules are distributed by energy, their rotational energy levels are either below or
above the potential barrier of rotation. The molecules of the first type perform libra-
tions around their three axes, while molecules of the second type can rotate around
the b-axis, but keep vibrating along two other axes, a and c. The latter molecules
make water fluid. Such a model satisfactorily explains the properties of the mode v,,
including its isotopic shift.
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Table2.10 Frequencies, v, in Hertz and areas § in 10'® S/m-Hz of the infrared peaks of the dynamic
conductivity spectra of light and heavy water shown in Fig.2.27

Vg 7% V) V1+V3 S S Sh S1.3
H,0 53 19.0 49 100 0.047 2.0 0.6 5.3
D,0O 5.2 14.5 33 75 0.047 1.0 0.3 2.7
Ratio 1.0 1.3 14 1.35 1.0 2.0 2.0 2.0

We conclude that the isotope effect analysis reveals that the spectra above
300cm~! (or about 10 THz) are mainly due to intramolecular dynamics, though
some minor effects, such as collective phonon modes and quantum dynamics, also
contribute and must be accounted for. The spectra below 300 cm~! are, on the con-
trary, due to intermolecular, essentially collective, dynamics, which start from the
oscillatory mode near 200cm ™' and then manifest themselves as a broad relaxation
band near 18 GHz with two high-frequency satellites, caused by molecular collision-
rate-controlled dynamics.

2.8 The Conductivity Sum Rule

According to statistical mechanics, the complete conductivity tensor for a given
frequency of the external electric field can be rigorously expressed in terms of electric
current components fluctuating spontaneously in the equilibrium state [15]. The
analytical properties of the corresponding real part of the dynamic conductivity
function, o (w), allows one to introduce the so-called sum rule [1, 15]:

2nngoq,z/U(w)dw=/f(w)dwzn, (2.61)
0 0

where f(w)dw is the oscillator strength and n is the full concentration of charge
carriers (atoms and electrons). Equation (2.61) is a concise form of Kramers—Kronig
relations (see 2.10 and 2.11) and implies that the integral of the dynamic conductiv-
ity spectrum (or simply the area under the conductivity curve) taken in the infinite
frequency range is conserved and is proportional to the concentration of the charges
in a unit volume of matter. Equation (2.61) works for any system (metallic or dielec-
tric), irrespective of the type of interactions, the charge carriers, the temperature, the
statistics, or even the presence of a magnetic field, thus providing the most general
form of the sum rule [15].
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Fig. 2.28 The ultra-broadband spectra of the dynamic conductivity of water (red), ice (blue),
and heavy water (gray) on double-logarithmic scales. The dashed vertical line shows the optical
cutoff frequency, wop, which separates the electronic-conductivity contribution and the protonic-
conductivity contribution. The dotted area depicts the infrared region with the highest protonic-
conductivity level, which is shown separately in Fig.2.29

From (2.61), one gets

o0

2
/ o (@)dw = %'Z’ = %wf,ao, (2.62)
0

where w, = \/nq?/(me) is the plasma frequency. Equation (2.62) assumes that the
integration of o (w) has to be carried over all ranges of frequencies, and that integral
of the conductivity spectrum is proportional to the concentration of charge carriers.

Figure 2.28 shows the dynamic conductivity spectra of ice, light water, and heavy
water plotted together. All spectra demonstrate a remarkable “transparency window”
in the optical region near the frequency wo ~ 10'> Hz, which divides the dielectric
response into two parts. The right-hand part (UV and X-ray region) has the maximal
intensity within the spectrum, two orders of magnitude larger than that for the left-
hand part with the maximum intensity in the IR region. The level of conductivity at
the “bottom” of the transparency window is ten orders of magnitude lower than that
in the UV region, and of the same value as the DC conductivity.'®

The spectral transparency window is a unique feature of water and a few other
substances, such as alcohols and some polymers. It results from the fact that elec-
tronic and atomic subsystems do not overlap, as happening in other frequently used

18The spectral transparency window allows animals to see under and through the water, and makes
water transparent for light of optical frequencies. If our eyes were sensitive to IR frequencies instead
of optical, water would be completely opaque. Obviously, evolution chooses the optical region for
vision due to the special electrodynamic properties of water.
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dielectrics. The spaced-apart electronic and atomic contributions make it possible
to apply the rule defined by (2.62) separately for the atomic part only, or, in other
words, to apply the equation to a limited frequency range.

As the maximum level of the conductivity of the atomic part is observed in the IR
region (see dashed area in Fig. 2.28), the microwave part of the spectrum does not add
too much to the integral intensity. Thus, the atomic dynamics in the IR part, which
corresponds to the vibrationally averaged dynamics, roughly reduces to the dynamics
of protons in the frame of reference of oxygen atoms. Taking into account the fact
that the proton mass m,, is an order of magnitude lower than that of oxygen m the
effective mass m* is equal tom , - mo/(m p+mo)=1-18/(1+18)-m, =0.95-m, ~ m,.
Thus, one can temporarily exclude oxygen atoms from the analysis and consider
only hydrogen atoms as the primary charge carriers. In other words, (2.62) can be
reformulated [71] for the charges in a unit volume of matter. From (2.61), one gets

=2 f o (@)do. 2.63)
Ty

where n,, and g, are the concentration and the effective charge of protons, respec-
tively.

Figure 2.29a shows the broadband conductivity spectra of water at different tem-
peratures, supplemented by their partial integrals S= f o (w)dw, depending on the
cutoff frequency, w,,. The high-frequency value of integrals, S, corresponds to the
frequency w.,= wo, where w¢ has been defined above (see Fig.2.28), and is equal to
S A~ 5-10'7 S/m-Hz for all forms of water. Using this value, one gets from (2.62) that
np 2 5-10% m~3, which is the concentration of all hydrogen atoms: n!?"“  6.10%
m~3(2-55.5 = 111 mol/l). Thus, the conductivity sum rule, defined by (2.63), works
for the protonic subsystem (intramolecular and intermolecular), which is responsible
for the dielectric response of water and ice at frequencies below wo 10" Hz.

Figure2.29b shows the dynamic conductivity spectra o (w) of light (H,O) and
heavy (D,0) water, and their partial integrals S. The spectra differ in the IR part,
i.e., the part where the intramolecular dynamics occur, while the relaxation part
(below about 500cm™!) remains unaffected by the isotopic substitution. The main
IR peaks of heavy water are shifted by a factor of a = +/2 = 1.4 (see Sect. 2.8 for
details). The S value for D,O is exactly half that for H,O, which confirms the
validity of (2.62), as the replacement of protons by the twice-as-heavy deuterons
affects the S value by a factor of b = 2. The S spectrum of D,O, normalized by
coefficients a and b, coincides with that for H,O (see the dashed line in Fig. 2.29b).
Thus, the partial sum rule works separately for protons/deutrons independently on the
electronic contribution. In other words, the left-hand side of the water conductivity
spectrum reflects the dynamics of protons in the frame of reference of oxygen atoms.
Table?2.11 contains the parameters of the sum rule, defined by (2.62), for the spectra
shown in Figs.2.28 and 2.29.
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Fig.2.29 The infrared spectra of the dynamic conductivity, o, (upper panels) and the corresponding
partial integrals S (bottom panels) as a function of the cutoff frequency for: a water and ice at different
temperatures and b light and heavy water at room temperature. So, shows the maximum integral
value, which corresponds to the total integral of the spectra. Parameters are in Table 2.11

Table 2.11 Parameters of (2.11) for the conductivity spectra of water, ice, and heavy water at
different temperatures

Temperature (K) H>,O D,O
266 (Ice) 298 345 298

mp,mg (x 10727 kg) 1.67 3.34

wo (Hz) 1.8-1014

g* (x10719 ) 0.64-1.6=1.02

Soo (x 1017 S/m-Hz) | 4.93 5.05 4.84 2.55

nplng (x 10288 m=3) 5.1 53 52 53

np I ng (mol/l) 84.6 87.5 84.6 88.3

The step-like behavior of the S function (see Fig.2.29) allows one to analyze the
contributions of individual IR bands to the integral intensity. Figure 2.30 shows the IR
spectra of ice and water. The spectra look different than those in Fig. 2.27 because a
logarithm scale is applied to the vertical axis in order to highlight the low-conductivity
values. Taking S., as 100%, one can assign the corresponding contributions to the
individual peaks. The 3,500-cm™! band gives the main, about 63%, contribution; the
libration mode v;, provides about 22%; and the bending mode v, is about 7%. Other
peaks give a few percent altogether. Interestingly, the contribution of intermolecular
dynamics, which is shown as the shaded area, constitutes mainly the mode v; and
contributes a few percent too. This contribution is small, but important for further
analysis.
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Thus, part of spectra of ordinary water, heavy water, and ice, below the optical
frequencies, satisfies the sum rule: the concentration of protons 7 ,, which contributes
to the spectra, is approximately equal to the total number of protons per unit volume
of water/ice, and equal for light and heavy water. The area of optical transparency
in the vicinity of 10! Hz separates two global bands of electronic and protonic
electromagnetic “activity.” The unique dielectric properties of water are, thus, due to
the dynamics of protons, intramolecular and intermolecular, in the frame of reference
of water molecules. Proton/hole dynamics and the corresponding ionic model of
water are considered in Chap. 4.
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Chapter 3 ®)
The Interaction of Electromagnetic e
Waves with Ice

Abstract The physicochemical distinction between ice and water determines pro-
cesses of various scales from the adaptation of living organisms to the formation
of planets. The electrodynamic properties are not an exclusion: despite the fact that
only two types of atoms (oxygen and hydrogen) are involved in the ice and water
structures, their dielectric responses are quite different. This chapter focuses on the
dielectric properties of ice over a wide frequency range, which are compared to that
of water. The similarities between ice and water are discussed within a universal
microscopic mechanism of their dielectric response that is suitable for both thermo-
dynamic forms of water. The new approach allows one to model the spectra from
DC to the terahertz region on the same footing and provides new insights into our
understanding of the molecular dynamics in ice and water.

3.1 Dielectric-Terahertz Spectrum of Ice

Figure 3.1 shows the broadband spectrum of ice in terms of permittivity and dynamic
conductivity. The spectrum, which covers frequencies from optics to radiowaves, is
compared with that for water, shown by dashed lines and previously discussed in
Chap. 2. Both spectra are provided at 0°C, the temperature at which both coexist
in thermodynamic equilibrium, and thus can be compared in the same conditions.
A parallel analysis of the spectra reveals some interesting results. First of all, the
dielectric relaxation band of ice is shifted by about seven orders of frequency magni-
tude from the gigahertz to kilohertz region.! However, the static dielectric constant,
€(0), in spite of this drastic difference between the relaxation times, stays roughly the
same (92 for ice and 88 for water). The amazing similarity of the dielectric constants
of water and ice is well known but was considered a coincidence [2], until it was
shown that this similarity has in fact a deep physical reason [3]. The parallel analysis
of the spectra of ice and water is considered in Sect.3.4. In addition, ice does not
show any secondary relaxations, which has been assigned to molecular reorientation

IThe difference, corresponding to the shifted dielectric band, between the dielectric losses of ice
and water in the microwave region is used, for example, for remote sensing of ice melting [1].
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Fig. 3.1 The broadband
spectrum of ice near the
melting point in terms of real
(¢") and imaginary (¢”) parts
of the dielectric permittivity,
and dynamic conductivity
(o). The circles represent the
experimental data collated
from [2-8], the dashed line
shows the spectrum of liquid
water at the same -~
temperature, and the shaded
areas correspond to
relaxatory (blue) and
oscillatory (magenta) modes
with parameters given in
Table3.1. The color areas a
spectra components
according to (3.1) and (3.2)
with parameters given in
Table3.1

o1 %o, o
|ce ooesnocoonooondioneeo-o-0)

Dynamical conductivity (S/cm)

10° 10° 107 10° 10" 10"
Frequency (Hz)

following the proton-transfer reactions (see Sect. 2.6.2). The 5 THz mode, which in
ice splits into two components, transforms into the main dielectric relaxation as the
frequency decreases, and no excess wings are observed.

The dielectric response of ice shown in Fig. 3.1 is well described up to about 30
THz by the following formulas:

p . Aepivpy Afj"jz-
gW) +ie" (V) = oo + ——— + —_— 3.1
W) +ie"(V) = e + ,§L<v§~—v2)+wy; 3.1
and
O'D]l)2 O'j(\)]/j)z
o) =04+ 55+ D o 5, (3.2)
vpr TVt S 0 —v) T+ (vy)

where the first terms are the high-frequency permittivity and static conductivity,
the second terms are Debye relaxation function, and the sums (last terms) are two
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Table 3.1 The parameters of the water and ice spectra shown in Fig.3.1, and decomposed in
accordance with (3.1) and (3.2)

%dc op1 (S/m) | Aepy | vpy (Hz) | vy Vs Vs Aes |vL YL Aep
(LS/m) (GHz)| (THz) | (THz) (THz) | (THz)
Ice (273K) 0.16 4.1-1073 | 87.1 78103 | 1.6 6.1 330 |1.09 |232 3.09 | 0.34
Water (273K) | 1.2 40.3 834 | 8.5-10° | 1800 |5.9 461 |135 [179 |13.2 |0.80

Lorentz oscillators. Parameter op; is defined by 2.38, and o; is defined by analogy.
Best fit parameters are given in Table3.1, which compares the results of spectra
decomposition for ice and water near the melting point. Frequency v,., which for ice
equals to 1.6 GHz, corresponds to the minimum of dielectric losses, or the point of
the highest transparency.

While the low-frequency parts of the spectra of ice and water undergo a global
transformation, the infrared region above 3 THz does not change significantly at
phase transition. Figure 3.2 shows the IR spectra of ice and water in (a) normal and
(b) logarithmic scales. The spectrum of ice qualitatively repeats that for water with
small changes in the positions and widths of the peaks. Note that the maximal dynamic
conductivity, o,,4x ~ 10% S/cm, is observed near 3500 cm™~! (10" Hz or 3 um), which
is two orders of magnitude larger that the conductivity in the microwave region. Four
fundamental intramolecular modes of water are also present in ice (see Fig.3.2a).
The H-O-H bending mode, v,, of ice is located near 6 jum; the combined symmetric
and asymmetric OH-stretching mode, v 3, lies near 3 pwm; and the comparatively
weak bands attributed to oscillations with contributions from overlapping overtones
and combinations of the fundamental modes lie near 1.5- and 2-pm, respectively [7].

However, there are some minor differences between the IR spectra of liquid and
solid water. As one can see in Fig. 3.2b, where the spectrum is plotted in linear scales,
the ice mode v 3 is shifted to a lower frequency by about 15% in comparison with
that for water, and it has a higher amplitude and asymmetric shape. Although it is
obvious that this mode is caused by the relative displacement of the proton and the
oxygen atom of the same molecule, the analysis of the fine structure of v; 3 mode
is still far from complete. Quantum effects, such as proton tunneling and Fermi
resonance (see Sect. 2.7.2), and the partial coupling of the vibrational and phonon
modes [9], which manifest themselves differently in water and ice, do not allow
us to explicitly interpret the band shape. Nevertheless, one can conclude that the
spring constant for O—H stretching is slightly weaker in ice than in water, caused by
density difference, and presumably the lower coordination number. On the contrary,
the H-O-H bending mode v, is shifted to higher frequencies by several percent,
indicating a stiffening of the spring constant of ice, and a higher quality factor of the
corresponding oscillation. The libration (hindered rotation) band, which appears at
12 wm (23 THz) is also slightly blueshifted in ice, indicating the higher cooperativity
of H,O molecules in ice than in water, caused presumably by the long-range order
formation.
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Fig. 3.2 The infrared (a) 108 ; .
spectra of ice (blue) and —
water (red) in two different g .
representations: a 23 10
logarithmic, and b linear. >
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The mode v, near 200cm~! (5.3 THz), which is associated with the intermolecular
proton transfer following the shortening of intermolecular distances (see Sect. 2.6.1),
splits into two components for ice that appear at 140 and 190cm ™! (65 and 45 pum),
and presumably indicate transverse-longitudinal optical (LO-TO) splitting, which
assumes long-ranged Coulomb interactions. Note that the 140cm~' mode disap-
pears in the Raman spectrum of ice [10], which indirectly confirms this idea. Note
that Walrafen concluded [11] that the single Raman peak is connected with longi-
tudinal spherical acoustic dilatational waves and involves the displacement of the
molecular center of mass. He identified that optic and multiphononic modes, which
mainly involve proton motion, appear above &~ 330cm™!, while pure acoustic modes,
which involve H,O center-of-mass motion, appear below & 330cm™~'. Nevertheless,
Abe and Shigenari [12] present the first experimental confirmation of the LO-TO
splitting of the mode near 200cm™! in ice. They showed that the splitting of the
mode v, is 6.0cm™!, which is close to the value previously reported by Bertie et
al. [13], confirming long-range electrostatic interaction in ice. Bertie also showed
that the transverse-acoustic (TA) branch appears only as a negligibly small shoulder
at 65cm~! in the direct infrared spectrum of ice, and thus cannot be responsible for
the v, mode.
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Whalley and Klug [14] argue that the strong infrared absorption in the O-H
stretching region is already an indicator of LO-TO splitting, which occurs in the
vibrational spectrum of ice, as well as in liquid water, due to the unconditional
similarity of the spectra. This similarity hints that liquid water should also have
collective vibrations that propagate in a similar way to those in ice and that are caused
by long-range Coulomb interactions. Thus, the IR spectrum of ice and water can be
fully understood only considering the phononic modes, which are usually missing
in conventional molecular-dynamic simulations. Note that at terahertz frequencies
water behaves more like a moderately rigid, isotropic, elastic solid as highlighted by
Walrafen [11], while ice looks more like a crystal.

3.2 The Temperature Dependence of Spectral Parameters

Figure 3.3 shows the temperature dependencies of the main microscopic transport
parameters of water and ice: the static conductivity, o, the high-frequency conduc-
tivity, opp, the relaxation frequency, vpi, and the self-diffusion coefficient, Dy,;.
Curves are collated on the basis of data from [2, 5, 15-18] and represented as
Arrhenius plots.” The perfect linear behavior of all quantities indicates that in the
given temperature intervals, i.e., 0—100 °C for water and —60 — 0 °C for ice, both
obey Arrhenius law: A = Agexp(E,/kpT), where A is the transport parameter, Ay
is the pre-exponential factor, and E, is the activation energy. The corresponding
best-fit parameters are given in Table 3.2. The figure and table show that parameters
Dyeir, vp1 and op; have approximately the same activation energy £, ~ 0.16 eV for
water, and E, ~ 0.6 eV for ice. Additionally, at the phase transition, all quantities
change synchronously by about 67 orders of magnitude, following the spectral shift
between ice and water, except the static conductivity oy, the activation energy of
which is 1.2 and 2.5 times higher than that for other quantities for ice and water,
respectively. Interestingly, o,. changes by one order of magnitude only, and in the
megahertz frequency region the conductivity of ice exceeds the conductivity of water
by a factor of 35 (see Fig.3.1). Thus, ice is an order of magnitude more conductive
in the megahertz region than water.

Figure3.4 compares the temperature dependence of H,O molecule mobility,
w0 = DserrlkpT, with the low frequency, oy, and the high-frequency, op;, con-
ductivities, which are plotted in dimensionless units. One can see that (4 g, o (T) coin-
cides with op(T) but differs from o,4.(T). This means that the high-frequency con-
ductivity mechanism is diffusion controlled, or, in other words, the energy barrier of
conduction is the same as for diffusion. Although the static electrical conductivity
o4c 1s also expected to be diffusion controlled, the higher activation energy than that
for H,O mobility indicates an interaction between charge carriers (H;0" and OH™
ions). This fact is missing in the account of the concentration of hydrogen ions in
the concept of pH (see Sect. 1.3.3).

2The plot displays the logarithm of a quantity plotted against reciprocal temperature.
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Fig.3.3 The temperature dependencies of different transport parameters: self-diffusion coefficient,
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frequency, vp1, for water and ice. The dashed vertical line corresponds to the melting point. Circles
are experimental data, lines are linear fit with parameters given in Table 3.2

Table 3.2 The parameters of the water and ice spectra shown in Fig.3.1, and decomposed in
accordance with (3.1) and (3.2)

o4c (S/m) | op1 (S/m) |vpy (THz) | Dy KH, 0
(m?/s) (m3/(V-s))
Water Ap 7.90 42 -10* 28.6 23-107% |1.9.10'°
E, (eV) -0.37 —0.14 —0.19 —0.18 —0.15
Ice Ao 1.6 - 10° 1.0-10° 100 1.1-1073 [13-1012
E, (eV) —0.70 —0.53 —0.56 —0.61 —0.58
Fig. 3.4 The temperature 102 : : — : : :
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Different activation energies for high- and low-frequency conductivity in ice
forced Bjerrum to conclude [19] that they are caused by different mechanisms.
He suggested that o, results from the migration of ionic defects, while the high-
frequency conductivity, op;, results from the migration of H-O- - - O-H, and O-
H. - - H-O defects (Bjerrum valence defects, or L-D defects, see Fig. 1.5). The latter
are expected to be negatively or positively charged species. The idea of two types of
defects producing two plateaus of conductivity is still very popular in the literature [2,
20-23].

However, apart the fact that no direct experimental confirmation of the existence
of Bjerrum defects has been found, there are some arguments that hinder their appli-
cation to the dielectric relaxation phenomena:

e Electrostatic repulsion between the partial positive charges on the H atoms of the
D defect and between partial negative charges of the L defect is bound to alter the
defect structure [23], which prevents them from contributing to dielectric losses
on the timescale of dielectric relaxation.

e The mobility of neutral water molecules is found to be an order of magnitude
higher than that expected for L-D defects [24], assuming different mechanisms
for self-diffusion and defect diffusion, which is not the case as both have the same
activation energy (see Fig.3.4).

e The concentration of Bjerrum defects in ice is expected to be several orders of
magnitude larger than that for ionic defects [2]. In water, this concentration is
expected to be even higher [20], close to the full concentration of H,O molecules.
Apart from the fact that such a high concentration of defects calls into question
the crystalline structure of ice, it also assumes a strong electrostatic interaction
between charge carriers (both ionic and L-D). As ionic species and L-D defects
are expected to have different mobilities, their mutual interaction should lead to
two frequency-separated dielectric relaxations, which are not observed.

e The expected concentration n; p of Bjerrum defects is 10'% cm? [2] for the dielec-
tric constant €(0) = €, + 47 p>n/(3kT), where p is the dipole moment of the
effective dipoles, giving a value that is 67 orders of magnitude lower than the
experimental one. Thus, the L-D defects alone cannot explain the dielectric relax-
ation, neither for water nor for ice.

These arguments, among others, do not allow us to rely with confidence on the
concept of defects when explaining dielectric phenomena in either water or ice.

An alternative approach, which satisfies the electrodynamic data and does not
contradict the basic physicochemical properties of ice, is to consider the two plateaus
of frequency-dependent electrical conductivity on the same footing. Such a model
was suggested in [25], and further elaborated in [3, 26]. It has been shown that the
static conductivity oy, and the high-frequency conductivity op; are both due to the
dynamics of H3O" and OH™ ions, but averaged over different periods of time. The
model is based on the idea that the mobility of ionic species is time-dependent, and
that the two plateaus of conductivity are limiting cases of diffusion with and without
mutual interaction. Thus, the dielectric dispersion area between the two plateaus
of conductivity (Debye relaxation) corresponds to the transition between these two
regimes.
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Figure 3.5a shows the effective potential that is used in the model and that is formed
by the surrounding molecules of the ionic species (H;O" or OH™). The potential has
two spatial periods, one is due to the nearest molecular species (see Fig. 3.5¢), and the
other is because of the electrostatic interaction with ions of the opposite charge. The
latter was previously neglected in the interpretation of the static conductivity of pure
water (see Sect. 1.3). Two characteristic activation energies of diffusion, E5¢ = 0.14
eV (see Table3.2), and E;i" = 0.37 eV are the amplitudes of the potential, which
define the high-frequency, op;, and the low frequency, oy, conductivity plateaus,
respectively, depending on the sounding frequency, as shown in Fig. 3.5b.

Within the model, ions obey Brownian motion over short periods of observation,?
and also at very long (more than 1 ps) periods of observation (the static regime).
However, the diffusion coefficients (or mobilities) are different for these two cases.
The short-term diffusion limit (high frequencies) is for such short periods that the
mutual interaction between ions can be neglected. The long-term diffusion limit
(very low frequencies) is, on the contrary, for the ambipolar diffusion of interacting
ions. The first case corresponds to the high-frequency plateau, op;, while the second
leads to the static conductivity plateau o,.. The intermediate region of dispersion is
a transition between these two cases.

3The observation time here corresponds to the period of an applied alternating electric field.
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Note that the increase of conductivity with the increase of the sounding frequency
(region 1 in Fig.3.5b) is, in fact, a Debye—Falkenhagen effect [27].* From the other
side, the decrease of the dynamic conductivity as the frequency decreases (region 2
in Fig.3.5b) is an electrophoretic effect [28].°

Thus, this phenomenological model allows the frequency dispersion of electri-
cal conductivity to be interpreted using only one type of charge carrier, namely
H30" and OH™ ions, the mobility of which is time/frequency dependent. The model
is suitable for both ice and water. The phenomenology, described above, qualita-
tively explains the experimentally observed coincidence of the activation energies of
molecular mobility, and high-frequency conductivity, op;, and allows one to obtain
the experimental dielectric constant of ice and water on the same footing [3]. The
details of the model are discussed in Sect. 3.5, and the quantitative analysis is given
in Chap. 4.

3.3 Ice Among Other Dielectrics

Quartz served as a prototype for the Bernal-Fowler structure of water based on the
similarity of their X-ray patterns (see Chap. 1). Here, we compare ice, as well as
water, with quartz and other dielectrics from the viewpoint of their electrodynamic
properties.

Table 3.3 shows direct-current conductivity o,., and the static dielectric constant
€(0), of different ionic and molecular dielectrics, including water and ice. Values are
given at room temperature (where possible), or near the melting/transition point. For
simple dielectrics, ice and water exhibit relatively high static proton conductivity,
which is o4 & 1078 S/m for ice, and three orders of magnitude larger for water. No
other dielectrics, except ionic liquids and superionic conductors, show such a high
ionic conductivity. This fact shows the ability of protons to “tunnel” between water
molecules, while the actual mobility of H;O* and OH™ ions as a whole is relatively
low. Note that the role of these excess protons (and the corresponding proton holes)
is underestimated in the polarization models of water, which seem to combine the
properties of molecular and ionic systems.

From an electrodynamic point of view, ice looks similar to Agl, a superionic
conductor, which shows high mobility of Ag* ions in the lattice formed by iodide
(I7) ions. As shown in Sect. 2.6.1, Agl has also similar Raman spectrum to water
and is better suited as a model system for the electrodynamics of ice and water than
quartz (SiO,), which as one can see from Table 3.3 has a relatively low dielectric
constant and DC conductivity.

The static dielectric constants of ice and water are also anomalously high, €(0)
~ 90. The value of €(0) is commonly associated with the ability of water to dilute

“4The increase of the conductivity when the applied voltage has a very high frequency.

SThe effect in which the mobility of ions moving under the influence of an applied electric field is
affected by the flow of ions of the opposite charge in the opposite direction.
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Table 3.3 The electrical parameters of selected dielectrics: dielectric constants, €(0), DC conduc-
tivity, o4., and molecular dipole moment, (o

Dielectric State Temp. (K) | og4c (S/em) | €(0) 1o (D) References
NaCl Crystal 298 32-10020 |59 - [29]
KBr Crystal 298 0.2:10720 |49 - [29]

Ice Crystal 273 1.6-1071 |92 1.85 [3]
Water Liquid 298 551078 |78 1.85 [25]
SiO; Crystal 298 ~10717 3.9 - [35]
Diamond | Crystal 298 ~1020 5.5 - [35]
ZrOy-Y,03 | crystal 298 <107° 20-35 - [34]
a-Agl Crystal 423 1.2 180 - [31, 32]
B-Agl Crystal 298 59-107° |14 - [31, 32]
C,NH;gNOj3 | Liquid 298 2.1072 26.3 - [30]
(EAN)

(CH3),S0 | Liquid 298 3.1078 46.7 3.9 [33]
(DMSO)

CHsOH | Liquid 298 37-107° |26 1.68 [26]
(Ethanol)

solutes. However, contrary to the commonly accepted opinion, the static dielectric
constant is not as strongly correlated with the dipole moment of a molecule as it
would be in case of pure rotational polarization (see Fig.3.6). As shown in [36], only
such materials as covalent solids and ionic substances with inversion symmetry obey
the Clausius—Mossotti equation:

8—1_ 1 a,
e4+2 3¢ V'

(3.3)

where «,,/V is the polarizability per unit volume, which in the case of molecular
dielectrics is associated with the molecular dipole moment, and in the case of ionic
dielectrics is connected with the relative ion displacement.

However, (3.3) fails to reproduce the temperature dependence of the dielectric
constant of molecular systems (including ice and water), or that of many strongly
polarizable materials with large values of €, such as ferroelectrics and piezoelectrics.
Instead, their dielectric constants obey the Curie—Weiss law:

C

&= —,
T —T,

34)

where C is the Curie constant and 7 is the Curie temperature.
The temperature dependence of the dielectric constant is easily obtained from
(3.4) by differentiation with respect to 7' at constant pressure P:
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where the right part is represented by a constant.

As discussed in Chap. 2 (see Figs. 2.9 and 2.10), (3.4) and (3.5) are perfectly
suited for both ice and water. From this point of view, ice and water behave more
like ferroelectrics, antiferroelectrics, piezoelectrics, and some other crystals that,
following (3.5), undergo phase changes, and usually show very large and abrupt
variations of the dielectric constant as a function of temperature [37]. The change
of € at the transition point depends strongly on the nature of the phase transition.
Impurities, defects, and domain boundaries greatly influence the measurement of
large dielectric constants [38].

The high value of €(0) has been shown [36] to be connected with the high value of
€0 (see Fig.3.1), which is observed at high frequencies, and caused, in particular, by
the high terahertz absorption. Figure 3.7 compares the dynamic conductivity spectra
of ice and water with ionic solids and ionic liquids, respectively. The 5 THz oscillatory
mode of water and ice, discussed in Sect. 2.6.2, is very similar to those observed in
ionic systems at 1-10 THz, which is assigned to the ionic oscillation modes in the
case of counter ions. The intensity of this mode in water and ice is of the same order of
magnitude as for ionic systems. All spectra show similar shapes with the oscillation
and diffusional parts above and below ~1 THz, respectively. Thus, according to
the sum rule (see Sect. 2.8) the concentration of the oscillating charges in water is
expected to be comparable with that in ionic liquids.

The diffusion part of the ionic conductivity below 1 THz in Fig.3.7 corresponds
to the Debye relaxation modes for water and ice (see Fig.3.1). The frequency range
of this part significantly changes from one material to another, as ionic mobility
depends on mass and temperature and essentially varies between liquids and solids.
Interestingly, ionic crystals do not show any dipole relaxation effects up to a frequency
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of about 1 GHz. The oscillation modes above 10 THz for ice and water, on the
contrary, coincide and have an intramolecular nature. Therefore, the ice and water
spectra reflect both molecular and ionic dynamic components.

3.4 Similarities Between Water and Ice

At 0°C water and ice can coexist, which makes possible to compare their electric
properties and search for the microscopic mechanisms responsible for these proper-
ties.

Figure 3.8 shows the broadband dielectric spectra of ice and water compiled at
273K in terms of dielectric permittivity €’(v) and dynamic conductivity o (v). The
spectra are the same as shown in Fig. 3.1, but presented in a more convenient form for
a parallel analysis. The difference between the spectra is obvious. The DC conduc-
tivity oy, and its high-frequency limit op differ by about seven orders of magnitude
for water and two orders of magnitude for ice. The region of the dielectric dispersion
is shifted from the gigahertz region for water to the kilohertz region for ice. Nev-
ertheless, spectra also have much in common. Both spectra can be fitted using the
following model of two oscillators, one of which is overdamped:
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Eow = w} — 0? +ioy;’
wheree* = €' +i€” = €' +i(0’)/wey, w = 2mv is the angular frequency, w; and y;
are eigenfrequencies and damping constants, and Ae¢; is the dielectric contribution
of the corresponding mode. The two modes of (3.6) are shown in Fig. 3.7 as shaded
areas labeled as “1” and “2.” The best-fit parameters are given in Table 3.4. Note
that our analysis here does not account for intramolecular infrared vibrations. For
simplicity, we also intentionally skip the so-called “second relaxation” of water
(see Sect. 2.6.2), which is not found in ice. However, the parameters of the second
relaxation are provided in Table 3.4 in brackets and marked as (1’). In fact, we use
only one of the possible ways of the spectra decomposition (see Sect. 2.3). Oscillators
are not genuine features of the spectrum, but effective tools for analysis, allowing
us to compare the spectra of ice and water. Note also that the overdamped harmonic
oscillator reduces to relaxation at the low-frequency limit, but the oscillator’s central
frequency, v;, shown in Table 3.4, is not equal to the relaxation frequency, vpi, shown
in Table 2.2.

Table 3.4 shows that mode 1 is a main contributor to the static dielectric constant
€(0) for both ice and water. It provides up to 95% of its value, leaving only a few
percent to other spectral features. For instance, mode 2, although it looks large in the
conductivity spectrum (see Fig. 3.8), is responsible for only 2% of the static dielec-
tric constant. Nevertheless, this latter mode is very important for understanding the
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Table 3.4 The fit parameters of the spectra from Fig. 3.8 according to (3.6). Additionally, € (0) = 95
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and 88; €50 = 2.2 and 2.5; 04, = 0.16 and 1.2 nS/m for ice and water, respectively,

i Ag; v; (THz) v;j (THz) oj (S/m)
Ice 1 92.2 0.6 2.4-10° 4.1-1073
2 1.12 5.7 2.9 628
Water 1 83.4 0.09 0.82 40
1) 2.1) (1.7) 4.5) (76)
2 1.15 5.0 43 372
Fig. 3.9 The dielectric 150 T T T T
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real, €/, and imaginary, €”, Ice Water
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0 ;

2 4 6 8 10 12
Log(v (Hz))

microscopic dynamics. Figure 3.8 shows that it remains stable at the phase transi-
tion. In particular, the central frequency, width, and area stay roughly the same (see
Table 3.4). In contrast, mode 1 behaves differently. Although the total area of mode
1 conserves when water undergoes a phase transition, its central frequency changes
dramatically. The equivalent total area of mode 1 for ice and water explains their
experimentally observed close dielectric constants: 95 and 88 at 0°C, respectively.
However, the identity of the dielectric constants is puzzling, because, as discussed
above (see Sect. 2.3), the microscopic mechanisms of €(0) in water and ice are histor-
ically assumed to be microscopically different. The dielectric constant €(0) of water
is assumed to be due to the reorientations of the molecular H,O dipoles, while the
€(0) of ice is better understood in terms of the migration of defects [5, 39].

The dramatic similarity of the ice and water dielectric spectra becomes obvious
from a comparison of their dielectric responses in terms of the real, €', and imaginary,
€”, parts of the dielectric constant, which are shown in Fig. 3.9. Despite the shift of the
main relaxation band by seven orders of the frequency magnitude, both spectra look
identical. The equivalent areas of the dielectric relaxations result in similar dielectric
constants. From an electrodynamic point of view, ice behaves like slowed-down
water, the microscopic dynamics of which are similar but delayed.

In addition, the fact that both ice and water have very close dielectric constants,
and their spectra have similar structures, shows that they can be analyzed on the same
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footing [3]. As discussed in Sect. 2.8, the general property of AC conductivity is the
sum rule, which states that the integral of the conductivity spectrum is a constant
quantity that depends on the concentration of the charge carriers and effective charge
only. The atomic-molecular dynamics of both ice and water are separated from the
electronic contribution by the optical “transparency window” (see Fig. 2.28). This
allows one to separate the electronic and atomic contributions to the conductivity
spectrum.
Figure 3.10 shows the low-energy spectral weight S:

wo

2
/ / T niqz‘
S = do = — —, 3.7
[owns=3 35 07
0 i

which is plotted as a function of the cutoff frequency . Note that the integral defined
by (3.7) depends only on the charged-particle-related parameters. When w reaches
wo ~ 10" Hz, S stabilizes at the level of Se &~ 5.5-10'7 S/m-Hz, which coincide
for ice and water. Substituting proton mass m, = 1.67 - 10727 kg and the effective
charge ¢* = 1.0 - 10~° C (about 60% of the charge of the proton [40]), we obtain
the concentration of carriers for ice and water: n = 111mol/l or 6 - 10°® m~3. This
concentration equals the total concentration of hydrogen atoms in water or ice.

The concentration # in (3.7) can be rewritten as n = N,s¢/Vo, where N,s is the
number of charge carriers per volume Vj of a single H,O molecule. Then, one can
write

w

2mV0
N, = Ndo'. 3.8
e =2 0/a<w> w (3.8)

The function N,ss is shown on the right-hand scale of Fig.3.10 as a function of
the cutoff frequency. The values of N,s; coincide for ice and water at two points
marked with the arrows 1 and 2 and also equal each other at frequencies above
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arrow 2, where S(wp) = So = const, and N.ss ~ 1 (one conducting proton per H,O
molecule). At frequencies above arrow 1, the spectra are dominated by intramolecular
vibrations, as evident from a comparison of the H,O and D, O (see Sect. 2.7). On the
contrary, the intermolecular charge motion dominates below arrow 1, or in the region
where dielectric relaxation occurs. The transition point between intramolecular and
intermolecular dynamics lies near the 5 THz vibration mode (see Sect. 2.6.1), where
Nepr 2 0.02 (see Fig.3.9), or, in other words, corresponds to 1 proton charge per
50H,0 molecules. Such a high concentration of charge carriers assumes a strong
electrostatic interaction between them, because the average distance between charges
of about 2nm [25] is shorter than the corresponding Debye screening length.® Thus,
the smallest “quantum” of the intermolecular conductivity of ice and water is a proton
(or proton hole) charge shared between 50 water molecules. Excess protons, or in
other words ions of H;O" and OH™~ obey Brownian motion in the potential of mutual
screening, caused by electrostatic interaction.

3.5 Protonic Transport as a Fundamental Mechanism
of the Dielectric Response of Ice and Water

Let us now consider the oscillatory-diffusion motion of a single excess proton (an
excited third proton on the water molecule that briefly forms an H;O" ion) of a
mass m in a time-dependent potential (or in a polarizable atmosphere), taking into
account its electrostatic interaction with other excess protons and proton holes (the
missing proton on the water molecule that briefly forms an OH™ ion). Hereafter,
we do not distinguish between excess protons and proton holes, unless otherwise
stated, because the mechanism of their diffusion is nearly the same. Both H;O" and
OH™ obey Brownian-like diffusion as a whole between spontaneous proton-transfer
events by the Grotthuss mechanism (see Sect. 1.3), and electrostatically interact
with each other. Figure 3.11 shows a schematic snapshot of the corresponding water
structure. Each charge has two polarization spheres. The first sphere (the dashed
black circle) is formed by polar H,O molecules. The second one (the dashed red
circle) is made of charges of the opposite sign.” Each excess proton can move inside
the ionic atmosphere formed by the surrounding negative charges (proton holes) and
together with its center. The latter dynamics are expected to be responsible for static
conductivity, while the former is responsible for the high-frequency polarization
effects. Such an approach to the microscopic description of the dielectric response
allows one to reduce the problem of polarization in liquid water and ice to a single-
particle task.

%The Debye length is the distance over which the electric field of a separate charge, placed in
a quasi-neutral medium containing free positively and negatively charges, becomes significantly
screened.

"The optimal distribution of charge in an electrically neutral system of charges of two types is when
positively charged ions are surrounded by negatively charged ones and vice versa.
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Fig. 3.11 A schematic representation of water’s “structure.” The charge in the center represents a
short-lived H307 ion (violet), which is surrounded by short-lived OH™ ions (red). There are two
polarization spheres: (1) the ionic atmosphere (the dashed red circle), and (2) the hydration shell of
the neutral polar HoO molecules (the dashed black circle). The dynamics of the central ion and its
ionic atmosphere are described by (3.9) and (3.10), respectively

Using the general theory of the dynamics of interacting Brownian particles [41],
we write a single-particle Langevin equation for a proton inside the polarization
atmosphere (in-cage motion) [42]:

mx + myx +I(2/M(t —thx@Hdt + K = f(1), (3.9)
0

where x is the position of the particle, y is a damping constant, x; = ma)g is a

coupling constant with w, being the effective frequency of the oscillations, K is a
restoring force due to the interaction with the center of the atmosphere, and f(t)
is a random force. The memory function, M (t—t') = exp[—(t—t')/7.], expresses the
frequency-dependent damping with 7, being the critical transition time from in-cage
motion to long-range diffusion motion [41].

The polarization atmosphere of an excess proton, in turn, obeys Brownian motion
according to

m*X +m*TX — K = F(t), (3.10)

where X is the center of the atmosphere, m* is the effective mass (see Fig.3.11), "
is the damping constant, F'(t) is a stochastic force, K = k(x — X) is the restoring
force (the same as in (3.9)), and x| = mQ(z, with ©( being a measure of the restoring
force.
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According to the fluctuation—dissipation theorem [44], the frequency-dependent
conductivity, o (w), is defined by the velocity—velocity autocorrelation function,
< x(t)x(0)>, by the formula:

niq

T < X()x(0) > €“'ds. (3.11)

o (w) =

Using standard formalism [42], (3.9) and (3.10), give the following solution [43]:

in;jg’B

o) = 9B 3.12
@)= /oy — AB o
with
A= % —mlw+i(y + @AM (w)], (3.13)
and
K1 .
B=——-—m*o+i-m'T, G.14)
w

where M (w) = 1/(tr. — 1 — iw) isaLaplace transform of the memory function M ().
Separating the real and imaginary parts in (3.12), we get

niq*w D(E — 0*T't.) — Co (T + Erc)

! = 3.15
o= mt, C?+ D? ©-15)
and
, niq*> C(E —’T't.) + Do + E‘L’C)
= 3.16
£(@) =€t meyT, C? + D? (3.16)
where
m Q4
C=FE—Gol' - — =2, (3.17)
m* T,
D=GE+Fol' —o— szg, (3.18)

E= %Q% — o (3.19)
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Table 3.5 The parameters used to fit (3.12) to the experimental spectra of water and ice at 273K
shown in Figs.3.8 and 3.9. Additionally, m, = 1.67 - 10727 kg, g = 1.6 - 1071 C, exc = 2.5 and
2.2 for ice and water, respectively

nix10% | m*im, y (THz) | (THz) |wo/27 Qo2 7. (ms)
(m™3) (THz) (THz)
Ice 7.7 18 2.9 2410  |0.6 5.4 5.1
Water 8.2 18 43 22 0.7 5.0 0.6

Q2 — w3(1 .
po Sty (3.20)

Tc

G=0(Q— o +w;+7/1). (3.21)

Equations 3.15 and 3.16 with coefficients defined by (3.17)—(3.21) are analytical
expressions for the frequency-dependent conductivity (compare with 2.25 and 2.26)
that include oscillatory and diffusion parts, and two types of interaction: the short-
range friction between a proton and its nearest neighbors and the long-range mutual
Coulomb interaction between excess protons. Inasmuch as all excess protons and
proton holes are electrostatically connected, the damping I' is related to the collective
rearrangements or ambipolar diffusion® of these charges [45].

Best fits of (3.15) and (3.16) to the dielectric spectra of ice and water are shown
in Fig. 3.8 (solid black lines); the fit parameters are given in Table 3.5 (compare with
the much larger number of parameters in Table 2.1 for other fits). One can see the
excellent agreement of the model and the experimental data up to 10 THz for both ice
and water. The model, given by (3.12), simultaneously describes the DC conductivity
04, the high-frequency conductivity o, and the infrared intermolecular vibrations.
It also fulfills the sum rule, given by 2.61.

For DC conductivity (3.15) gives

2 2
niq . g

Oge = (3.22)

my + 2t +m* T K1,
This equation shows that the static conductivity of both ice and water are prod-
ucts of the ambipolar diffusion of interacting charge carriers. One can see the
inverse proportionality of oy, to the transition time t. and the coupling constant
Ky = m,,a)(z) = 0.032 N/m.

Note that 7, is the time required for the excess proton to change its neighboring
ions completely or move out from the polarization atmosphere, thus showing DC

8 Ambipolar diffusion is the diffusion of positive and negative species with opposite electrical charge
due to their interaction via an electric field.
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conductivity. The corresponding barrier as evident from the analysis of the tempera-
ture dependencies of conductivity and dielectric relaxation in water [25] is a fraction
of an eV. With this barrier AE, the time t, is equal to

1 AE
T.=—exp|——=]. (3.23)
Vo kBT

Equation 3.23, even at a high frequency of charge oscillations, vy ~ 1 THz, takes the
value of about one millisecond (see Table 3.5). This is a result of cooperativity in the
protonic “superlattice,” formed by an ensemble of excess protons.

For the dielectric constant (3.16) gives

£(0) = nig*m* T +it)  nig?

~ M4 (3.24)
gok (my + 12t +m*I')  gokr

One can see that €(0) depends on the concentration n; and the coupling constant
k2. Introducing the plasma frequency, a)?, = n;q*/egm, we have €(0) = a)‘%/a)g from
(3.24). Thus, within this model €(0) is formed similar to plasma by the relative
displacements of the excess protons and the holes. The same microscopic mechanism,
as dictated by the causality principle, applies for dielectric relaxation phenomena in
both ice and water.

Table 3.5 shows that the damping constants, I', for ice and water differ signifi-
cantly, showing the presence of the long-range order in ice formed by ions and its
impossibility in liquid water presumably due to the fast proton exchange between
ions and H,O molecules. The lifetime of water molecules, obviously, depends on the
charge hoping rate. The high damping constant I'" for ice is a result of the slow rate of
proton exchange (in comparison with water) and the formation of long-range order
by analogy with ionic crystals. Other parameters, namely, the concentration of con-
ducting species n;, the damping constant y, the effective mass m*, and frequencies
Qo and wy, remain stable.

The fact that two sets of microscopic parameters in Table 3.5 coincide indicates
the similar structures of ice and water, with the only difference being the speed of
proton dynamics. The effective mass, m* = 18 - m,, in the model equals the mass
of H;O% and OH™ ions, because the excess proton is always connected to a host
molecule. The frequency ¢ = 5 THz (180cm™") equals the frequency of mode 2
(Table 3.4).

Because both (3.6) and (3.12), fit the experimental spectra, one can conclude
that mode 2 corresponds to the vibration of the ions and mode 1 is the diffusion
of ions in the mutual electrostatic interaction potential. The corresponding 95% of
contribution of mode 1 to the static dielectric constant €(0) is due to the proton-hole
relative polarization.

The concentration n; of excess protons (see Table 2) corresponds to 4% of the total
concentration of water molecules, n,, = 3 - 10*® m—3. At first glance, this concen-
tration contradicts to the concept of pH. However, the pH is determined by the static
conductivity and with the assumption that ions in water do not interact. In the con-
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sidered model, n; is obtained assuming electrostatic interaction among ions. Thus,
the pH is a measure of proton activity (but not of the concentration of excess protons)
at the static limit only. The majority of these excess protons sit in the potential and
conduct only at high frequencies.

The high-frequency ion diffusion coefficients,

kT
Dy = 22257 (3.25)
n;q

are equal 1.1-107'* for ice and 7-10~? m?/s for water. They exceed the self-diffusion
coefficient of H,O molecules by 10 and 350% for ice and water, respectively. This
means that the excess protons (or holes) in liquid water do not remain bound to
water molecules and can spontaneously change hosts by proton exchange. As a
consequence, the ensemble of excess protons forms a kind of gas, if we switch to
the frame of reference of a neutral water molecule and a crystal-like structure in a
laboratory frame of reference. Note that the charge carrier here is not equivalent to
the hydrogen proton, as a water molecule has two hydrogen protons and either of
them can participate in the charge transfer.

It should be noted that we do not explicitly discuss the hydrogen bonds between
the H,O molecules in this model. However, the manifold of the excess-proton migra-
tion and the corresponding dissolution of the excess protons among neutral water
molecules on large time and space scales can be considered as an analogue of hydro-
gen bonding (see Sect. 4.1).

The spectra of water and ice in terms of the real, €/, and imaginary, €”, parts of
the complex dielectric function €*(v) = €’(v)+ie”(v) have fundamental similarities
discussed in Sect. 3.4. The general difference between the two spectra is a frequency
shift shown by the arrow in Fig.3.9. The static dielectric constant (¢(0)) is shown
in Fig.3.12 as a function of temperature. The experimental curve €(0, 7') looks like
a single line with a small gap near the melting point substantiated, presumably, by
the 8% density change between ice and water.” Because €(0) is proportional to the
integral of €”(v), considering the similar mechanism for ice and water dielectric
functions, we expect similar mechanisms for their dielectric constants.

From (3.23) and (3.24), one can obtain for the static dielectric constant:

OdcTe

£(0) = o (3.26)

This relation links €(0) with DC conductivity o, and is proportional to the tran-
sition time 7...!° The DC conductivity and 7. are both functions of temperature:

9Note that the difference between the concentrations of excess protons in ice and water in Table 3.5
is also about 8%.
10Note that this formula is different from the classic Debye formula €(0) = op;tp1/ep, which

connects high-frequency conductivity op and dielectric relaxation time 7 with the static dielectric
constant.
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where E, are two different activation energies, wy is the oscillation frequency defined
above, and T is the critical temperature. Substitution of (3.27) and (3.28) for (3.26)
gives the static dielectric constant:

(0, T) = A exp _ B , (3.29)
T kp(T — Tp)

where A = oy4./(€pwp) and E, = E} — EY . Equation 3.29 is a single relation for €(0)
for both ice and water. It does not contain the H,O dipole moment 1y and perfectly
fits the experimental € (0) of ice and water with the following parameters: A = 5 - 10*
K, E, =0.04 eV, and T, = 840K, as shown in Fig.3.12. Interestingly, at T = Tj,
the dielectric constant €(0) reaches €5, ~ 3. At T K Tp, (3.29) gives a Curie-like
law, €(0) ~ C/T, with C =2 - 10*K.

Thus, the polarization due to local fluctuations of ions by the spontaneous
exchange of excess protons with neutral molecules is an appealing alternative to
the rotating dipoles of H,O. Note that the suggested model is applicable for a wide
frequency range without any additional species except intrinsic ions. This is a char-
acteristic feature of the model.

The model produces a set of parameters that shows the identity of the local dynam-
icsinice and water (see Table 3.5). This shows that the proton exchange rate is the only
parameter that is different for ice and water. It governs the formation of a long-range
network of electrostatically connected ions. Fast proton exchange in water makes
the formation of the long-order structures, reflected in the model by the damping
constant, impossible.
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The proposed model is a single formula (3.12) instead of the two relaxations
and four oscillators, commonly used for the same spectral region [46, 47]. The
number of parameters is reduced from 3x6 = 18 to 6. Each parameter has a clear
physical meaning. The model explains not only the polarization mechanism, but
also DC conductivity. This is a distinctive feature of the model compared to existing
models [20, 48, 49]. In addition, it treats ice and water on the same footing. These
three advantages extend the range of the validity of the model.

We analyzed ice and water dielectric responses in an external electric field on
the same footing. We introduced a phenomenological model based on an analogy
between ionic conductors, ice and water. The model shows good agreement with
experimental data over fourteen orders in frequency magnitude, predicts the general
trend of the temperature dependence of the static dielectric constant, and is useful for
experimental data approximations. According to this model, ice and water conduct
electricity by the interaction of excess protons and proton holes. No other defects,
except short-living H30" and OH™ ions, are required for the dielectric-spectra inter-
pretation from DC up to terahertz. The model sheds new light on the electrical prop-
erties of water, which were not fully accounted for by previous models [20, 50]. It
also provides a simple means for analytical ice and water dielectric data approxima-
tion under a wide range of thermodynamic conditions within an extended frequency
range, up to 10'* Hz.
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Chapter 4 ®
The Dielectric Properties and Dynamic oo
Structure of Water and Ice

Abstract The electrodynamic properties of water are inextricably linked with
its structure and molecular dynamics. This chapter discusses a phenomenological
approach that provides a microscopic description of the various electrodynamic
parameters of water and ice on the same basis. The parameters related to the micro-
scopic dynamics of water (such as the molecular lifetime, the rate of proton exchange,
autoprotolysis, and the mechanism of dielectric polarization) are discussed in fine
details and compared with those derived from independent experimental data. The
microscopic description of the phenomenon of dielectric relaxation and an explana-
tion for the anomalous behavior of dielectric constant are given. In addition, questions
on why microwaves are absorbed by water and pass through other dielectrics, and
why pH is so dependent on temperature are addressed.

4.1 Problems of Describing the Dynamics of Water
on the Basis of Hydrogen Bonds

As mentioned in Chap. 1, hydrogen bonding is a phenomenological concept that
provides a good platform for the qualitative description of a variety of water’s
anomalies.! However, although this concept allows one to explain key properties
of water, the vague definition [1], and multiple parameters that are used for the
parametrization of the bonds, do not assume a simple microscopic picture for the
atomic-molecular dynamics, hindering a quantitative description of the majority of
the (electro)dynamic parameters of water and ice. A special problem is the abun-
dance of ambiguous descriptions of the parameters of the hydrogen bonds, such as
shape, lifetime, length, directionality, and energy. In general, the concept of “bond” is
probably not the best way to describe the molecular dynamics, as it does not account
for the exchange of atoms between molecular species or the fact that electrostatic
interactions are a function of distance, which is controlled by the thermal fluctuations.

ISee a comprehensive description of the anomalies of water on the website of Prof. Martin Chaplin:
http://www]1.Isbu.ac.uk/water.
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The complexity of the concept of hydrogen bonding is obvious from the fact that
the notion of a hydrogen bond includes many types of interactions, including electro-
static attraction, polarization, dispersion, proton exchange, and covalent bonds,? and
that it has no strict criteria that allow one to “recognize” the hydrogen bond among
other molecular interactions [1]. The criteria are still too blurry, and the relative con-
tribution of the individual components of hydrogen bonds that keep the species of
water together remains a matter of debate [2, 3].

The specificity of bonds between water molecules can be demonstrated in a simple
thought experiment. The amount of energy necessary for the evaporation of water
at normal pressure is Q = 2260 kJ/kg [4]. Assuming that water consists of H,O
species,® one gets their molar concentration n = m/M = 1000g/18g - mol~! =
55.5mol/l, where m is the mass, and M is the molecular mass. Dividing Q by n,
one gets the energy per molecule, which equals gg = 40.7 kJ/mol. Assuming that on
average there are 3.6 “bonds” per molecule [5], one gets the energy of a single bond
between two water molecules: gy g & 11.3 kJ/mol. This bond is too weak for covalent
or ionic bonds, which lie between 60 and 600 kJ/mol, and too strong for Van-der-
Waals interactions, which lie between 0.1 and 4.0 kJ/mol [4]. Thus, the bonds between
water molecules were assigned to a special type of intermolecular interactions, or
hydrogen bonds [6]. The value gy 5 is close to the value 13.6 kJ/mol of the binding
energy of the water dimer (H,O); [7], and close to the spread of about 11 kJ/mol (0.11
eV) in the interaction energy among different isomers of the water dimer [3]. The
latter energy is obviously a minimal energy barrier of molecular diffusion.* In such
a way, the concept of hydrogen bonding found a logical framework and has spread
widely across different fields of science [6]. However, it has significant limitations,
which make it inapplicable at short (picosecond) timescales.

Note that the calculations provided above are based on the assumption that water
is an ensemble of sharply defined H,O species. The diffusion-averaged structure of
water possess a molecular nature, however, at short (picosecond) timescales, simu-
lations of molecular dynamics, and ultrafast spectroscopic techniques (see Chap. 1),
show that molecules lose their individuality and can form the short-lived species
which are missing in the diffusion-averaged structure of water by Bernal and Fowler
(see Chap. 1). Each short-lived charged species, such as hydronium, Eigen, or Zun-
del cations, and their counterions (anions), are the centers of the Coulomb field,
which electrostatically affects the surrounding molecules. These kinds of intermolec-
ular interactions are missing in the conventional concept of hydrogen bonding. For
instance, Eigen showed [8] that the heat of the hydration of the hydronium (H;O) or
hydroxyle (OH™) ions of water is relatively large and is approximately 1200 kJ/mol

2Covalent bonding includes o-bonding, 7-bonding, metal-to-metal bonding, agostic interactions,
bent bonds, three-center two-electron bonds, and three-center four-electron bonds.

3See the notes on the DC conductivity of water in Sect. 1.3, which show that this assumption is
not totally correct, because the small concentration of intrinsic ions (H;0% and OH™) of water
was obtained neglecting their mutual interaction. Accounting for the interaction leads to a much
higher concentration of short-lived ionic species (see Sect. 3.5), which cannot be neglected when
intermolecular interaction is taken into account.

“4The experimental activation energy of self-diffusion in water is 0.18 eV (see Sect. 1.4).
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(300kcal/mol). This energy was not accounted for in the above-calculated strength of
the hydrogen bond. Note that the electrostatic field of ions polarizes the surrounding
species more efficiently than the dipole—dipole interaction and assumes long-range
intermolecular cooperativity, because the electrostatic potential of an ion is propor-
tional to the inverse distance 1/r, but the Van-der-Waals potential is proportional to
1/r%. While the latter can be neglected at the intermolecular level, the former pro-
vides an additional cohesion of water species on the long-range level, which must
be accounted for.

Eisenberg and Kauzmann [9] analyzed the problems of hydrogen bonding and
concluded that the fraction of broken bonds in the liquid may not be the best parameter
for describing water. For example, the IR spectrum, discussed in Sect. 2.5, is not
compatible with the concept of a discrete number of sharply defined bounded species.
If such species exist, one would expect a contribution from non-hydrogen-bonded
OH groups of H,O molecules near the corresponding OH-vibration mode of water
vapor (see Fig. 2.13). However, this was not observed. Moreover, the large dielectric
constant, €(0), of water and ice implies strong molecular correlations and a high
polarization ability. These two mechanisms cannot be simultaneously satisfied in
terms of a hydrogen-bonded network of identical long-lived molecular species.

Although some aspects of the complex phenomenon of hydrogen bonding are
still suitable for the description of proton transfer, in general, it is outdated and
does not fully reflect modern spectroscopic data. The dynamics of hydrogen bonds
and Bernal-Fowler water (see Chap. 1) is probably not the best platform for the
analysis of the electrodynamics of water and ice. The concept of molecular water
was developed on the basis of diffusion-averaged dynamics and does not include
short-term (picosecond) high-frequency dynamics, i.e., high-frequency dynamics
assume additional to H,O short-lived species [10]. In Sects. 4.2 and 4.3 we discuss
a phenomenological model (the ionic model) of water, in which a variety of specific
bonds of well-defined molecular species are substituted with the simple electrostatic
interaction between the variety of short-lived ions and molecules. Although the ionic
model is yet to be tested and recognized, it looks promising for the explanation of
the anomalous properties of water beyond the electrodynamic data.

4.2 A Phenomenological Model for the Broadband
Dielectric Response

4.2.1 Microscopic Features of Self-diffusion

Frenkel showed [11] that molecules of a liquid undergo Brownian diffusion, being at
the same time in an oscillatory state similar to that in solids. In this way, he reduced
the theoretical gap between solids and liquids, allowing them to be considered on
the same footing. Figure 4.1 shows a snapshot of the relative arrangement of water
molecules estimated by neutron and X-ray diffraction techniques (see Sect. 1.2.3 for
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details). This microscopic structure is characterized by the oxygen atoms forming
hexagonal rings with a nearly tetrahedral coordination of molecules. The average
distance between nearest oxygen atoms is about 2.9 A. The water molecule packing
density is 0.36 [12], which is half the density of 0.74 for the close-packing of spherical
particles. Thus, the volume of cavities between the molecules is approximately the
same as the occupied volume, which provides enough space for molecular diffusion.’
The diameter of a water molecule is 2.8 A, the average distance between molecules
(the amplitude for Frenkel’s oscillations) is about dy = 0.1 A, and the distance to
the center of nearest cavity is [y = 2.9 A. Thus, there are several possible degrees
of freedom for molecular diffusion: molecular oscillations, orientations, interstitial
translations, and independent diffusion of oxygen and hydrogen atoms by proton
exchange.

There is no direct experimental evidence that hydrogen atoms (protons) are pinned
to the oxygen atoms for a long period of time. The lifetime of water molecules was
initially established by conductivity measurements; the experiment’s pros and cons
are discussed in Sect. 1.3. For example, eigen thought that the average period of
association of proton with a water molecules is less than 1 ps [8], while Bernal
and Fowler talk about 11h [13]. The de Broglie wavelengths® of protons at room
temperature is 1.8 A [14], which significantly exceeds both the intermolecular gap d,
and the width of the barrier of the proton transport reaction Ax 2 1 A [15]. Thus, the
proton is essentially delocalized, and there is a high probability of proton exchange
between molecules, which is the primary mechanism of the electrical conductivity

5 After dissolving salt in water there is a reduction in volume due to the filling of the non-occupied
volume.

SA de Broglie wave is a probability wave, which determines the probability density of object’s
detection at a given point in the configuration space. The notion is a central part of the theory of
quantum mechanics, which represents the wave—particle duality.
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of water.” In other words, the finite lifetime of H,O molecules depends on the rate of
the generation and recombination of excess protons (H;O™) and proton holes (OH™).

The de Broglie wavelength is inversely proportional to particle momentum [14],
thus, tunneling becomes noticeable in small masses and at low temperatures. How-
ever, if the process is diffusion controlled (as in Frenkel’s concept of diffusion), the
conditions change, and tunneling during hydrogenation/deuteration is accompanied
by a semi-classical kinetic isotope effect with a negligible difference between the
transfer probability of hydrogen and deuterium. Hama et al. [14] suggest that for
this reason, the tunneling, which may account for the unexplained fast dynamics
in water and aqueous systems, has been unrecognized in a variety of experimental
studies. This, in particular, may apply to the relaxation part of the water spectrum
below 10 THz, which demonstrates no significant isotopic shift after deuteration (see
Sect. 2.7).

Bakker et al. [17] showed by pump—probe spectroscopy that the vibrational poten-
tial of the O—H stretch vibrations of water has extreme anharmonicity that arises from
the O—H- - - O interaction, and they observed that the energy required for this delocal-
ization of the proton between the oxygen atoms of two neighboring water molecules
is unexpectedly low. They found that the dissociation energy of the O—H bond of the
water molecule in liquid water is at least 20% lower than that in the water vapor, which
explicitly assumes the quantum-mechanical nature of the proton transfer. It was later
confirmed [18] that Frenkel’s thermally activated motion of water molecules leads
to pronounced structural fluctuations, underlying processes ranging from sub-100 fs
librational motions to picosecond intermolecular transformations. This timescale is
in line with the results by Eigen [8], who also studied the dynamics at the same time
interval.

Using ultrafast IR spectroscopy, Carpenter et al. [19] showed that the transport
of an excess proton is followed by the reconstruction of its hydration shell,® which
goes through the orientational relaxation of molecular dipoles within t,,, = 2.5 ps.
The authors attributed the slow decay of the hydrated proton anisotropy to the proton
intermolecular transfer kinetics that result in the loss of the memory of the prior
configuration within the t,,,. In other words, the hydration shell of the H;O" ion
relaxes to the equilibrium conditions after the perturbation caused by the intermolec-
ular proton transfer in a picosecond time interval. The time decay t,,, corresponds

7Interestingly, proton-transfer reactions have been found dramatically less common in simulations
based on an empirical force field [ 16]. The problem is that extreme fluctuations of the O—H stretching
vibrations are stabilized by the rearrangement of the electron density. This rearrangement is usually
unaccounted for by the empirical potentials, which are defined by the X-ray diffraction of molecules
of water vapor, where proton transfer is extremely rare. As aresult, autoprotolysis is usually excluded
from standard simulations of molecular dynamics (see Sect. 1.6.). However, this does not mean that
the process is impossible in reality.

8The hydration shell is the layer of water molecules around the ionic species with perturbed structure
and dynamics. The hydration shell provides an additional polarization degree of freedom in water
and aqueous solutions.
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to the second relaxation of water (see Sect. 2.6.3), thus, indirectly confirming the
connection of the excess wing of the Debye relaxation to the orientational dynamics
of H,O dipoles in the hydration shell of short-lived ionic species.

While the short-range dynamics are diffusion controlled, the large-amplitude
intermolecular proton dynamics are better described by the Grotthuss mechanism
(see Sect. 1.3.1), in which the excess proton moves from one molecule to another
by minimal displacements of individual H,O species,’ while the charge each time
hops a larger distance, equal to the molecular diameter. Hassanali et al. [20] showed
that rather than undergoing an exclusive step-wise hopping, the excess proton goes
through periods, when it can cover 4-8 A in distance over several H,O molecules on
sub-picosecond timescales, followed by a relatively long resting time t,, when the
proton does not propagate through the water network, obeying Frenkel’s oscillatory
motion together with the host molecule. The authors showed that the excess proton
resting time equals 7, > 10 ps, and that the correlated back-and-forth vibrations of
protons between the neighboring water molecules exist on femtosecond timescales.
The latter defines the lifetime of the Zundel complex.

Thus, in addition to Frenkel’s idea of the simultaneous oscillatory-diffusional
motion of molecules in a liquid, for water, we add the exchange of atoms by
molecules. In other words, water differs from other liquids by the ability of molecules
to exchange protons, which means that the species of water are short-lived and con-
tinuously being reconstructed.!” The two types of atoms (oxygen and hydrogen)
provide the formation of the following species in water: HO, H;O™, OH™, and their
derivatives: H;0"-3H,0 (Eigen cation), H50;r (Zundel cation), OH~-3H,0 (Eigen
anion), and H;O, (Zundel anion) [10]. All species are converted into each other by
proton exchange and have different lifetimes. However, all of them contribute to the
IR spectrum, showing high concentrations of short-lived ionic species [10]. Note
that each act of proton exchange is accompanied by a charge transfer, followed by
the adaptation of the surrounding molecules, or local polarization, which can be also
seen in the absorption spectrum.

4.2.2 The Spectral Signature of the Excess Proton

The details discussed above assume the electrodynamic response of the excess proton
in the dielectric spectrum, with a particular contribution to the infrared, terahertz,
and microwave frequency ranges, down to radio waves. Note that the spectroscopic
signature of the excess proton was identified in gas-phase water clusters only [21],
and, its contribution to the spectrum of bulk water has not yet to be unambiguously
identified. Nevertheless, by comparing the characteristic times of proton transport

9The transfer of the negative charge, represented by a hydroxyle ion is realized by analogy. The
dynamics of the proton hole is realized by the proton transfer in the opposite direction.

10This property differentiates the modern models of water from those of a hundred years ago.
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with the corresponding frequencies of the features of the spectrum, one can assign
the dynamics of the excess proton to the characteristic parameters of the dielectric
response of water.

Figure 4.2a shows the basic stages of the excess-proton dynamics: the interconver-
sion of Eigen and Zundel cations by means of collisions and proton exchange, and the
Grotthuss mechanism. These stages are depicted on a timescale which corresponds
to the terahertz-to-gigahertz part of the dielectric response of water, shown separately
on panels (b) and (c) of the figure. The parameters of the three main modes of this
spectral region (two relaxors and one oscillator) are given in Table 4.1. There are two
plateaus of conductivity, op; and op,, two characteristic frequencies of relaxations,
vp) and vpy, and one central frequency of oscillation, v, with a half-width, Av,. A
comparison of the dielectric contributions A« of the relaxations show that the second
relaxation is significantly smaller than the main (Debye) one.

The basic spectrally active stage is the Zundel cation, or the excess proton shared
between two water molecules, whose intramolecular spectral activity is expected to
be near the O—H stretching vibration v; 3 &3500cm ™! (out of the scale in Fig. 4.2).
Fundamental proton vibration has been observed by Dahms et al. [22] using 2D

Table 4.1 Parameters of the spectrum shown in Fig. 4.2

vp1 (THz) | vpy (THz) | vs (THz) | Avy op1 op2 Aepi Aepn
(THz) (Slem) | (S/em)
0.02 0.18 5.3 1.8 0.72 0.28 71 3.0
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absorption spectroscopy in the form of a broad absorption band between 900 and
1500cm~!, with overtones assigned to the broad absorption continuum between
1,500 and 2,700 cm—". In addition, one should also expect the intermolecular spectral
activity of the excess proton, which should appear in the terahertz frequency range.
Proton dynamics are responsible for static conductivity too, thus, the dynamics of
the solvated proton is expected to contribute to the whole frequency range from the
IR down to low-frequency static conductivity oy,.

The essence of the proton current is the continuous mutual transformations of
Eigen and Zundel cations (see Sect. 1.3). The Eigen cation is a hydronium ion
solvated by three water molecules (see Fig. 4.2a), which has a spectral activity near
the 5 THz oscillatory mode, v,, due to the vibration of the central ion in the shell
of surrounding molecules (see Sect. 2.6.2). The Zundel cation is a transition point
between two vibrational states. The switch between two Eigen states goes by proton
tunneling, followed by the relaxation of the hydration shell (see the two circles around
Zundel cation in Fig. 4.2a). The spontaneous tunneling of the charge induces the
delayed adaptation of the nearest molecular dipoles, which presumably corresponds
to the second relaxation (see the blue area in Fig. 4.2). As the polarization of the
hydration shell is due to the reorientations of H, O molecules, the second relaxation is
also associated with molecular rotations. The local current induced by the migration
of naked (unsolvated) ion contributes to the plateau op,.

Continuing to increase the time of observation, we switch to a series of proton
transfers, which contribute to another conductivity plateau op;. This plateau can be
considered as a current made by the dressed (solvated) ions, as the charge drags its
solvation shell. That is why, in the real spectrum, this plateau is distorted by the
solvation and the broadening of the peak v;. The lifetime of an ion in the oscillatory
state between two transitions can be found from the half-width Av; of this peak.
Finally, a decrease of the conductivity below vp; is due to the finite lifetime of
ionic species and due to their mutual electrostatic interactions, which, as discussed
in Sect. 3.5, effectively reduce the cumulative mobility of the charge carriers at
relatively long observation times (more than a few dozen picoseconds).

Thus, we correlated the intramolecular and intermolecular dynamics of the excess
proton with the broadband dielectric spectrum of water and identified the characteris-
tic frequency ranges, where we can expect the spectral signatures, which correspond
to the vibrations, tunneling, translations, drift, and diffusion of excess protons and
proton holes.

4.2.3 The Ionic (Protonic) Model of Water

Now, accounting for the details of proton transport described above, we formulate the
ionic model of water. First of all, we represent water as an ensemble of H, O molecules
and intrinsic ions, H;0" and OH™ (see Fig. 3.11), obeying thermal collisions, which
transform to each other by the transfer of a proton (or proton hole). In other words,
we admit spontaneous autoprotolysis and periodic proton exchange between water
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molecules and intrinsic ions, thus accounting for the nuclear (protonic) quantum
effects. We assume that each molecule/ion obeys rapid oscillatory dynamics around
the equilibrium position, being simultaneously in Brownian diffusion motion (see
Sect. 4.2.1). The water is considered electrically neutral, containing an equal number
of positive and negative ions (the electroneutrality principle), so that in equilibrium
we have

ny, ny

Tw _ Bt 4.1
P (4.1)

where n,, and n are concentrations of H,O molecules and ions, respectively. The
concentration of HyO molecules can be found as n,, = ng — n+ ~ ng, where ny =
55.5mol/l is the full concentration of all species in water.

Figure 4.3 represents the details of atomic-molecular transport in water, relevant
to its electrodynamic properties. For simplicity, the ions and H,O molecules are
represented by gray and white spheres, respectively, and the only one type of ions
(H30™) is considered. Protons and proton holes are depicted by small solid black and
open circles, respectively, and oxygen atoms are assumed to be in the center of the
each sphere. The numbers indicate the polarization relaxations that have a reflection
in the spectrum.

Let us assume that at the initial moment, the H;O™ ion oscillates with a charac-
teristic frequency v; inside the hydration shell (event 1 in the figure). This state we
call a “dressed”-charge state. When the observation time increases, the excess proton
(charge) escapes the hydration shell and becomes “naked.” The transformation goes
by the charge transfer between the molecular species. The excess proton changes the
host molecule, being occasionally squeezed between two neighboring species (event
2). The charge hops the distance of 2.8 A of two molecular radii, while the proton
as a particle just sticks from one molecular species to another (i.e., does not hop at
all). The time spent by the ion in the vibrational state determines the half-width Av;
of the vy mode. The subsequent relaxation of the naked state to the dressed state
is characterized by the relaxation time 7., coinciding with the secondary relaxation
time 1/vp,. Due to continuous diffusion, the naked charge becomes dressed again
at a distance [/ from the initial position, equal to 4/ D;t+, where D; is a diffusion
coefficient of the solvated charge.

Further, the charge, separated from the parent molecule, diffuses independently,
repeating a series of Zundel-to-Eigen cation transformations (event 3). The molecule
abandoned by the charge moves like a neutral particle (event 4) until it again encoun-
ters another (or the same) charge and turns back to the ionic state (event 5). The
time interval between the events of charge separation and ion reconstruction is the
lifetime t,, of the molecule H>O.!'! The time between events 1 and 5 is also the time
of the main (Debye) dielectric relaxation [23]. Within the time f,,, an excess charge
(the polarization configuration of molecules) passes a distance L in the laboratory
frame of reference.

'Here, the lifetime is defined as the period between the transformations of a molecule into an ion
by adding/removing one proton.
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Fig. 4.3 The schematic of the atomic-molecular dynamics in water, which corresponds to the
experimental dielectric spectrum shown in Fig. 4.2. Orange arrows show transitions between specific
states (from right to left): (1) is the oscillatory dynamics of the excess proton (ion); (2) is the
successful proton transfer from the ion to the nearest water molecule (charge transfer) followed by
the adoption of the hydration shell; (3) is the series of excess charge transfers by the transformation
of the states 1 and 2; (4) is the diffusion of a molecular species between two excess-proton states;
and (5) is the reconstruction of a molecule and excess proton. Green arrows show two relaxation
modes: (I) is the main (Debye) relaxation, and (II) is minor secondary relaxation (see text for details)

Comparing the processes in Fig. 4.3 and the spectral features in Fig. 4.2, we
determine the following characteristic times: ¢, = v,/ Avsz is the lifetime of an ion in
the oscillatory state, t, = 1/vp, — 1/Avy is the lifetime of an ion in the translational
state, f,, = 1/vp; is the lifetime of a neutral H,O molecule equal to the relaxation
time tpy, and 14 = t; + ¢, is the lifetime of an ion. Table 4.2 contains the numerical
values of these times at room temperature, calculated using experimental data from
Table 4.1.

Further analysis requires an understanding of the structure of the diffusion mecha-
nism, which is different for charges and molecules. Singwi and Sj6lander showed [24]
that in the case of two-component oscillatory-translatory motion, the diffusion coef-
ficient is determined by

Dy =12/16(t; + 1)1, (4.2)

where D is the effective diffusion coefficient of a species, [ is the elementary dif-
fusion step of oscillatory-translatory motion (see Fig. 1.25), and #; and ¢, are the
lifetimes of a species in the oscillatory and diffusion states as defined above.
Figure 4.4 shows the spectrum of dynamic conductivity o (v). The spectrum has
three conductivity plateaus: oy, 0p; and op;, determined by the different mobilities
of excess protons at different time intervals. In the short time interval (fractions of
picoseconds) the ion oscillates at the bottom of the potential (see inset L in figure).
The translational motion of ion goes through the short-range potential barrier (see
inset R;), which has a period of /. The corresponding naked-proton current manifests
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Table 4.2 The parameters of the dynamical structure of water according to the ionic model

Parameter Formula Value at 298 K Physical meaning

ts (ps) vs/ Avs2 1.6 Lifetime of ion in oscillatory state

t, (ps) 1/vpy — 1/Avy 1.3 Lifetime of ion in translational
state (regime of naked ion)

tyw (ps) 1/vpi 49.5 Lifetime of H,O molecule

t+ (ps) to+ty 2.9 Lifetime of H30™ and OH™ ions

n+ (mol/l) ng - t+/ty, 1 Concentration of H301 and OH~
ions (both short- and long-lived)

npy (mol/l) 04c/(C - Dyp)? 1077 Concentration of long-lived H;0%
and OH™ ions only

D, (m2/s) op2/(C -ny) 17 x 1079 Translational diffusion coefficient
of the naked ion

D (m2/s) op1/(C -ny) 142 x 10~° Effective diffusion coefficient of
the dressed ion

L (A) J3-0.74/(4mny) 8.4 Average distance between ions
(separation-reconstruction
diffusion length)

l (A) VoD 1+ 34 Elementary diffusion step of
dressed ion

A (/OX) 6Dst, 29 Elementary diffusion step of naked
ion

“C=q*/kpT

Fig. 4.4 The conductivity
spectrum of water and its
“structure” (color lines),
corresponding to the
different regimes of the
diffusion of ionic species,
depending on which periods
of the complex potential,
shown in the insets, are
effective in the
corresponding frequency
range
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itself as the conductivity plateau op,. However, this plateau is hidden by the plateau
op1, which corresponds to the dynamics of hydrated (dressed) ion. This latter plateau
lasts until the frequencies at which an interionic integration comes forward, and the
conductivity decreases, showing the dielectric relaxation. The corresponding inter-
action potential (see inset R;) reduces conductivity and the corresponding mobility
even more (see Fig. 3.5 and the corresponding text).
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The diffusion coefficient D of excess protons differs at each plateau (o4, op; or
opy) and is associated with the conductivity by the Nernst—FEinstein relation:

2

q
0, = ——nyD;, 4.3

where subscript i means dc, D1 or D2, g is the elementary charge, kg is the Boltz-
mann constant, ny is the concentration of charge carriers. The conductivity plateaus
op1 and op, are connected with the dielectric contributions Aep; and Aep, (see
Table 4.1) of the corresponding relaxation bands vp; and vp; by the Debye formula:

o; = ggAe;2mv;. 4.4

Further, the average distance between the charges is determined by the concen-

tration 7 :
3 1/3
L~ . 4.5
<4nni> (4.5)

The system of (4.1)-(4.5), using experimental data from Table 4.1, allows one
to determine the parameters of the atomic-molecular dynamics of H,O molecules
and H;0" and OH™ ions in water. The parameters calculated at room temperature
are given in Table 4.2, which constitutes the core parameters of the ionic model of
water. The table shows that, within the ionic model, a microscopic description of the
conductivity spectrum is achieved with the concentration of short-lived intrinsic ions
of n = 1 mol/l on the average distance of 0.8 nm from each other. This concentration
is 2% of the all the molecular species in water, but due to the ultrashort (2.3 ps at room
temperature) lifetime, most of them disappear faster than they make a contribution
to the static conductivity o,.. Nevertheless, any “snapshot” of water is represented
by “swarms” of about 50 H,O molecules per an H;O" or OH™ ion.

Figure 4.5 shows the instantaneous water structure according to the above-
calculated parameters of the ionic model (compare with Bernal-Fowler water in
Fig. 1.5). It consists of electrostatically interacting molecular and ionic species. The
electrostatic attraction of molecular dipoles by the ionic species increases the local
density. The density between the ions of different signs is lower, as the forces on
the molecular dipole, placed between the negative and positive charges, are bal-
anced, and the center of the molecular dipole is in indifferent equilibrium. Note that
the concept of water made of a linear combination of two components was intro-
duced by Rontgen [25]. The idea of LDW and HDW was used for the explanation
of water’s thermodynamic properties [26], and recently verified by the neutron and
X-ray diffraction techniques [27]. However, the structure of the areas of high and low
density still lacks clarity on the microscopic level. The ionic model provides a micro-
scopic picture, substantiating the existence of high- and low-density regions in water,
and explaining the fast density fluctuations observed in scattering experiments by the
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dynamics of spontaneously appearing short-lived ionic species in sub-femtosecond
timescales, with the collective relaxation effects lasting up to microseconds.

Thus, within the ionic model, the electrodynamics of water is determined by
the thermal motion of short-lived ions and molecules. The main (Debye) dielectric
relaxation is a result of the separation of H3O™ and OH™ ions (the polarization of
the ionic atmosphere). The secondary relaxation is caused by the adjustment of the
coordination sphere (solvation shell) of an ion following the spontaneous charge
displacement. Static conductivity results from the migration of only long-lived ions,
thus, is determined by the lifetime distribution of ionic species. The water structure
shown in Fig. 4.5 can be considered as that made of swarms of hydrated ions with
a concentration of about 2% of all molecular species. The boundary of the swarm
determines the elementary intermolecular cell. The hydrated ion is thus a dynamic
structural element of water according to the ionic model. The lifetime of an ion is
limited to a few picoseconds. The ion, oscillating and drifting, after several colli-
sions (on femtosecond timescales) transfers a charge (in the form of a proton) to a
neutral HO molecule. In this way, the proton, always being a part of the ion, trav-
els independently of the host molecule, while having the same diffusion coefficient.
The electrodynamic response of water is determined by the interaction and inter-
conversion of particles. The variety of the types of particle motion under conditions
of mutual interaction, averaged over different observation times, is opposed to the
variety of bonds, which are commonly used in the Bernal-Fowler model.

The ionic model differs from Bernal-Fowler water described in Chap. 1, because
the former accounts for both short-lived and long-lived ions, while the latter operates
with long-lived species only. Bernal-Fowler water can be considered as a special
case of the ionic model, as it represents the diffusion-averaged D-structure, while
the ionic model accounts for the instantaneous I-structure, the vibrationally averaged

Fig. 4.5 The I-structure of
water according to the ionic
(protonic) model. Water
consists of swarms of
short-lived hydrated excess
protons and proton holes in
the form of H30" and OH~
ions (compare with
Bernal-Fowler water in

Fig. 1.5). The oxygen atoms
are red, and the hydrogen
atoms are gray. The
ambipolar diffusion of excess
proton and proton holes
reproduce the experimental
spectrum of dynamic
conductivity (see Sect. 3.5)
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V-structure, and the D-structure (see Sect. 1.1 for definitions) all together. The ionic
model describes a wider range of experimental data. In particular it (a) eliminates
the contradictions between the tracer diffusion (see Sect. 1.4), the mechanism of
proton conduction and the nuclear magnetic resonance data; (b) uniformly describes
the dielectric relaxation (microwave spectrum), the secondary relaxation (terahertz
spectrum), and DC conductivity; (c) unambiguously determines the lifetimes of water
molecules and ions; (d) qualitatively explains the thermodynamic and structural
anomalies of water without the concept of hydrogen bonding; (e) provides a new
insight to the modeling of the electrodynamic properties of water and ice at ultrashort
(picosecond) timescales.

Thus, the molecular dynamics in water are complex, involving individual inter-
molecular proton migrations, and the collective behavior of short-lived ionic and
molecular species. The excess protons, which are absent in the Bernal-Fowler model
(see Fig. 1.7), create a spatial and temporal heterogeneity of water. The presence of
short-lived ionic species was recently detected by means of infrared spectroscopy
(see [10]). One can imagine the excess proton-proton-hole “gas”, which exists in
the frame of reference of the neutral water molecules, and moves in the potential
landscape obeying Brownian motion in the electrostatic field of each other in the
polarizable environment (see Fig. 4.5). The dynamics of the proton-hole gas quanti-
tatively describes the broadband dielectric response of water and ice from DC current
to terahertz (see Sect. 3.5).

4.3 Comparison of the Ionic Model with Other Microscopic
Models of Water

Many different models of water have been suggested over the past hundred years [13,
28-35]. Most of them operate as a molecular system and are based on the ideas of
Bernal and Fowler [13] discussed in Chap. 1. The ionic model of water described
above is the natural extension of the Bernal-Fowler model but is not in line with
the previous models. The ionic model does not postulate the molecular species as
the basic structural element and it accounts for the previously missed nuclear quan-
tum effects and processes at ultrashort (picosecond) time intervals, such as proton
exchange and the formation of short-lived ionic species of high instantaneous con-
centration. To understand the range of the validity of this model, let us compare the
ionic model with standard Bernal-Fowler water.

Standard Bernal-Forler water can be described as follows [36]. The structure of
water (see Fig. 1.5) is viewed as having a uniform three-dimensional network formed
by hydrogen-bonded molecules. The arrangement of this network is dynamically
and structurally inhomogeneous. The water molecules continuously change their
neighbors, so that the average lifetime of bonds is about a few picoseconds.

The ionic model describes water in a different way. Water is represented by an
ensemble of neutral molecules and spontaneously formed short-lived intrinsic ionic
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species H;O" and OH™. Ions interact with each other and with neutral molecules.
The spacetime heterogeneity of water is determined by the concentration of ions
and the time of their relative conversion with neutral molecules by proton exchange
at sub-femtosecond time intervals. The excess protons (and proton holes) can be
considered as a proton-hole gas in a frame of reference water molecules.

Table 4.3 compares the ionic and Bernal-Fowler water models point by point.
The Bernal-Fowler model is based on the assumption of the independent movement
of its intrinsic ions, which hence have low concentrations and long lifetimes. The
ionic model takes into account the interaction of ions, and hence they have a higher
concentration and short lifetimes. The Bernal-Fowler model assumes a different
interpretation of DC conductivity, microwave absorption, and the dielectric constant,
while the ionic model considers them on the same basis. It is important to note that
the ionic model also assumes the same parameters for water and ice, which is not
the case for the Bernal-Fowler model. At the static limit, both the ionic and the
Bernal-Fowler models describe the experimental data equally well, although they
have different microscopic backgrounds.

There are several experimental facts, which go beyond the Bernal-Fowler rep-
resentation of water, and can be explained in the frame of the ionic model only.
These experiments are described below (more examples can be found in Chap. 5)
and mainly concern the properties of water at ultrashort (picosecond) time periods,
or the properties of water at the nanoscale, when the spatial-time heterogeneity of
water comes to the fore, and cannot be neglected or averaged.

1. Optical Kerr effect (evidence for the spatial heterogeneity of water)

Taschin et al. showed [38] that the time-resolved optical Kerr effect allows one to
observe the response of fast vibrational dynamics in water followed by a slower
monotonic relaxation. The experimental spectra show characteristic features in the
region of 50 and 200 cm ™!, which indicate the coexistence of two local configurations,
which are interpreted as high-density water (HDW) and low-density water (LDW).
The time interval, which corresponds to these frequencies, is considered in Sect. 2.6
and associated with the vibration dynamics of short-lived intrinsic ions of water and
the relaxation of their hydration shell following the excess-proton transfer between
ionic and molecular species. The spatial few-nanometer heterogeneity of water found
by Taschin et al. is close to the average distance between the short-lived ionic species
(see Fig. 4.5). The same period of heterogeneity was found by Huang et al. [39], who
demonstrated the presence of density fluctuations in ambient water on a physical
length-scale of about 1 nm by small-angle X-ray scattering.

2. Femtosecond mid-IR pump—probe spectroscopy (evidence for the time heterogene-
ity of water)

Woutersen et al. performed [40] a femtosecond mid-IR pump—probe study of the
dynamics of the OH-stretching mode of HDO dissolved in D,0. The orientational
relaxation of the HDO molecules was observed to occur on either a very slow or a
very fast timescale. Two discrete time constants of 0.7 and 13 ps were unambiguously
identified. This result correlated with the previously mentioned study and assumes
that two distinct molecular species exist in liquid water. The two discreet characteris-
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Table 4.3 Comparison of the ionic (protonic) and Bernal-Fowler water models from the viewpoint
of structure and electrodynamic parameters

Bernal-Fowler model Ionic (protonic) model
Interaction of intrinsic ions No interaction Ions electrostatically interact
Concentration of intrinsic ions | 107 mol/l 1 mol/I (short-lived) and 10~7

mol/l (long-lived)

Dielectric constant Described using polarizable Described by the relative
molecular dipoles with fitting | displacement of positive and
parameters, different for water | negative ions

and ice
DC conductivity Described by the dynamics of | Both the DC conductivity and
independent H;0% and OH~ | the dielectric relaxation are the
ions result of the dynamics of
interacting H;0" and OH~
ions, whose mobility is
frequency dependent
Microwave absorption and Assumes rotational
dielectric relaxation polarization mechanism
Basic structural element Molecule of H,O Molecules of H,O and
short-lived ionic species
The definition of pH Autoionization Thermal activation from the
interaction potential
The main parameters, which The lifetime of bonds, the The lifetime of ions, the
are used for the description of | concentration of ionic defects, | concentration of ions, the
the electrodynamic properties | the concentration of bond high-frequency mobility of
defects, the percentage of ionic species, the
unbound molecules, the low-frequency mobility of the

molecular dipole moment, the | species, the long-order
molecular polarizability factor, | interaction potential, the

bond energy. Total: 7 short-order interaction
potential. Total: 6
Lifetime of the water molecule | 11h [37] 50 ps
Lifetime of ionic species 0.1 ms 2.9 ps

tic times assume the time heterogeneity of the dynamic water structure. Although the
authors provide an explanation of the observed effect by the introduction of bounded
and unbounded molecules, it is unclear why single-, double-, and triple-bounded
molecules do not appear. The ionic model suggests an explanation in terms of two
types of species, ionic and molecular, which appear in significantly different envi-
ronments (see Fig. 4.5), and thus show two discreet characteristic relaxation times.

3. Fast mass and charge transfer in water confined in nanocapillaries (evidence for
long-range order in water)

Bernal-Fowler water does not assume any deviation from the continual behavior
of water down to a single-molecule dimension (0.3 nm). However, Holt et al. [41]
found that already in the 2nm pores (more than 6 molecular diameters), the water
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permeability of the nanotube-based membranes was several orders of magnitude
higher than those for continuum hydrodynamic models. Thus, the increased perme-
ability is not a result of the absence of hydrogen bonds, but the result of the reduction
of interaction on the intermolecular level, as is found between ionic species in the
ionic model. The result of Holt et al. correlated with the experimental measurement
of the electrical conductivity of nano-confined water by Artemov et al. [42], which
was found to be five orders of magnitude higher than that for bulk water, and was
explained by means of the ionic model of water. These results confirm that among
short-order molecular—-molecular interaction, there is a long-order intermolecular
interaction in water, which can be changed by the confinement.

4. Water viscosity changes in a strong electric field (more evidence for long-range
order in water)

Water is known to have anomalous properties being placed in a strong external
electric field (several kV/cm or more) [37]. In particular, the phenomenon, known as
a floating water bridge has been observed in the gap between two beakers under high
voltage filled with chemically pure water [43]. Fuchs studied [44] this phenomenon
and found that the bridge exhibits the “hidden” properties of water that only become
visible in a strong electric field. In the Bernal-Fowler model, there are no such
configurations of molecular dipoles, which are stable enough to form a free-hanging
water wire no matter how large the external electric field is. On the contrary, the ionic
model provides an intermolecularly polarizable environment, which exhibits long-
order caused by the ionic “sub-lattice” (see Fig. 4.5). The relative displacement of
the positive and negative intrinsic ions of water by an external electric field provides
the electrostatic stress necessary to counteract gravity. For the analysis of the effect
of the floating water bridge in the ionic model of water see Sect. 5.5.

5. The absence of hydrogen bonds between H30™ ion and H,O molecules (evidence
for the long-range interaction of ions with water molecules)

Botti et al. studied [45] the microscopic structure of a concentrated HCI solution by
neutron diffraction and found that the binding of water by the H;O™ ion occurs at a
greater distance than that in the case of molecule—molecule interaction. Analyzing
the scattering data, the authors found that the local density around ions is higher
than that for neutral molecules as the intense peak at 1.45 A appears on its radial
distribution function. This shrinkage of water induced by ions is in line with the ionic
model of water, which operates with swarms of water molecules around ionic species
(see Fig. 4.5). The increase of the local density around ions should be compensated
for by a decrease between the ions.

6. Semi-classical molecular-dynamic simulations (evidence that water is not an
ensemble of long-lived H,O molecules)

As discussed in Chap. 1, the density-functional theory (DFT)-based molecular
dynamics are inapplicable for the modeling of the electrodynamics of water, as,
minimizing the computational costs, it significantly underestimates the effect of
proton exchange on water structure. The excess-proton trajectories for ion recom-
bination predicted by DFT do not agree with the diffusive trajectories observed in
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time-resolved spectroscopy, which are two orders of magnitude slower [46]. Bai and
Herzfeld used [47] a force field for subatomic particles based on a semi-classical
treatment of explicit valence electron pairs with heuristic potentials trained on the
structural and thermodynamic properties of water monomers and dimers in all of
their protonational states. The authors found that about 1 mol/l of simulated water
molecules have an anomalously low O—O distance of less than 2.5 A, which assumes
no barrier for proton transfer and indicates the formation of ionic pairs. This concen-
tration of ionic pairs is in remarkable agreement with the concentration of short-lived
species in the ionic model. The authors also observed no spontaneous ionization in
over 10 ns, which means that ion pairs annihilate in sub-nanosecond timescales.
This is also consistent with the ionic model, which assumes a picosecond lifetime
of ionic species. The special role of the ultrashort interactions, and the formation of
the corresponding short-lived ionic species, is consistent with the elusive rise of the
dissociation constant K,, of water with increasing pressure. Thus, the results by Bai
and Herzfeld provide more satisfactory agreement with experiment than DFT does
with different functionals and indirectly support the ionic model.

Summarizing, the comparison of the hundred-year-old Bernal-Fowler model with
the ionic model shows the tremendous advantages of the latter in the description of
ultrashort and nanoscale dynamics, and the corresponding experimental observa-
tions. The experiments of the past decade reveal the significant spatial-time hetero-
geneity of water, which can be neglected at large scales and relatively long observa-
tion times, but which cannot at picosecond or at nanometer scales. As Bernal-Fowler
water does not account for the heterogeneity of water and nuclear quantum effects,
the experimental data described above can be explained by the ionic model only.
Thus, the ionic model has wider application and validity range and allows one to
account for more dynamic properties of water than models based on the concept of
a hydrogen-bound network of equivalent molecular species.

4.4 Instantaneous Structure of Water and Ice

Figure 4.6 shows the I-structure of water and ice according to the ionic model. The
inset shows the effective potential for the central ion (excess proton). The potential
has two characteristic periods and differs for water and ice. The height of the potential
peaks and the length of periods are in accordance with the barriers (activation ener-
gies) of conductivity (see Table 3.2) and the diffusion lengths shown in Table 4.2. The
spatial period of a smaller (by period) potential associated with diffusion length [ =~
3.4 A, which corresponds to the elementary step of the translational diffusion of the
ion. The period of this potential is approximately the same for water and ice, but the
amplitude differs by about 0.4 eV. The larger-by-period potential (see the enveloping
dashed black line) associated with the rearrangement of the ionic atmosphere of the
central ion, and associated with the second characteristic diffusion step L = 0.84 nm,
which is half the unit step of DC conductivity. The height of the enveloping potential
is determined by the difference between the activation energies of o,, and op; (see
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Fig. 4.6 The I-structure of
water and ice according to
the ionic model. Open circles
are neutral HoO molecules,
colored circles are H;0t
and OH™ ions. The latter act
as modulators of electrostatic
potential. The inset shows
the electrostatic potential
U(r) for the central excess
proton in the form of H30™"
for water (red) and ice (blue).
The black dotted line is the
potential enveloping curve,
the same for water and ice -

Table 3.2), and for water and ice is 0.2 eV. Thus, the main difference between water
and ice from the electrodynamic point of view is the height of the barrier of the charge
diffusion, which is determined by the probability of proton transfer. In other words,
the I-structure of water and ice is the same, but the time constants are different. The
excess protons in ice need more time to overcome the potential than those in water.
The period of spatial heterogeneity of ice and water is the same, while the period
of the temporal heterogeneity is different. Note that in [39] the regions of LDW and
HDW with a characteristic size of 1 nm have been identified by neutron scattering.
This length is close to the period L of the larger potential shown in Fig 4.6.

Figure 4.7a—d shows the I-structure of water in different representations. Part (a)
shows the molecular structure, where colored circles represent the short-lived ionic
species, and the white circles are the neutral water molecules. Part (b) shows the
intermolecular network of electrostatically interacting ions. The field lines between
the ionic species prescribe the preferential direction of the alignment of the molecular
dipoles, and also depict the long-order. Although the field lines fluctuate on picosec-
ond timescales, following the displacement of the charges, the ionic species form
the intermolecular sub-lattice, which is independent of the molecular sub-lattice.
The competition between the long-order ionic and short-order molecular lattices is
responsible for the transition between water and ice.

Table 4.4 shows the structural and dynamic parameters of water and ice. The
numerical values were calculated on the basis of spectroscopic data using the formu-
las discussed in Sect. 4.2.3. Data provided at 0°C, where ice and water can exist at
thermodynamic equilibrium. The instantaneous concentration of ionic species and
the corresponding spatial parameters are close for ice and water. However, the time
parameters differ significantly. In particular, the lifetimes of ionic and molecular
species, f+ and f,,, change by six orders of magnitude, following the corresponding
shift of the dielectric relaxation time (see Fig. 3.9). Thus, although the I-structures of
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Fig. 4.7 The different representations of the same I-structure of water and ice: a the molecular
structure (colored circles represent spontaneously born short-lived ionic species); b the electric field
lines between excess charges; ¢ polarization spheres around ions (small for the hydration shell and
large for the ionic atmosphere); and d the protonic density map

Table 4.4 The structural and dynamic parameters of water and ice at 0°C according to the ionic
model. For the meaning of variables see text and Table 4.2

fw I nt (mol/l) | Dy (m%/s) | L (A) 1 (A)
Water (0°C) | 120 ps 2.1ps 0.95 1.0-107% 6.8 7.0
Ice (0°C) | 130 s 2.3 s 0.87 1.1-107" |35 3.7

ice and water are the same, they have quite different diffusion-averaged D-structures.
And, as the formation of the ionic sub-lattice (see Fig. 4.7b) is determined by the
stability of ionic species, this sub-lattice is more stable in ice, where the lifetime
of ionic species, 71, exceeds the characteristic time of molecular thermal fluctua-
tions by many orders of magnitude. In other words, the molecular lattice “wins” the
competition with the ionic lattice in liquid water, quickly destroying any long-order
structures, while in ice the ionic sub-lattice dominates.
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Part (c) in Fig. 4.7 shows the two characteristic polarization spheres formed by
the ionic and molecular species. The small-gray spheres are the hydration shells of
ions, which are formed by the nearest molecular coordination sphere of ionic species.
As discussed in Sect. 4.2.2, the time lag between the displacement of the central ion
and the adaptation of its hydration shell is responsible for the secondary relaxation
of water. This relaxation is not observed in ice, because the lifetime of ionic species
t; significantly exceeds the relaxation time of the hydration shell. The large-colored
(red or blue) spheres represent the ionic atmospheres, which are formed by the ions
of the opposite sign around the central ion. As one can see, these spheres overlap, and
have a radius equal to the average distance between ionic species L. The polarization
of these large spheres is responsible for the main (Debye) dielectric relaxation of
both ice and water (see Sect. 3.5 for the quantitative analysis).

Finally, part (d) in Fig 4.7 shows the instantaneous proton density. Each hydrogen
atom of a water molecule is shown by the black dot, surrounded by a blue area.
The latter represents the diameter of the proton delocalization. Each overlap of the
proton delocalization area with the nearest molecule is a potential “bridge” for pro-
ton transfer, which can be interpreted as a manifold of the complicated concept of
hydrogen bonding (see Sect. 4.1 for details). One can see that the proton density
is higher around the ionic species. The sub-picosecond thermal fluctuations of the
proton density in water are, in principle, observable by neutron scattering.

Thus, the electrodynamic properties of ice and water allow one to reconstruct the
I-structure, whose dynamics gives the slower V- and D-structures. Interestingly, a
single parameter, the height of the potential barrier for proton transfer, is responsible
for the global transformation of the dielectric spectra of ice and water. This barrier
height is 3.5 times larger for ice than that for water (see Fig. 4.6). In other words,
water and ice have an identical I-structure, and their D-structure differs only by the
potential barrier of charge transfer. For water, in particular, the barrier height is 0.2
eV (20 kJ/mol) [48]. Protons randomly walk by hopping over neutral H,O molecules
to form short-lived H;0*" OH™ ion pairs.

The separated charges occur in water and ice in high concentrations, n,, which
accounts for the high value of the static dielectric constant, €(0). However, the equi-
librium of the separated charges is dynamic. It is maintained by two competitive
mechanisms, the self-dissociation of H,O molecules and the recombination of the
H3;0"OH™ ion pairs. A decrease in temperature slows down proton diffusion, thus
shifting the equilibrium to increase the lifetime of the separated charges. This slightly
increases both, ny and €(0), while the general temperature dependence of ny and
€(0) is preserved at the water-ice phase transition. The difference between the acti-
vation energies of proton diffusion in water and ice determines the latent heat of the
water-ice phase transition.
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4.5 The Microscopic Origin of the Electrodynamic
Properties of Water and Ice

4.5.1 Dielectric Relaxation and DC Conductivity

In the ionic model, the dielectric (Debye) relaxation and the DC conductivity have
the same origin: the ambipolar diffusion [49] of intrinsic ions. This type of diffusion,
in which charges of two signs interact with each other is responsible, in water, for
both the microwave conductivity o,., and the static conduction o,.. Note that in
the Bernal-Fowler model o, and o, are independent (see Sects. 1.3 and 2.3.2).
Figure 4.8 illustrates the difference between the two models, showing three types of
charge diffusion in different environments. Part (a) shows the spectrum of indepen-
dent charged particles. The ionic conductivity o; is determined by the concentration
of ions ny by

0; = qnip;, (4.6)

where ¢ is the charge, and p; is the particle mobility. If there are no external forces
acting on the conducting particle, the conductivity is frequency-independent for all
frequencies below the collision frequency. However, ions in the condensed medium
strongly interact with the surrounding species.

Part (b) shows the case in which the charged ion is moving in the periodic potential
formed by the crystalline lattice. The dynamics of the selected ion can be split into

Fig. 4.8 Three types of (a)
motion of the ionic species in Odc
dielectric medium: a “free”
motion; b stationary lattice; ¢
ambipolar diffusion. The left
columns show the
microscopic picture (i is v
mobility), the right column
shows the corresponding
conductivity o spectrum

12
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two fragments. The first fragment is “in-cage” dynamics with the mobility p,., which
manifests at high frequencies. The corresponding AC conductivity o, is equivalent
to that observed in part (a). The second fragment is the low-frequency dynamics
with effective mobility, u ., reduced by the interaction of the ionic species with the
stationary lattice. The corresponding low-frequency conductivity oy, is lower than
the high-frequency conductivity.

Finally, part (c) represents the case of water, in which the ionic species obey
ambipolar diffusion. As in the previous case, there are two characteristic mobilities.
The high-frequency mobility 1, corresponds to the dynamics inside the ionic atmo-
sphere (see dashed circles), while the low-frequency mobility, 114, is a result of the
dynamics of the same particle slowed-down by the ionic atmosphere. Note that the
transition regions between the high- and the low-frequency plateaus in parts (b) and
(c) are different. For the stationary lattice the conductivity o (v) is proportional to v'
(see Fig. 4.8), while ambipolar diffusion gives o (v) ~ v2. The latter is exactly the
same as for the Debye relaxation (see Sect. 2.3).

Ambipolar diffusion is described by the system of equations:

{mV1)§=K(x—X)—f1(t), @7
My, X = k(X —x) — f2(1), '

where m and M, x and X are the masses and coordinates of the central ion and its ionic
atmosphere, respectively, y is a damping, and f; and f, are stochastic forces. The
first term on the right-hand side represents the electrostatic coupling with the elastic
spring constant x, which connects the ion with the center of its ionic atmosphere,
both of which obey Brownian motion. System (4.7) corresponds to the simplified
case considered in Sect. 3.5.

The dynamic conductivity in the whole frequency range can be found from 4.7
by the Fourier transform of the velocity—velocity correlation function:

Clzni
kT

o(w) =

/ h (X(0)%(1))e ' dt, (4.8)
0

which gives for the frequency-dependent dynamic conductivity:

2.2
Ogc + W T 0y

1+ wzr%,
where 6. = qn+lye, Ouc = qN+ac, and the relaxation time tp; is
mM
) = — P2 (4.10)

—(my1+ M)k’

and the low- and high-frequency mobilities are
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1 (ff + fDo

Hde = , (4.11)
kgT (my; + My,)?
1 flzfm
i 4.12
ae = 17 iy (4.12)

Equation 4.9 is similar to the Debye formula for dielectric relaxation, but it addi-
tionally includes the static DC conductivity, o4, which is missing in the Debye model
of the orientational polarization of permanent dipolar species. Thus, the ionic model
has a wider range of validity than the Bernal-Fowler model, allowing one to put both
the high- and the low-frequency conductivity on the same footing.

Figure 4.9 shows the best fit of the function given by (4.9) to the experimental
data with parameters from Table 2.2. One can see that the experimental data are
comprehensively described by the model up to 0.1 THz.

Thus, the diffusion of intrinsic ions in water allows one to describe both static
conductivity and Debye relaxation on the same basis: the diffusion of ions in the
field of a central force averaged over different observation times. The experimental
conductivity spectrum of water is described without using the model of orientational
polarization. Instead the bipolar diffusion imposed by the Coulomb interaction of
ions allows one to connect the low-frequency DC conductivity of water with the
dielectric (Debye) relaxation.

Assuming in (4.9)—(4.12) that y, > y; means that the friction for the ionic atmo-
sphere is much higher that that for the central ion, for the relaxation time, tp;, and
DC conductivity, o,4., we obtain

‘L'Dl = — = (4.13)
K

’
M(IL'K

Fig. 4.9 The spectra of
dynamical conductivity, o,
and the imaginary part of the
dielectric constant,
€ =0 /ey/(2mv). The color
lines are fit according to the
model (4.9). Insets show two
limits of the diffusion of the
same charge: the
high-frequency “in-cage”
dynamics with mobility (i,
and the low-frequency
long-order dynamics with
effective mobility g 10 4 ‘ 6 ‘ 8 ‘10 12
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and

_ 512 (flz + f22)
= ni
kBT 1‘42)/22

p1- (414)

Odc

Formula 4.13 connects the dielectric relaxation time tp; with the elastic inter-
action constant, «, thereby defining its physical meaning as the coupling time of
the charge with the center of its ionic atmosphere. Formula 4.14 shows that the low-
frequency DC conductivity, oy, is a result of the ambipolar diffusion of intrinsic ions.
As the friction constant y, of the ionic atmosphere is in the denominator, the lower
the constant, the higher the static conductivity. In Chap. 5 (see Sect. 5.2) we discuss
the walls of the confining matrix that can effectively reduce the coupling constant,
which leads to the increase in the static DC conductivity of confined water by up to
five orders of the frequency magnitude, depending on the confinement diameter.

Taking y; = 4.3 THz (see Table 3.5) and the mass of the hydrated ion m ~
4-my,o=15- 107% kg, from (4.13), we obtainx =7 - 102 N/m, which is close
to the surface tension of water o, = 7.8 - 10~2 N/m [50]. In addition, the value of
k is in good agreement with that obtained in the experiments on the cavitation of
water. The experimental value for the critical pressure of water near the cavitation
threshold is p., = 28 MPa [51]. Assuming that the size of the discontinuity region
is the distance between ionic species L = 0.8 nm (see Table 4.2), we obtain «,,, =
Per/L =4 -1072 N/m. Although this value is half the friction caused by the ion—
ion interaction, it is still of the same order of magnitude. Consequently, the tensile
strength and the surface tension of water can be associated (at least partially) with
interaction among its intrinsic ionic species.

4.5.2 How Microwave Ovens Work

Microwave ovens utilize the interaction of electromagnetic waves (the same as radio
waves but with a higher frequency) with liquid or solid media, heating it up. The com-
mon source of the electromagnetic waves of the microwave region is a magnetron,'?
the device which generates electromagnetic waves accelerating/decelerating a beam
of electrons using a magnetic field. When the microwaves'® contact the medium, the
oscillating electric field of the wave causes the internal charges of the medium to
move by the Lorentz force. These microscopic dynamics cause the rise in tempera-
ture, allowing the operator to heat objects or cook food.

12There are also backward-wave oscillator, traveling-wave tube, klystron, and other sources of
high-frequency electromagnetic waves.

131n fact, the working frequency of the microwave oven is around a few GHz, and the corresponding
wavelength is about 10cm in air, and a few cm in water. Thus, the word “microwaves” is just used
historically to differentiate them from radio waves and does not reflect the true wavelength of the
corresponding electromagnetic wave, which is in fact several orders of magnitude greater.
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The amount of power, P, (in W/m?) that is absorbed by the medium is determined
by the level of absorption of electromagnetic waves by the medium (i.e., heating)
and is given by

P = ¢"(w)sywE?* = o (w)E?, (4.15)

where w = 2mrv is the angular frequency, o () is the dynamic conductivity, € is
the permittivity of vacuum, and E is the potential gradient (strength of the electric
field in V/m), induced by the electromagnetic wave. Equation 4.15 means that the
conductivity is a measure of dielectric losses. The higher the conductivity, the more
effective the absorption of electromagnetic waves.

The typical operating frequency of the domestic microwave oven is 2.45 GHz.
Microwaves are especially good for heating water, because it has a high level of
absorption (the high dynamic conductivity, o (®)) in the corresponding frequency
range. Although there is a special defrosting regime in domestic microwave ovens,
ice is quite transparent for microwaves, thus, does not interact with electromagnetic
waves of the corresponding frequency as effectively as water. However, the ice surface
is always covered with a quasi-liquid layer, which effectively absorbs microwaves,
and then transfers the heat to the rest of the ice. Thus the defrosting regime is less
powerful than the normal heating regime to avoid the evaporation of the quasi-liquid
layer prior to heat transfer to the ice volume. Figure 4.10a shows the dielectric
spectra of water at room temperature and at 100 °C. The operating frequency of the
domestic microwave oven is shown by the arrow. It lies on the left-hand side of the
Debye relaxation band (see blue bell-shaped contour) and does not correspond to
the maximum adsorption of electromagnetic waves. However, the electromagnetic
wave sources of the higher frequencies are much more expensive, and the usage of
this frequency is not economically viable.

A common misconception is that the microwaves rotate the molecular dipoles of
water, allowing them to move faster and in this way increasing the temperature of the
medium. In fact, the characteristic frequencies of the molecular orientations (both
free and hindered) are much higher than those used in microwave ovens, and lie in
the terahertz frequency range (see Sect. 2.6), thus, cannot be directly responsible for
microwave heating. We showed above that the dielectric relaxation (and therefore
the microwave absorption) is caused by the dynamics of short-lived ionic species
of H;0" and OH™, most of which live about 3 ps, although some of them exist
significantly longer, contributing to the static conductivity. The ambipolar diffusion
of interacting ionic species was shown to be responsible for the dielectric response of
water below 0.1 THz (see Sect. 4.5.1), including the operating range of microwave
ovens. Thus, according to the ionic model, the short-lived ionic species are dragged
by the field, heating the environment as shown in Fig. 4.10b. As the ionic species
are surrounded by neutral molecules, they are also dragged, but the main drivers of
heating are ions.

Taking E = 100V/m (the maximal electric field strength in the domestic
microwave oven), ny & 1 mol/l, k = 0.07N/m, and using (4.9), (4.12), and (4.13),
we get from (4.15) that P ~ 10 W/cm?. Thus, to heat a cup of water (250 ml) from
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25 to 100 °C, we need the time t = ¢cAT /P (about 2 minutes), where ¢ = 4.2 kl/kg
- K is the heat capacity of water. Note that the relaxation band changes with tem-
perature, as shown in Fig. 4.10a. Thus, the effectiveness of the heating changes with
time, as the conductivity level at the working frequency decreases by almost an order
of magnitude with the increase of the temperature (compare small black sticks on
the graph); the hotter the water gets, the harder it is to heat further.

Interestingly, the microwave part of the spectrum of water is little affected by
impurities, such as foreign solute (see Sect. 5.1). That is why, the salt water (or soup)
heats almost as quickly as fresh (distilled) water. Another case is confined water,
whose spectrum is discussed in Sect. 5.2. While the static conductivity of confined
water is significantly higher than that for the bulk water [42], the high-frequency
conductivity, o, is the same, or lower, than in bulk water. Thus, the effectiveness
of heating confined water is lower in comparison with the bulk.'* However, when
the pore size reaches a few nanometers (a very rare case which can be found in
artificial materials), the static dielectric constant, €(0), of confined water drops down
to the value of 2 [52]. As the static dielectric constant is connected to the dielectric

14Note that microwaves cannot penetrate deeply, as they effectively absorb by water, which atten-
uates the strength of the electric field. Thus, a large volume of water unavoidably heats from the
boundaries rather than in the volume. However, in food, water usually presented is relatively small
volumes, not in one piece, which increases the efficiency of microwave heating.
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Fig. 4.11 a The “gas” (or (a)

“plasma”) of excess protons o

(black dots) and proton holes e
(open dots) in the frame of

reference of neutral L
molecules. The gray circle o Ap

shows the Debye screening AR 4 P a0 M o — =
radius. b The chain of
charges, showing the relative
displacement A/ of charges L) o

in the presence of electric

field. The initial

(unperturbed) position of °
charges is shown by the

dashed circles. The springs

with a constant « represent (b

)
the electrostatic interaction J& L T L j
Al Al Al

relaxation, its reduction means the reduction of the absorption of microwaves. Thus,
if one believes in the value obtained in [52], we should expect that water which is
confined in channels a few nanometers wide will not heat in a microwave oven. In
other words, the water confined in nanometer pores will be totally transparent to
microwaves.

4.5.3 The Dielectric Constant

The excess protons and proton holes in water can be considered as a “gas” of charged
particles or a protonic plasma, in which the charges exist in the frame of reference of
neutral water molecules. Such a two-component molecular system is schematically
shown in Fig. 4.11a. The neutral molecules (large white circles) form the thermally
fluctuating background, and the charged excess protons (black dots) and proton holes
(open dots) form another subsystem, which exist in the frame of reference of the first
system, but also electrostatically interact. The Debye screening length (gray circle)
is determined by the concentration n of protons and proton holes:

2 —1/2
q°niNy
Ap=|—= , 4.16

° <EsokBT> (10

where N, is the Avogadro number. Equation 4.16 for the concentration n,. = 1 mol/l
(see Table 4.2) gives Ap = 0.5nm. This Debye length means that our plasma of
protons and holes can be considered quasi-neutral on scales grater than 2Ap = 1 nm.
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Figure 4.11b shows the 1D chain of electrostatically interacting charges located
along the dashed line in Fig. 4.11a. The average distance L between the ions is
roughly determined by their concentration:

L~ (ny) "5, (4.17)

and is approximately equal to 1 nm. The alternating external electric field causes the
displacement of the charges by Al, whose amplitude value / = 3.4 A is determined
by the lifetime of the ionic species (see Table 4.2). The restoring force, which acts
on displaced ions, is F = k Al. According to (4.13), k = yym/tp;, where 7p, is the
temperature-dependent dielectric relaxation time.

The dielectric constant of ionic plasma can be found in [49] (see also (3.24) and
the text below it):

QZ
e(0) = ern; + —, (4.18)
@
where
o\ 172
Q, = (”iq > (4.19)
mey

is the plasma frequency equal to 1.8 THz, and a)g = k/m (see Table 3.5). Equa-
tion 4.18 gives €(0) = 79 for water.

Thus, within the framework of the ionic model, the high dielectric constant of
water, €(0) ~ 80, is determined by the high concentration of its spontaneously formed
intrinsic ionic species, whose relative displacement creates a dipole moment greater
than the dipole moment of an individual molecule. The next section shows that
the relative contribution €7y, of the orientation of molecular dipoles to the static
dielectric constant is only about 5%.

Note that there are other reasonable models for the dielectric constant, includ-
ing the famous Clausius—Mossotti, Debye—Onsager, and Kirkwood-Frohlich mod-
els. Although these approaches provide the correct values of the dielectric constant
of polar liquids [53], they still lacking clarity on the microscopic level (see, for
instance, the detailed analysis by Hippel [54]). The basic idea of these models is
the concept of the local field (see Sect. 2.4.2). Such an approach leads to the addi-
tional polarizability of individual H,O molecules represented by the emperical Kirk-
wood g-factor.'”> However, the experimental facts are against local polarizability (see
Onsager’s papers and the polarizability catastrophe [56]). In addition, classic neutron
diffraction shows no change of the H, O molecule dipole moment in comparison with

15Tn his classic 1939 paper, Kirkwood linked the macroscopic dielectric constant of polar liquids to
the local orientational order as measured by the g-factor (later named after him) and suggested that
the corresponding dielectric constant at short-range is effectively equal to the macroscopic value
just beyond the distance of molecular magnitude [55].
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that in the gas [57]. IR peaks of the intramolecular dynamics of water are also stable,
showing no shift between vapor and liquid. The shifts 3,756 — 3,500cm™! (7%)
and 3,652 — 3,600cm™! (< 2%) [58] are too small to be responsible for the high
molecular polarizability required for dielectric constant interpretation in terms of the
local field. Another intermolecular polarization mechanism is required. A possible
mechanism was described above, and it finds an unambiguous interpretation in the
ionic model of water.

4.5.4 The Second Relaxation and Terahertz Spectrum

At short time intervals, we can neglect the dynamics of the ionic atmosphere and
write a single equation of motion for the central ion performing harmonic oscillations
in a soft parabolic potential:

mx +myx + ma)gx = gEpexp(—iwt), (4.20)

where wy is the eigenfrequency of the oscillations, and Ej is the amplitude of the
periodic external electric field. Figure 4.12a shows the equivalent mechanical scheme
for (4.20). The scheme and the corresponding equation coincide with the forced
oscillations with friction, considered in [59], and is similar to the dynamics of the
Kapitza pendulum [60, 61] in which the mathematical pendulum is replaced by a
spring oscillator. Introducing xo(¢) = gE(t)/ mwg, which represents the change of
the equilibrium coordinate of the oscillations by the external field E(t) = Egexp(-
iwt), we get a simple equation of a damped harmonic oscillator with a moving
equilibrium point:

mx +myx + maj (x — xo(t)) = 0, 4.21)

where to let the particle conduct, we assume the friction has the following form:
y (t) = yoexp(—t/t,), where 7, is the length of time an ion is in the oscillatory state.

In terms of the dynamic conductivity, o (w) = nygx(w)/E(w), (4.21) has the fol-
lowing solution [59]:

nig* y(l —iot,)
m [yt (@] — 0*) + v§ — o} — iwy(1 + 1]’

o(w) = (4.22)

where ny is the concentration of ionic species. Separating the real and imaginary
parts, and taking into account that € (w) = 1 4+ gx(w)/E(w), we obtain the real part
of the dielectric function:

2
nig“yo Tb—a
mey w?a?+ b?’

gw)=1+ (4.23)
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Fig. 4.12 a The equivalent (a) . .
scheme for (4.20) explaining Suspension point

the mechanics of the o J/T exp(-iwt)
oscillation of ionic species in ==

water in a soft surrounding Equilibrium B B

with friction and moving position (Xo) § K=MWwo

suspension points. b The
corresponding potential
energy of the ionic species X
(solid line) and the harmonic

parabolic potential Y
approximation (dashed line)

(b) U ]

Yorex®
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and the real part of dynamical conductivity:

niq*yo w*t.a +b
m  w?a?+ b’

o(w) = (4.24)

where a = y(1 + 1), and b(w) = Y1, (W} — w*) + y§ — wj. Note that (4.24)
satisfies the sum rule 2.61 (see Sect. 2.8).

Figure 4.13 shows the spectra calculated by (4.23) and (4.24) with different
parameters. In the limiting case, 7, = 0 (free particle) and wy = O (oscillator with
a zero eigenfrequency), we have a frequency-independent conductivity plateau in
all spectral regions. In another limiting case, 7, — oo (strongly localized charge),
the function (4.24) coincides with the Lorentzian oscillator (see curve 7). This case
corresponds to a parabolic potential with infinite walls (Fig. 4.12b). In intermediate
cases, the solution combines the properties of an overdemped oscillator with static
conductivity in the low-frequency region. As the residence time t, increases, the low-
frequency conductivity decreases, and the peak at wy becomes more pronounced (see
Fig. 4.13).

In the case of large damping yy > wy, (4.24) gives the curve with a widened
oscillatory peak (see curve 1 in Fig. 4.13). The function has two plateaus, high-
frequency and low frequency, which correspond to the quasi-free motion and the
hindered motion, respectively. Figure 4.13 shows that at frequencies w ~ wy, the
charge looks more like a harmonic oscillator at the bottom of the parabolic potential,
but at low frequencies, w < wy, it overcomes the potential barrier (see Fig. 4.12b)
and shows a conductivity plateau:
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Fig. 4.13 The spectra of the ‘ ‘ "7
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where b is defined above, which corresponds to the steady-state regime of inter-
molecular charge dynamics without taking into account the interaction between ions
(for the case of mutual interaction see Sect. 3.5).

Figure 4.14 shows the experimental spectra of the real part of the dielectric con-
stant (top panel) and dynamic conductivity (bottom panel) of water at room temper-
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ature. As one can see, the model (4.24) describes the terahertz part of the spectrum
in the 1-10 THz interval, with the parameters given in the figure caption. The mass
m of a charged particle is the mass of the ion (H;0" or OH™), the concentration of
charges ny = 1 mol/l, and the residence time of the charge in the potential 7, = 1.6
ps, which coincides with the lifetime #; of the charge in the oscillatory state (see
Table 4.2).

The general terms of the simple model of forced oscillations with friction repro-
duce the experimentally observed spectrum of water in the terahertz region with
the concentration of vibrating species equal to 1 mol/l, as found in the ionic model
above. The intense IR spectrum of water is associated with a high concentration of
short-lived ionic species, which oscillate in the potential of the surroundings, and
also show the translational conductivity as the time of observation increases. The
observed deviation of the model curve from the calculated one in the area of the
secondary relaxations (see yellow area in Fig. 4.14) is associated with the contri-
bution from the orientation of permanent molecular dipoles, which were not taken
into account in the model (4.21). However, the contribution of this part to the static
dielectric constant of water €(0) is only a few percent of the contribution from the
main dielectric relaxation, associated with the polarization caused by the relative
displacement of short-lived ionic species.

4.5.5 Autoionization and pH

The ionic model of water allows us to look at the concept of pH from a new angle.
The conductometric method of to determine the dissociation constant K,, of water
uses data on the proton DC conductivity of pure water, o,., and aqueous electrolyte
solutions (see Sects. 1.3.1 and 1.3.3). The dynamics of ions, both of pure water and of
dilute electrolytes, are considered independent (no electrostatic interaction between
ions is assumed), and the conductivity created by them is supposed to be additive.
According to (1.11), the concentration of hydronium ions in pure water is

[H:0"] = VK, = a[H,0] = 107, (4.26)

where « is a dissociation constant. Despite the simplicity of finding the ion concen-
tration, it has an unusual temperature dependence, [H;O"](T), which is unexplained
in the Bernal-Fowler model of water.

Figure 4.15 shows the concentration [H30"] of ionic species of pure water as
a function of reciprocal temperature (the Arrhenius scale), calculated from K,,(T)
shown in Fig. 1.18 by (4.26). Interestingly, the low-temperature activation energy
E, = kgT-In([H;0"]/[H30™]y) of the ionic species (the barrier to the generation
of the charge carriers) is only about 0.4 eV, which is an order of magnitude lower
than the 5 eV that is expected for the autoprotolysis of water [62], but close to the
activation energy of the static DC conductivity of pure water (see Table 2.3). It is
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Fig. 4.15 The temperature
dependence of the
concentration of hydronium
ions in liquid water (the
Arrhenius scale) in the whole
range of the liquid state from
the melting point (0 °C) to
the critical point (374 °C),
calculated according to
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also unusual that a relatively small (in the absolute temperature scale) increase of
the temperature by about 100°C causes an increase in the effective concentration
of ionic species of almost two orders of the frequency magnitude. Finally, the non-
monotonic behavior of the concentration with the maximum at about 250°C is also
rather unexpected.

Figure 4.16 shows the temperature dependencies of the static conductivity of
pure water oy, the limiting equivalent conductivity A&, and the logarithm of K,,,
the same as shown in Fig. 1.8. The graph additionally contains the high-frequency
(Debye) conductivity, op; (see Fig. 3.5), and the corrected value of the limiting
equivalent conductivity, A;(V). The latter was calculated from the limiting equivalent
conductivities of electrolyte solutions (A%, A%c;. and A, o), accounting for
the intrinsic ions of water, which have been added in the right part of each equation
in system (1.9) at a concentration of 1 mol/l (see [63] for details). As one can see,
A’S is larger than A?V.

Figure 4.16 also clarifies that the strong temperature dependence of K,, is due
to the different temperature dependencies of o,.(T) and the limiting equivalent con-
ductivity A%(T). Although both quantities in fact represent the same mechanism
of the transport of intrinsic ions of water, their activation energies 0.4 and 0.1 eV,
respectively, are quite different. Note that the latter activation energy is the same
for different aqueous electrolytes [64], and also coincides with the activation energy
of the high-frequency conductivity of pure water [65]. In other words, the temper-
ature dependency of A reflects the high-frequency properties of water, where the
contribution of the short-lived intrinsic ions was observed [63], rather than the low-
frequency static dynamics.

Accounting for the intrinsic ionic species of water, we replace in (1.11) A? with
A?v/, and oy, by op;. Both of them, as seen in Fig. 4.16, have similar temperature
dependencies (the same activation energies). At 25°C, the ratio between op; =
79 S/mand A?V/ = 674 S - cm?/mol gives the concentration ofions n. = 79/0.0674 =
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1.1 mol/l, which is equal to the full concentration of intrinsic ions of water (both short-
and long-lived) obtained from the analysis of the dielectric spectra (see Sect. 4.2.1).

By analogy with K,, = [H3071?, where [H;01] is the concentration of long-lived
ions only, we can introduce the corrected ionic product K LV = nzi, where n is the
full concentration of spontaneously formed ions of water. In the range of 0-100°C,
the latter varies from 1.2 to 1.6. Note that K, characterizes the concentration of
H30™" and OH™ ions in the dynamic interaction potential, while the standard K,
characterizes the concentration of long-lived ions only. As the temperature increase
changes the lifetime distribution of ionic species and effectively extracts them from
the potential of mutual interaction, K, is a measure of the activity of long-lived ions
only, while KV’V represents the full concentration of ionic species. In other words,
according to the ionic model, the constant K,, (or pH) characterizes the thermal
activation of H30" and OH™ ions from the dynamic potential of their interaction,
but not the autoprotolysis of H,O molecules.

4.6 Concluding Remarks

As follows from Chaps. 2 and 3, the main requirement for a generalized model of
the broadband dielectric response of water and ice is a consistent description of
the key electrodynamic properties: the high DC conductivity; the high dielectric
constant; increased microwave absorption (Debye relaxation); intense IR peaks; the
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anomalously high mobility of hydronium and hydroxyl ions along with the equal
diffusion coefficients of hydrogen and oxygen atoms; and the picosecond proton
exchange, which coexist along with the many-hour lifetime of water molecules. The
ionic model of water allows one to describe these properties without internal conflicts.

The important innovation of the ionic model is that it accounts for the nuclear
quantum effects and ultrashort picosecond-scale chemical reactions, which were
previously missing in models of the structure of water (see Chap. 1), by introducing
spontaneously formed short-lived ionic pairs with a high concentration n. =1mol/l
(2% of the total number of particles, or 1 ion per 50 H O molecules). The average dis-
tance between ions is L ~ 1 nm. This ion—molecular system is highly heterogeneous
and dynamic and contains a wide variety of forms of molecular motion and possible
ways they manifest themselves in the dielectric response. Due to this spatial-time
heterogeneity of water (and ice), their broadband dielectric response is very different
in comparison with those for other dielectrics (see Sect. 3.3).

The ionic model creates the prerequisites for resolving the structural and thermo-
dynamic anomalies of water. In particular, the presence of rapidly fluctuating regions
of high and low density (see Fig. 4.5) paves the way for a quantitative microscopic
description of the anomalously high surface tension, viscosity, and heat capacity of
water, which, however, lie beyond the scope of this book. Accounting for the inter-
molecular interactions of ionic species can help to explain the anomalous melting,
boiling, and critical points of water. Moreover, as Rontgen assumed long ago [25],
many other anomalous properties of water, such as the non-monotonic behavior of
its density, viscosity, compressibility, specific heat capacity, and the speed of sound
through it, can be explained if water were a two-component mixture. The ionic model
is exactly such a system, where short-lived ionic and molecular species have two
sharply defined interaction potentials, and thus water can be considered as a system
made of two components, or two types of molecular species. Note, however, that apart
from Rontgen’s expectations, the species of water are short-lived (picoseconds for
water and microseconds for ice) thus the difference between them dissolves on large
timescales, as, for example, for the diffusion-averaged D-structure (see Chap. 1). The
averaged ion—ion, ion—molecular, and molecular-molecular interactions are presum-
ably also reduced to the mean interactions, which can be construed as a hydrogen
bonding. Note also that according to the models discussed in this chapter, the latter
concept is inapplicable for the interpretation of the dynamic properties of water on
time intervals shorter than 1 s, and the ionic model should be used.
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Chapter 5 ®)
Electrodynamics of Aqueous Media e

Abstract In the real world water and ice always have boundaries, being confined
by the solid or liquid materials, representing the sample in contact with a gas, vac-
uum, another liquid, or serving as a solvent of electrolyte solution. Interestingly, the
properties of such “finite” water, ice, or aqueous media, can differ from those for the
theoretical boundless water. In this chapter, we discuss the electrical properties of
aqueous electrolytes, the electrodynamics of confined water, the effect of a strong
electric field on water viscosity, and the electrification of water droplets, and other
systems where the role of boundaries on the properties of water is important, in an
external electric field. The questions regarding the role of water in atmospheric phe-
nomena, and the future of the aqueous electrochemical energy systems (fuel cells,
supercapacitors, flow batteries, electrolyzers) are discussed.

5.1 The Dielectric Response of Electrolyte Solutions

5.1.1 Why Electrolytes Conduct Electricity

Pure water has been shown to have very low DC conductivity 4. =5.5x 1078 S/cm .!
However, a small amount of impurities increases o, dramatically, whose value can
reach up to 1S/cm, that is, seven orders of magnitude larger than for pure water.
What is the mechanism of such a significant change of the electrodynamic properties
of water? Many brilliant scientists have been involved in discussions on why and
how aqueous electrolytes (dielectrics by nature) conduct electricity. The most crucial
debates on this topic took place in the second half of the nineteenth century. Note that
at the time, impedance analyzers were relatively new devices and had significantly
lower sensitivity, accuracy, and maximal frequency of operation in comparison with
what is available now. Figure 5.1 shows the setup used by Kohlrausch for the first
systematic studies of aqueous electrolytes. The alternating current from the sine-
induction machine allowed him to prevent the deposition of electrolysis products and

11t was noted long ago that 1 mm of water at 0 °C has the same resistance as 40 million km of
copper of the same cross section [1].
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Fig. 5.1 Kohlrausch’s
setups (1874—1880) for the
measurements of the
conductivity of electrolytes:
a An induction apparatus
with an iron core, and
Neefian hammer (a circuit
breaker to produce steady
alternating current), and a
telephone hook-up [3]; and
b The sine-induction
machine, where m is the
magnetic plate and M is the
multiplier [4]

enabled him to obtain precise results, which are still valid today. For example, the
modern textbook value of DC conductivity of the pure water is still that obtained by
Kohlrausch. However, due to technical limitations, the first electrolytic measurements
were limited to a frequency typically around 1 kHz. Thus, one should understand
that the basic mechanism of the conduction of electrolytes was developed on the
basis of low-frequency measurements. In other words, the structure of electrolytes
was assumed on the basis of the frequency region where water shows no dispersion,
demonstrating a stationary DC plateau (see Fig. 2.2).

The frequency-independent static electrical conductivity of electrolytes led early
investigators of aqueous solutions to the conclusion that there are charge carriers,
which transfer electricity, being drugged by the external electric field, and, thus,
producing current that depends on the concentration of the solute.> The role of
water in the electric-current conduction mechanism was assumed to be secondary.
In fact, water was considered as a substrate, which separates the solute, and provides
the medium of the effective translation of the charged particles. Remarkably, the
understanding that electrolytes and metals have different types of the conduction
mechanisms did not come immediately. In particular, Nernst [2], discussing the
conduction of metals by analogy with electrolytes, assumed that metals also contain
the products of dissociation, but the conducting particles are mass-less, and presented
in a very high concentration, thus providing a significantly larger current. In other

2Note that the difference between atoms and molecules was not yet fully understood at that time.
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words, metals were initially considered as solvents with a high dissociation rate by
analogy with aqueous electrolytes. The modern understanding of metals came much
later, with the advent of quantum theory.

In the historical context, it is also interesting to note other ideas [2], which signifi-
cantly determined our understanding of electrolytes, but have also misled researchers
for decades. It was assumed that if the electrolyte consisted only of charged particles,
then their separation under the influence of an electric field would lead to their scat-
tering in space. Since this was not observed, only complex substances (not elements)
were endowed with the ability to conduct electricity. It was found that ions in the
solutions and in the melts of a homogeneous substance have the same electric charge,
thus, both contain similar species of the same nature. Finally, the conductivity of salt
melts was found proportional to the degree of dissociation, but inversely proportional
to the friction, and the separation of these two factors by the measurements of the
conductivity only was found to be impossible.

Kohlraush was probably one of the most productive experimentalists of that
period. In 1874, he demonstrated [4] that each electrolyte has a definite solute-
specific electrical resistance. By measuring the conductivity of different aqueous
electrolytes on dilution (see Fig.5.2), he derived a simple dependence of the equiv-
alent conductivity A on the concentration c:

_ Jde

A= = Ag — AV/C, (5.1
C

where Ay is the equivalent conductivity at infinite dilution, and A is the electrolyte-
specific constant. It has been shown that (5.1) perfectly describes the static electrical
conductivity oy, of all strong electrolytes up to the concentration of about 1 mol/l.
The full concentration of molecular species in water is 55.5 mol/l. Kohlrausch then
derived the law of the independent migration of ions:

A() = n+)»+ + n_k_, (52)

where A and A_ are the limiting molar conductivities of cations and anions, respec-
tively, and n and n_ are the stoichiometric numbers of positive and negative ions
formed during the dissociation of the electrolyte. Analyzing the static conductivity
of electrolytes at relatively large dilutions, he concluded that each type of migrating
ion has a specific limiting molar conductivity no matter what combination of ions
are in solution, and therefore that a solution’s electrical resistance is due only to
the migrating ions of a given substance. Thus, the idea of the independent dynam-
ics of long-lived ionic species appeared. Later, analyzing the law for electrolytes of
higher concentrations, Debye and Hiickel found that there were significant deviations
between theory and experiment at the high concentration limit, and suggested elec-
trophoretic and relaxatory approximations, accounting for the interaction between
ions and between ions and the solvent (water), respectively. Although these correc-
tions minimized the difference between theory and experiment, the exact mechanism
of charge transfer in concentrated electrolytes still lacked clarity. The corresponding
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Fig. 5.2 The static electrical (a) 1.0 ; ; ; ; ; ;
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Debye—Hiickel-Onsager equation:
A = Ao — (A + BAy)+/c, (5.3)

where A and B are constants that depend only on known quantities such as tempera-
ture, the charges on the ions and the dielectric constant and viscosity of the solvent,
allowing one to describe the experimental data with higher accuracy than the orig-
inal Kohlrausch equation (5.1). However, (5.3) also satisfies the experimental data
at relatively low concentrations only, and an interpretation on the microscopic level
was also needed.

In his dissertation, Arrhenius [5] suggested considering the disassociation of
solid crystalline salts into paired charged particles when they dissolved in water,’
Arrhenius’s explanation was naive but simple and clear enough to win him a Nobel
prize in Chemistry in 1903. In this way, the notion of “ions,” given by Faraday to

3There is a legend that Ostwald commented on the Arrhenius dissertation in the summer of 1884
in the following way: “I spent a feverish night with bad dreams. At the same time I had a severe
toothache, a newborn daughter, and Arrhenius’s article ‘Electrolyte Conductivity Studies’. What
was written in the work was so different from the familiar that at first I was inclined to take everything
as a whole for nonsense.”
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the charge carriers in electrolytes many years earlier, firmly entered the history of
the physical chemistry of solutions. Apart from Faraday’s assumption that ions are
produced by an external electric field, Arrhenius proposed that, even in the absence
of an electric field, solutions contain ions. He thus introduced the idea that chemical
reactions in solution were reactions between ions only. No water molecules were
involved in his consideration of the electric current at all. According to his theory,
aqueous electrolytes conduct due to the presence of long-lived free ions. The idea
that more free ions provide more current was in line with the ideas of Kohlrausch.

Interestingly, neither Kohlraush nor Arrhenius ever saw the Debye relaxation of
water, which appears at frequencies higher than those available at that time and was
discovered years later. As the optical transparency window (see Fig. 2.2) is almost
on the same level as DC conductivity, they probably even did not expect that a huge
absorption band exists in the gigahertz-to-IR region. Nor did they know that the
microwave part of the spectrum is almost unaffected by the electrolyte concentration
(see Sect. 5.1.2), and thus were unable to include high-frequency mechanisms in
their considerations. Maybe if they had, the theory of electrolytes would be more
general and completely different.

Mendeleev did not agree with the postulates by Arrhenius [6, 7]. His opinion was
based on the experience of chemists, who dealt with chemical kinetics, and the idea
of the physical concept of the electrolytes, where ionic species exist as spherical
particles and do not interact with the solvent (water) was controversial. He noted [8]
that rather than accepting that for the salt MX the dissociation of its particles into ionic
species M+X, we should first, following our knowledge on the nature of electrolytes,
look for aqueous electrolytes of the salt MX in their interaction with H,O, which
gives MOH + HX. In other words, Mendeleev’s idea was to account for local chemical
reactions and the chemical exchange between the species of solute and solvent. His
ideas and arguments were actively supported by Armstrong, Crompton, Pickering,
Traube, Wiedemann, and others. Nevertheless, Arrhenius [9], enlisting the support
of Ostwald and Van ’t Hoff, defended himself by the argument that the isotonic
coefficient i* can be explained by his theory of electrolytic dissociation. Providing
his arguments, he only rejected that part of Mendeleev’s idea related to clathrates but
was not able to appreciate the pivotal idea of the ion—molecular exchange interaction
proposed by Mendeleev, which would significantly move forward the understanding
of the dynamic structure of aqueous electrolytes.

There several points that show the imperfection of the theory of Arrhenius (and all
subsequent theories on this basis). First, the theory does not explain the mechanism of
dissolution. It operates with the already dissolved ionic species without explanation
of where water gets the huge amount of energy (hundreds of kJ/mol) required to
separate the ions of the initially neutral solvent. The second problem is that the
theory works for very diluted electrolytes (usually below 0.001 mol/l) but fails to
reproduce results for higher concentrations (even accounting for the Debye—Hiickel
amendments [10]). The third problem is that the model of Arrhenius does not account

“The isotonic coefficient (or van 't Hoff’s coefficient) is the proportionality coefficient between the
total concentration of a solute and the concentration of solute particles.
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for the mechanisms of solvation,” which, as shown by IR spectroscopy [11], is
very important for the dynamic structure of electrolytes. The fourth problem is that
the theory gives large mobilities for large ions [12]. For instance, the ions of Li™,
Na™, K*, Rb*, Cs*, etc., are of the same charge, and ordered by the increasing
crystallographic radius, and, consequently, their mobilities should gradually decrease
from left to right. However, their mobilities in aqueous solutions appear to show
the opposite behavior, demonstrating an increase of mobility as the size increases.
Although this effect is usually explained by smaller ions getting larger solvation
shells, such an assumption contradicts the general physical principles of electrostatic
interactions. Finally, the theory is only valid for the static DC current and says nothing
about the frequency dependence of the conductivity. In particular, it does not explain
the similar microwave absorption of pure water and strong electrolytes. All these
points can be accounted for, but the initially simple model was getting so complicated
that its practical application is complicated. As a result, in practice, the transfer
phenomena in aqueous solutions (including electrical properties) are described by
the empirical coefficients [12], while the real atomic-molecular structure of aqueous
electrolytes is missing.

Summarizing, at the beginning of the twentieth century, the mechanism of the
conductivity of electrolytes was better understood than the mechanism of electrical
conduction in metals. The simplicity of Arrhenius’ ideas found many supporters,
and his ideas were transformed into the modern theory of solvation, which, however,
still has some open questions, as described above. Nowadays everything is upside
down, while the theory of metals has been significantly elaborated for decades [13],
the structure and dynamics of aqueous electrolytes have not changed much in com-
parison with the knowledge that we had at the beginning of the twentieth century.
Interestingly, earlier views on the structure of aqueous electrolytes are still very popu-
lar in textbooks, and the basic understanding of the kind of phenomenology discussed
above is still used for the description of many electrochemical processes. However,
recent progress in quantum chemistry, computational methods, and especially femto-
chemistry require a significant reconsideration of the quasi-static approach developed
more than hundred years ago.

5.1.2 The Frequency-Dependent Conductivity of Aqueous
Electrolytes

Hasted et al. conducted [14] the first systematic study of the frequency-dependent
dielectric function of different aqueous electrolytes. The results are assembled in [15].
In the past decade, the accuracy of the data and the frequency coverage have been
significantly increased and this has allowed us to systematize the electrodynamic data
of the basic aqueous electrolytes from the static parameters, such as the dielectric
constant and DC current, up to the terahertz region. Figure 5.3 shows the frequency

5Solvation describes the interaction of the solvent with the dissolved molecules.
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dependence of the dielectric parameters: conductivity o, the real €/, and imaginary
€”, parts of the dielectric constant for NaCl solutions of different concentrations from
107% mol/l to 1 mol/I (see green lines).® The spectra for human blood plasma (dashed
red line), and the pure water (blue lines) are given for comparison in order to correlate
the data with those for known objects. The data for water serves as a reference
spectra. As one can see, the electrolyte added to water changes its dielectric spectrum.
DC conductivity is very sensitive to the presence of electrolytes. It increases with
the increasing concentration, while the high-frequency part (the Debye relaxation
region) stays roughly the same as that for pure water. In the given interval of the
concentrations, there are no significant shifts in the relaxation frequency vp;, no
broadening of the relaxation band, and no visible changes in the level of absorption
of microwaves and in the terahertz region. At higher concentrations (¢ > 0.1 mol/l),
however, the dielectric relaxation transforms, causing a decrease of the dielectric
constant €(0), followed by a decrease of the high-frequency conductivity plateau op;.

SInterestingly the human taste threshold for salt is about 2x 10~2 mol/l [16], which is many orders
of magnitude higher than the sensitivity of current electronic devices.
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Figure 5.4a shows the dependence of the dielectric constant €(0) of a NaCl solu-
tion on the concentration at different temperatures. A significant decrease of the static
dielectric constant with an increase of the salt concentration has been called dielec-
tric decrement (dielectric depression) [14]. This effect is quite unusual, as according
to Arrhenius’ theory, the number of charges should increase with the concentration,
and, as a result, the additional polarizability should contribute to the dielectric con-
stant, while the experimental dielectric constant of aqueous electrolytes shows the
opposite behavior. Intuitively, the dielectric decrement stems from the fact that the
local electric field generated by the solute inhibits the external applied field, thus
reducing the dielectric constant (see Sect. 2.4.2). In dilute solutions (typically with
the concentration less than 1 mol/l) the dielectric decrement is linear (see Fig. 5.4a):

€(0) = ¢,(0) — ac, (5.4)

where €,,(0) is the dielectric constant of pure water, and « is a phenomenological
electrolyte-specific coefficient. At high concentrations a significant deviation from
linear behavior (5.4) is observed as if the “efficiency” with which the solute coun-
teracts the external field would decrease with an increase in concentration.
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It has been found [17] that the dielectric decrement becomes saturated (takes
the value of about half that for pure water) at the same concentration point where
the DC conductivity reaches its maximum (see Fig.5.2a). Interestingly, the level of
maximal static electric conductivity oj. of all strong electrolytes is always higher
than the oy, of pure water, and below, but close to, the high-frequency conductivity
plateau op; & 1S/cm of pure water (see the dashed black line in Fig.5.3c). This
looks as if the high-frequency dynamic structure of water would establish the limit
for the maximal conductivity of electrolytes.” As in the ionic model of water (see
Chap. 4), we associated the plateau, op;, with the conductivity of spontaneously
formed short-lived ionic species (H;O" and OH™) of water, the fact that the maximal
conductivity of the electrolyte is observed when the solute concentration is close to
the concentration of intrinsic ions, indicates that the species of solute and solvent
interact with each other, as was highlighted by Mendeleev [8]. Further details are
explained in Sect. 5.1.3.

Note that the dielectric decrement was not considered in Arrhenius’ model, as it
was not observed until later. For the past decades, several ideas on how to incorpo-
rate this effect into the concept of electrolytic dissociation have been suggested by
Haggis, Hasted, and others. Haggis et al. [19] modeled the observed linear dielectric
decrement by assuming that the water molecules, adjusting to the electric field of the
ion of the electrolyte, create a small spherical region (hydration shell) with a smaller
dielectric constant than the rest of the water. The effective medium, in which some
of the H,O molecules are trapped in the hydration shell and, thus, cannot effectively
respond to the external electric field, was shown qualitatively to explain the static
dielectric constant. However, such theoretical deductions suffer from the introduc-
tion of arbitrary assumptions such as the saturation level of the hydration shell, with
no chance to give a quantitative description, although the right order of magnitude
of the dielectric constant of solutions can be obtained.

In fact, the electric field of a charge with the size of a monovalent ion, placed in a
polarizable environment, is a way that the first shell is far from saturated. Glueckauf
suggested [20] improving the Haggis’s model by introducing variation in the local
dielectric constant near the ion. As this approach gave better but still not perfect
results, a further improvement was suggested by Liszi et al. [21] to account for
the exclusion volume by ions and the corresponding finite-size effects. Although the
correct values of the dielectric constants were finally obtained, the model still contains
poorly defined coefficients, whose microscopic physical meaning lack clarity. The
main problem is that the theory of Arrhenius works well for the static dielectric

"Note that apart the very specific cases of superacids and superbases, the pH values of aqueous
electrolytes lie in the interval between pH = 0 and pH = 14, with the middle point of pH = 7 for
the pure water. By definition, the concentration of [H30%] = 10~7# | the maximal difference in
the concentration of hydronium or hydroxide ions with those in neutral water is seven orders of
magnitude (7 is exactly in the middle of the 0 and 14). The difference between the low-frequency
DC plateau of pure water and its high-frequency plateau is also seven orders of magnitude. Thus,
the difference in between o, and op; of pure water (see Fig.5.2c) sets the dynamic range of the
pH of all aqueous solutions of electrolytes.
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parameters only, ignoring the frequency dependencies of the dielectric response,
which defines the static dielectric constant according to (2.14) and missing the natural
dynamism of the water-electrolyte molecular system.

Figure 5.4b shows the dielectric relaxation time tp; = 1/(27vp;) of aNaCl solution
as a function of concentration. The small effect of the electrolyte on the vp; of
water is observed up to the saturation point (about 6.1 mol/l). However, one can
unambiguously identify the blue shift of the relaxation maximum. In Chap. 4, we
associated the relaxation time with the lifetime of molecules of H,O. In the context
of this shift, we can assume that the averaged lifetime of H,O molecules in water
decreases as the electrolyte concentration increases, which, according to (4.1), leads
to an increase of the effective concentration ny of intrinsic ions. Thus, according
to the ionic model, the lifetime distribution of the intrinsic ionic species of water is
affected by the species of electrolyte, once again hinting at their interaction.

Further, according to the Debye formula (2.38), high-frequency terahertz conduc-
tivity is defined as op; = A€e€g/tp|, where Ae = €(0) — ery.. The latter is about 3
(see Fig. 2.4). Figure 5.4c shows the concentration dependence of the plateau opy,
calculated by the Debye formula. As one can see, op; decreases as the concentration
increases, while the DC conductivity shows the opposite behavior (compare with
Fig.5.2a). It is interesting to analyze this fact in the context of the conductivity sum
rule discussed in Sect. 2.8. The rule states that the total integral of the dynamic con-
ductivity function (the area under the curve) is conserved and depends on the number
of charge carriers per unit volume. The decrease of the high-frequency conductiv-
ity plateau and the increase of the low-frequency DC conductivity plateau can be
understood as the transfer of the dielectric contribution from high frequencies to low
frequencies. In other words, the particles of the electrolyte affect the dynamic struc-
ture of water in such a way that the intrinsic ionic species, which contributed only at
high frequencies due to their mutual interactions, extend their contribution into the
low frequencies, while the total contribution to the integral (2.63) is conserved. This
effect of communicating high- and low-frequency plateaus can explain the observed
synchronous decrease of op; and increase of o, with concentration.

Note that the increase of the conductivity of electrolytes at high frequencies of
the external field (see Fig.5.3) was predicted by Falkenhagen [22] (the Debye—
Falkenhagen effect). He associated the phenomenon with the mutual screening of
ionic species, which have low conductivity at low frequencies as they are locked by
the potential of electrostatic interaction. According to Falkenhagen, as the frequency
of the external field increases, the ionic species interact with the field more effec-
tively, as they can move inside the potential (the rattle effect), and, thus, show higher
conductivity. The conductivity of the electrolyte increases starting from frequencies
of about 10 MHz (see Fig.5.3c), however, Falkenhagen’s analysis did not show that
the slope repeats exactly those observed for pure water, which would not show the
increase of the conductivity according to his assumptions. In other words, modern
data show that the spectrum looks more like the intrinsic species of water (not an
electrolyte) interacting with the external field. Further, the frequency dispersion of
the conductivity is better considered as a result of the interaction of the solvent and
solute, not as an intrinsic property of the solute itself.
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More interesting facts related to the frequency-dependent electrodynamic param-
eters of electrolytes were found by Scherbakov et al. [23]. It has been shown that
the low- (oy.) and high-frequency (op;) conductivity of aqueous electrolytes are
correlated and that the activation energy of DC conductivity coincides with the
activation energy of op; within experimental error. The activation energies of the
high-frequency plateaus were found to have the same value of about 0.15 eV for a
wide range of aqueous electrolytes. In other words, the thermodynamic properties of
the high- and low-frequency conductivity plateaus assume that they are connected
and both represent the same mechanism, but this mechanism is averaged over the
picosecond period for the high-frequency plateau and the microsecond period for the
low-frequency plateau. This fact confirms the results of the analysis within the sum
rule (see above).

Finally, the analysis of the frequency-dependent dielectric function and dynamic
conductivity of aqueous electrolytes in Arrhenius’ approach leads to the paradox of
negative hydration [24, 25]. The problem appears when we calculate the mobility of
ions from their conductivities according to the Stokes—Einstein equation [12]. The
effective radius of an imaginary hydrated ion (for simplicity, let us consider only those
from the first column of the periodic table, namely, Lit, Na*, KT, Rb*, Cs™, and
Fr*, and, thus, having the same electric charge) decreases as the ion size increases.
As follows from the electrochemical mobility measurements, the effective radius of
the hydrated ion changes several times from ion to ion [12]. This result is strange, as
the real (crystallographic) radius of ions does not change much, and similar (by size
and charge) ions should create similar electric fields, which should attract similar
numbers of H,O molecules. Moreover, the effective hydration shells of ions of the
large masses, such as Cs* and Fr, are smaller than their crystallographic radius.
This is nonsense. This effect also finds some hand-waving interpretations [25], the
paradox obtained from the theory of electrolytic dissociation is evident and suggests
that basic assumptions of the initial model are inaccurate.

Thus, experimental facts that were unavailable when the theory of electrolytic dis-
sociation emerged are beyond Arrhenius’ generalized concept. These results belong
to high-frequency data and assume a dynamic interaction between solvent and solute,
which is missing in the static theories. The new phenomenological approach consid-
ered below extends the validity of the ionic model of water (see Chap. 4) from pure
water to the aqueous solutions, providing a new vision of the dynamic structure of
aqueous electrolytes, accounting for picosecond local chemical reactions. Although
this concept needs to be verified and further developed, the general results allow
us to conclude that the basic assumptions are promising and can be used for the
elimination of the anomalies associated with water and aqueous electrolytes.
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5.1.3 The Mechanism of Dynamic Conductivity
in Electrolytes

In Chap. 4, we modeled the spectrum of the dynamic conductivity of water using
the notion of short-lived excess protons, which spontaneously appear and disappear
on the picosecond timescale, while some of them can live longer, contributing to
the static DC conductivity. Although most ions are short-lived, their concentration
up to 1 mol/l (see Fig. 4.5 for the approximate proportions between ions and water)
is high enough to induce an electrostatic field, which significantly determines the
properties of water at high frequencies (above 1 MHz) and, as it shown in Sect. 5.2,
at nanoscales. Such a consideration makes water a strong intrinsic electrolyte with
electrophoretic effects (among others) of ion—ion and ion—molecule interactions,
which are usually missing in the models of aqueous electrolytes. Here we avoid the
analysis of the standard models, which can be found in a variety of textbooks [12,
26-30] and consider the model which accounts for the full dielectric spectrum of
aqueous electrolytes from the DC plateau to the far-IR region.

The implementation of intrinsic short-lived ionic species to the water model
assumes interactions between them and the particles of solute both electrostatically
and via exchange reactions. For simplicity, we consider the aqueous solutions of
HCI (acid), NaOH (base), and NaCl (salt) in order to embrace the full spectrum of
possible interactions of the solute with water particles. However, the model can be
easily extended to a wide range of aqueous electrolytes. The initial particles of the
solute are short-lived HCI, NaOH, and NaCl. In the ionic model, these molecular
species can interact with molecules of H,O, forming ions, such as Na*™ and C1~ (note
that Arrhenius’ model postulated the complete dissociation of electrolyte molecules),
but in addition can also interact with the intrinsic ions of water, H;O™ and OH™,
forming molecules of HCI and NaOH. A further development of the model assumes
the identification of corresponding reaction rates between all these species.

For clarity, we distinguish the intrinsic water ions, H;O% and OH™, and the H;O*
and OH* ions which have just been born due to the electrolyte-water reaction [17].
The ions of these two types differ by their lifetimes and by their contribution to the
dielectric spectrum. While the first pair respond to the high-frequency conductivity
plateau op; (see Fig.5.3c) the second pair are born initially free of the electrophoretic
effect. In fact, the HCI and NaOH molecules, being neutral, do not feel the interionic
potential. Since they generate the H;O* and OH* ions in a random way, the averaged
potential for these ions is flat in comparison with that for the intrinsic ions. Their
conductivity spectrum can be considered as a frequency-independent horizontal line
(see Fig. 4.8), whose altitude (the level of conductivity) depends on their concentra-
tion and reaches the maximal values of the dashed black line in Fig.5.3c. Thus, the
conductivity produced by the ions born due to the chemical reaction with the solute
(H30* and OH*) varies in the limits from the o, of the pure water to the op,. In other
words, we consider the activation of ionic species from electrophoretic suppression
by the electrolyte and their manifestation in DC conductivity.
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Note that the ions of the electrolyte Na™ and CI~ drop out of the time scale of our
consideration. At the scale of chemical activity, the Na™ and C1~ ions are to the left
hand of the H* and OH™ ions and therefore, like protons, form a chemical bond on
femtosecond timescales.

We consider the aqueous NaOH solution as an example to further extend the
model of the HCI and NaCl solutions. We suppose that

1. The NaOH in the solution is decomposed completely, or, in other words that its
initial concentration c§ = [NaOH]y and the effective concentration c® = [NaOH]
are equal ([NaOH], ~ [NaOH]);

2. The solution is electrically neutral ((H;O"] = [OH™] + [OH*]);

3. The total number of protons (hydrogen nuclei) conserves ([H] = const), and the
concentrations of ionic species are small in comparison with the initial concen-
tration ¢y of H,O molecules in pure water (co — cf ~ [H,O] + c®).

There are two interaction reactions: between the ions and the water molecules,
and between the solute and the ions of water, which can be characterized by the
following laws of mass actions:

_ [H;07] (IOH™] + [OH*])

K .
1 0T : (5.5)
and
_[oHT]
K, = [OF"] c’, (5.6)

wheres K| and K, are equilibrium constants of reactions, and c¢ is the effective
concentration of NaOH (e = electrolyte) in the equilibrium.
Equations (5.5) and (5.6) give the concentration of the DC-active ions according

to the Nernst—Einstein relation:
. _ 4 )
Gdc- = kB_T[OH ]DOH*y (57)

where ¢ is the elementary charge, k is the Boltzmann constant, 7' is the temperature,
and Doy~ is the diffusion coefficient of OH* ions.
Substituting (5.5) and (5.6) to (5.7) we get [17]:

2 JK; (co— 2 :
ot = -1 _p¥=! (<o O)ecg, (5.8)
kgT cy Ko+ K’QCO

where c{ is the initial concentrations of NaOH. Although (5.8) was derived for NaOH,
it is also valid for HCI. As this electrolyte acts on water mirror-symmetrically, we
should simply replace OH™ ions with H3O™. In the limiting case when ¢§ — 0, (5.8)
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transforms to the expression for the equivalent conductivity at infinite dilution Ag,
similar to the empirical (5.1) derived by Kohlrauch:

qz/kBT . D«/K]Co
K> ’

AG =08, /ch = (5.9)

To make the model valid for NaCl (salt), we need to add one more equation to
(5.4) and (5.5), which accounts for the local chemical reactions that is absent in HC1
(acid) and NaOH (base) systems:

_ [HCI][NaOH]

NaCl] , (5.10)

4

where K} is a constant that characterizes the neutralization of the ionic species of the
solute by the ionic species of water, which produces neutral molecules of HCI and
NaOH (or, in the more general case, the species of MOH and HX, where the MX
is the initial chemical formula of the solute). In other words, the ionic model differs
from the Arrhenius model by accounting for the chemical reactions between solute
and solvent (water), which were previously missing. For example, if the initial solute
was made of the molecular species MX, Arrhenius’ model assumes the following
reaction of dissociation:

MX > MT+ X", (5.11)

where Mt and X~ are the ionic products of dissociation, while the ionic model
supplements this equation with the following two equations of protonation:

MY+ OH < MOH, (5.12)
and
X +HiO" < HX + H,0, (5.13)

which were not included in the previous considerations, as water was supposed to
be a neutral molecular system with negligibly small concentration of intrinsic ions
(see Chap. 1 for critical analysis).

To simplify the further analysis we modify the reaction in points (1) to (3) above
as follows:

1. [NaCl]y = [NaCl] + [HCI] + [NaOH], where we assumed that the rate of reac-
tions (5.12) is roughly the same as that for reaction (5.13), or in other words that
[HX] ~ [MOH];

2. [H30%] + [H30*] = [OH™] + [OH*];

3. ¢o-[NaCl] = [H,O] + [HCI] + [NaOH].
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As the effective volume, occupied by the products of reactions, could differ from
the initial volume of reactants, we introduce the corresponding coefficient 6 and
write [NaCl] = ([HC1] + [NaOH])# or, in the different form, accounting for (5.9):

1 1 1
NaCl __ _NaCl
%de NG Odc <W + W) -0, (5.14)

where 6 is an electrolyte-specific parameter, which for NaCl equals 1.2, as follows
from the substitution of A from the textbook [12]. Note that this coefficient is close
to the change of the density of saturated NaCl in comparison with that for pure water
(pnaci! pyw =~ 1.19). Furthermore, K4 = [40(1 + 9)]’1-08’“01 and the proportion for
the concentrations for HCI, NaOH and NaCl is 1:1:20.

Equation (5.8) can be adapted for the NaCl solution by substituting c{, for B¢ act,
where B =6/(1 +6). Finally, the general formula for the contribution of the electrolyte
to the DC conductivity of water is

2 ACK, (co — ayel)’
o5 = 2 022(0 <) B, (5.15)
ksT 2 Ka+ K2pc

where « equals 2 for acids and bases, and <2 for salts, and reflects the difference
in points (1) to (3) between these types of electrolytes, and y is a correction factor,
which reflects the change of the volume of the solution in comparison with the initial
water volume (the expansion/reduction factor).

The static dielectric constant of water is €(0) = A€,, — €rp,, where ery, = 3,
and Ae, is the dielectric contribution of the main relaxation, which according to
(4.3) and (4.4) is proportional to (n+)~!/3, where n is the full concentration of ionic
species which contribute to conductivity at high frequencies. In aqueous solutions,
the concentration of ionic species, according to (5.5), is n+ = (24/Kco —c)nY, where
nY is the initial concentration of ionic species in pure water. Thus, the formula for
the static dielectric constant of aqueous electrolytes is [17]:

1/3
3 (co— aycg)zﬁcg
2¢§ (K2 + K'2Bc) '

Ag® = Aé‘w(l (5.16)

where the coefficients have exactly the same meaning as in (5.15).

Figure 5.5 shows the dependencies of o5. and €(0) = Ae®+€7 ., on the concentra-
tion cfj of the electrolyte according to (5.15) and (5.16). As one can see, the depen-
dencies are similar to those observed in the experiment (see Figs.5.2 and 5.4a). The
best-fit parameters for HCI, NaOH, and NaCl to the experimental data are given in
Table 5.1. In addition, the following parameters were used: ¢y = 55.5mol/l as the
initial concentration of H,O molecules, and €,,(0) = 78.5 as the dielectric constant
of pure water.

The model is generally valid for any strong electrolytes of the form MX. To
apply the theory to other electrolyte systems, one could simply replace Na or Cl in
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Fig. 5.5 The concentration dependencies of: a, b the DC conductivity 0§, (logarithmic and linear
scales), and c the static dielectric constant €(0) of the aqueous HCl, NaOH, and NaCl solutions

according to (5.15) and (5.16) (compare with Figs.5.2 and 5.4a)

Table 5.1 The parameters of the best fit of (5.15) and (5.16) to the experimental data for aqueous
solutions of HCI1, NaOH, and NaCl

Parameter HCI NaOH NaCl
Ag (S-em?mol ™) 426 248 126
D (nmz/ps) 9.3

K1 6.7x1074

K> (mol/l) 1.2

K} 0.1 0.2
K4 - 0.1
o 2.0 14
B 1.0 0.6
y 1.3 1.0 14
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Fig. 5.6 The mechanism of the catalysis of the protonic conductivity in water by the species of
electrolyte, which on large timescales (>1 ps) look like intermolecular proton exchange between
intrinsic species of water, contributing to the DC conductivity of electrolyte solutions with lower
activation energy than intrinsic ionic species in pure water

the formulas (5.4) to (5.16) with M or X, respectively. Note that the model above
is a very simplified, as we made some assumptions regarding the initial species
and the chemical products, and also about the symmetry of reactions (5.15) and
(5.16). However, the curious could train themselves by implementing all the details
of the model. Although this will significantly complicate (5.15) and (5.16) for the
DC conductivity and the static dielectric constant, these formulas will describe the
experimental data with better accuracy.

As one can see from Fig. 5.5a, the model satisfactorily reproduces the concentra-
tion dependence of the DC conductivity of electrolytes up to very high concentrations,
including those that the standard Arrhenius model fails to reproduce. Note also that
although models (5.15) and (5.16) are quite rough, they are significantly simpler
than those provided by the Debye—Hiickel corrections to the theory of electrolytic
dissociation. Thus, the ionic model provides an alternative description of the elec-
trodynamic properties of aqueous electrolytes without a complicated analysis of the
hydration shells of ions. Instead, the ionic model accounts for local chemical reac-
tions, which appear between the intrinsic ionic species of water and the species of
the solute, thus, it is in agreement with the hypothesis of Mendeleev, who pointed
out the importance of the chemical interaction between solute and solvent [8].

The central idea of the mechanism discussed above is that the intrinsic ions of
water are too short-lived to contribute to the DC conductivity of water (see Chap. 4),
however, when an electrolyte is added, the local chemical reactions change the inter-
actions and the lifetime distribution of water species, catalyzing (effectively) the
mobility of excess protons (see Fig.5.6), and making them “visible” in DC conduc-
tivity. Thus, in contrast to the Arrhenius model, water is the source of charge car-
riers for DC conductivity, while the dissolved electrolyte is only a catalyst. Hence,
the model takes into account the dynamic processes (local chemical reactions) on
nanosecond and picosecond timescales and goes beyond the existing static models.
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5.2 The Electrodynamics of Confined Water

In many natural and artificial systems, such as rocks, polymers, nanostructures, and
biological objects, water is confined in small cavities bounded by a substance (liquid
or solid) and exhibits properties different than those of bulk water. Such water can
be considered as one more state of water: confined water. Confined water can be
defined as water that is subject to geometric constraints on a nanoscale (typically a
few nanometers) so that molecules are close enough to an interface to sense some
difference from standard bulk conditions. Confined water is most frequently found
in porous media or in solvation shells of colloidal particles. Since confined water
is of high practical importance, it has been studied by means of different methods
and techniques, and many parameters have been found to differ from those in the
bulk water. In particular, low viscosity, a low dielectric constant, enhanced molecu-
lar mobility, surface charge, and shifted freezing and evaporation points have been
observed experimentally or studied theoretically [31-37].

The electrodynamics of confined water is a matter of separate discussion, as it
reflects the molecular mechanisms near the interfaces, and is also important for
modern electric power storage systems, such as accumulators, flow batteries, super-
capacitors, and fuel cells (see Sect. 5.6). For these systems, the properties of water
near the interface are crucial and either serve as the reference parameters for the
quantitative models or are used directly for the accumulation and separation of elec-
tric charges. Typically nuclei are separated from electrons (for example near the
electrodes), but ion—ion separation also takes place (for example, in membranes and
separators). However, the electrodynamics of water at nanoscales and near the inter-
faces is still poorly understood, in spite of the long history of its study, starting from
the famous analysis of the electric double layer® by Helmholtz in 1853 [38].

The molecular mechanisms of the electrical charge separation near the aqueous
interfaces (or in confined water) are important for processes on different scales, from
the global [39] (see Sect. 5.3), to the microscopic in which the electric properties of
confined water define the communication of cells, by providing neuronal-network
pulses a propagation environment. Although the mechanism of the nerve pulse trans-
fer has been considered from different angles, and the basic models are well estab-
lished [40], the role of water in the charge-transfer mechanism in biological systems
is underestimated. The picosecond timescale processes, discussed in Chap. 4, are
very important for the electrodynamic properties of water near the interfaces and
significantly influence local chemical reactions and transport in biological systems.

There are two basic parameters of interfacial water which characterize its elec-
trodynamic properties: the static dielectric constant €(0), and the protonic conduc-
tivity o,.. However, neither have been studied experimentally at length, because
it is extremely difficult to separate the intrinsic properties of confined water from
the properties of the confining matrix. Fumagalli et al. [32] studied the dielectric

8 An electric double layer occurs when two phases, one of which is a liquid, come into contact.
Trying to lower the surface energy, the particles at the interface form a different dynamical structure
than that in the bulk.
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Fig. 5.7 The dielectric constant of water confined in a narrow slit channel as a function of the
slit thickness 4. The horizontal lines show the dielectric constants of bulk water (upper) and water
at optical frequencies (lower). The inset shows the geometry of the sample, where two layers of
interfacial water (dark blue) are separated by the layer of bulk water (light blue). The red is the
linear fit. The experimental data points from [32]

constant of water under strong confinement and found that the dielectric constant
of interfacial water is significantly lower than that for bulk water. They fabricated
thin channels from 1 to 300 nm, which were filled with water. Measurements with
an atomic force microscope showed that the dielectric constant of confined water
is pore-size dependent as shown in Fig.5.7. The bulk behavior (e(0) ~ 80) was
observed only for the channels wider than 200nm. In smaller pores, the dielectric
constant changes approximately linearly with /2 and reaches a limiting value of about
2.1 at h < 2nm. The model of multilayered water structure, as shown in the inset
of the graph, allowed them to identify the presence of a near-surface layer with ¢; =
2.1 and thickness h; = 7.4 A, which was assigned to pure interfacial water. Note that
the thickness %; consists of only a few molecular layers of water and is close to the
parameter L of the ionic model of water (see Table 4.2).

Fumagalli et al. suggested that the small ¢; is due to the inhibition of the rotational
motion of water near the solid surface. The interaction of water molecules with the
walls is assumed to reduce their polarizability. However, as discussed in Sect. 2.4.2
at temperatures far from absolute zero (the experiment was done at room tempera-
ture), the thermal energy is high enough to disorganize any molecular structures in
liquids, even in strong confinement. Although the effect of the confining matrix on
the structure of water is obvious, it is hard to believe that there is a permanent align-
ment of the molecular dipoles near the surface. Another explanation of the result is
possible within the ionic model of water. Note that the parameter L ~ 8 A of the
ionic model, which is close to the observed thickness of the interfacial water layer, is
associated with the average distance between short-lived spontaneously formed ionic
species of water (see Sect. 4.2.3). In Sect. 4.5.3 we discussed that the static dielectric
constant is formed by polarization due to relative displacement of excess protons
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and proton holes (short-lived H;O" and OH™ ions) [41], rather than the rotation of
molecular dipoles, which provide less than a 5% contribution to the static dielec-
tric constant. Thus, the suppression of the dielectric constant of water in the pores,
whose dimensions are less than L, can be associated with the spatial heterogeneity
of water. The dielectric properties of water on a scale of less than the radius L of the
ionic atmosphere of the intrinsic short-lived ions are different in comparison with
the large-scale properties. In other words, the walls of the confining matrix prevent
the formation of the atmosphere of counterions around the central ion, thus, elim-
inating the polarization unit, which is responsible for the polarization in the bulk.
Note, however, that experiments with water in strong confinement show a different
value of the dielectric constant than for bulk water against the wall of a container. In
the latter case, as, for example, in the Leiden jar (see Sect. 5.6), the charges (H3;0™
and OH™) form the electric double layer, in which polarizability is very high. The
dielectric constant of a double layer of water is many orders of magnitude larger than
that for the bulk water.

Another important parameter of interfacial water is electric conductivity, which
was studied in [42]. The model system was made of granular particles of nanodia-
mond of different diameters in such a way that it was possible to change the pore
sizes from 1 to 100 nm. Figure 5.8 shows the dependence of the electrical conductiv-
ity of confined water on the pore size. The electrical conductivity increases in inverse
proportion to the pore size and reaches maximum in the pores of about 2 nm, i.e., the
same pore radius as was found for the minimal dielectric constant. The conductivity
o; of the interfacial water layer was 0.02 S/cm, five orders of magnitude larger than
that of bulk water. The optimal water layer for the maximal protonic conductivity
was h ~ 1 & 0.25 nm, which is in agreement with the thickness /; found above. Note
that for the pore size less than /; the conductivity goes down (see Fig.5.8), which is
presumably connected with the loss of percolation among water volumes between
the grains.

The two experiments described above reveal the presence of an interfacial layer
near aqueous interfaces with a vanishingly small polarization, but very high protonic
conductivity. This layer is found to be a few molecules thick and has an electrical
conductivity five orders of magnitude large than that of bulk water. Note also that o;
exceeds the ionic conductivity of different superionic conductors in the temperatures
range 0-100 °C (see Fig.5.21). These results require interpretation, which satisfy
both the low polarizability and the high protonic conductivity of the interfacial water
layer.

Figure 5.9 shows the difference between bulk and interfacial water from the view-
point of the ionic model of water (see Chap. 4). In bulk water, the mutual screening
of short-lived spontaneously formed ionic species causes its high dielectric constant
€ ~ 80 (see Sect. 4.5.3) and low DC conductivity oz, = 5.5% 1078 S/cm. The first
parameter results from the dipole moment p (red arrows), induced by the relative
displacement of ions, and the second is a result of the counteraction of the driving
force, Fi, and the friction force, F,. The latter is due to the electrostatic attraction
of the ion by the center of its ionic atmosphere (the blue “cloud”). Interfacial water
is characterized by the reduced ionic atmosphere, which is incomplete on one side,
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Fig. 5.8 The electric conductivity of water confined in a porous granular medium as a function of
the pore radius r. The inset shows the structure of the sample: bulk water (light blue) coexists with
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because of the wall of the confining material. As the ionic atmosphere is broken,
there is no corresponding polarization, and, thus, results in the low dielectric con-
stant €; ~ 2. However, the ionic atmosphere, destroyed by the boundary, prevents
the formation of an electrostatic restoring force, thus, the interfacial water layer pos-
sesses enhanced protonic conductivity. This interpretation of the enhanced protonic
conductivity of the interfacial water layer and the suppressed dielectric is in a very
good agreement with the experimental results discussed above.

In conclusion, there are many other interesting properties of interfacial water,
which, however, go beyond the current book. From the viewpoint of electrodynamics,
water in nanoconfinement exhibits properties of two types: that of bulk water and
interfacial water, which differ in their protonic conductivity. Near the interface, the
protons have higher mobility and are responsible for the enhanced conductivity in
an external electric field. The intrinsic protonic conductivity of interfacial water, o;
=0.02 S/cm, is five orders of magnitude larger than what is observed for bulk water.
This result provides a new insight into the fundamental properties of water and helps
to better understand the general electrodynamic effects in porous membranes and
other water-based systems in geological, biological, and engineered environments.

5.3 Atmospheric Electrodynamics and Aqueous Interfaces

The dielectric properties of water play an important role in atmospheric phenomena.
The microscopic charge separation mechanism in clouds is laterally responsible for
the weather on Earth. About 2,000 thunderstorms are active around the Earth right
now. They cover an area of about 5x 10° km?, which is equal to the area of Spain.
Figure 5.10 shows the global electric circuit. Thunderstorms behave like a voltage
generator (or a battery) which is connected with the highly conducting ionosphere
and Earth by the barely conducting lower and middle atmosphere. The potential
difference between the Earth and the ionosphere is very high, and the strength of
the electric field depends on the altitude. The typical electric field strength near
the surface (in the environment where people spend most of their time) is about
120 V/m. The electric current flows back to Earth outside the thunderstorm region
(see green arrows). Although the global circuit involves many interesting objects to
study, the most exciting events appear in thunderstorms, which serve as an area of
charge separation, lightning, and precipitation. All these effects are determined by
the electrodynamic properties of water.

Let us consider the distribution of water in the atmosphere of Earth. The majority
of atmospheric water is located in its lowest layer, the troposphere, where water exists
as a gas, a liquid, or a solid. Atmospheric water vapor consists of molecular species
but also contains small charged clusters H;O*-(H,0),, and OH™-(H,0),,, where n ~
4-12 with typical radii about 1 nm (nanodroplets), which exist even below saturation
point. Interestingly, electrical conductivity measurements [44] show that moist air
contains up to 10" ions per liter of air, or about 10 parts per billion (ppb), which is
high enough to affect the electrical properties of the atmosphere. If moist air becomes
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saturated, water molecules condense to droplets with a typical diameter from 10 to
100 pm, and larger rain droplets with typical radii of 0.1-1 mm. The latter are large
enough to fall down to the Earth’s surface, while the former cannot overcome the
updraft flow of 5-10 m/s and go upward. Since the temperature at the top of the clouds
reaches —50 °C, many water particles exist in the form of ice crystals, which traveling
down to the lower warmer regions of the cloud may form aggregates (snowflakes)
up to several centimeters long. Note that the phase transitions from vapor to liquid,
and from liquid to solid release latent heat, which locally increases the temperature
of the air. As a result, water in clouds remains liquid down to —20 °C.

Observations show that the electric charge in the clouds is carried mainly by the
droplets and the ice crystals, the small cloud droplets are predominantly positively
charged, the large rain droplets are mainly negatively charged. The amount of charge
per droplet g depends on their size. Droplets with a diameter of 1 mm carry up to
gle ~ 2x 107 elementary charges [39]. Note that water is dielectric (see Chap. 1)
and thus can polarize in an external electric field E in such a way that the secondary
electric field E’ of the polarized particles itself weakens the primary field of Earth.
However, the unique properties of water allow the droplet to carry the charge, as
a result of the separation of hydronium and hydroxyle ions. The upper limit of the
charge a droplet can carry is reached when the secondary field E’ equals the primary
field £ by magnitude (see Fig.5.10). Thus, the maximal charge of the droplet is
usually limited to about 10~''C. °

The electric conductivity in the clouds is controlled by the local balance of sources
and sinks [39]. The dominant sink is caused by cloud and aerosol particles, which
reduce the electric conductivity within the clouds by more than a factor of 10 com-
pared with the fair weather value. Conductivity decreases with an increasing electric
field. However, when the field strength in the cloud is very large (IEl > 300 kV/m),
corona discharge from water droplets or ice pellets, which ionize the air, may greatly
enhance the ion production rate and thus locally compensating for the decrease of

9The net charge of Earth is about 110° C, and about 110°I C including the charge of its
atmosphere [43].



194 5 Electrodynamics of Aqueous Media

the conductivity [45]. The difference in conductivity between clear air and a cloud
causes a layer of space charge to form on the boundary between the cloud and clear
air if electric currents flow through that boundary. This surface charge produces a
discontinuity in the electric field at the boundary. Thus, lightning discharges act like
short circuits inside the clouds.

As mentioned above, the neutral water particle can polarize, but also needs a
mechanism of charge separation to charge the global battery (see Fig.5.10). There
are several theories of the charge separation mechanism in the atmosphere [45], most
of these theories are based on precipitation as the power mechanism of electrification.
Figure 5.11 shows one of the charge separation mechanism in clouds. Initially, an
external electric field E between the ionosphere and the Earth (see Fig. 5.10) induces
the electric polarization of the rain droplet or the ice particle, which depends on its
dielectric constant (see Sect. 2.4). Then, a smaller particle (another ice crystal or
water droplet) gains the charge during a collision and exchanges protons or proton
holes with the large particle. The typical time of the collision is about 10ms. The
particle which gains the positive charge is usually lighter and moves upwards within
the updraft. The negatively charged rain droplets and ice particles descend due to their
greater weight, thus enhancing the original electric field (Fig.5.10). The amount of
charge exchange between the large and small particles increases with an increasing
electric field. The effect of the charge separation by collision is, thus, supported by
a positive feedback loop that increases the original electric field until the limiting
charge value of ga = 4me Er?, where r is the equivalent droplet radius, is reached.

The excess charge of the droplet or the ice particle is created by the intrinsic water
ions (H;O% and OH™) (see Sect. 5.2). In the droplet, these ions are near the surface
in conditions different from in the bulk (see Sect. 5.2). Positive and negative ions
are screened in the volume of water, and the uncompensated charge is concentrated
along the droplet surface being driven by Coulomb repulsion. The thickness 4 of the
layer with excess charge can be determined by

Fig.5.11 The charge separation mechanism in a cloud. Collisions between two water/ice particles,
polarized in the environmental electric field E, result in charge redistribution and separation. The
smaller particle brings the positive charge up following updraft, and the larger particle brings
negative charge down
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where (4 is the mobility of ions (j4 5,0+ = 2.5x 1077 m?/V-s [12]), 0; is the conduc-
tivity of interfacial water (see Sect. 5.2). Equation (5.17) gives 2 ~ 1 nm. This value
does not depend on the droplet diameter; therefore, the specific charge of the droplet
increases with a decrease in its diameter. In fact, most of the internal volume of the
droplet remains neutral. However, the concentration of the charge near the droplet sur-
face makes the charge/discharge of the droplet in collisions with other particles easier.

Despite their eminent importance, many processes discussed above, and their
involvement in the continuous transformation between the liquid, solid, and vapor
phases of water, the physical and chemical processes are not well understood on a
fundamental level, thus hampering our predictive capabilities for climate change and
water availability. Many of these unsolved puzzles are related to the interaction of
water with aerosol particles, which offer an immense heterogeneous surface facil-
itating phase transformations and liquid- and gas-phase chemical reactions in the
atmosphere. Particle porosity plays an important role in the interaction of water and
atmospheric aerosols. For example, the specific area of illite mineral dust particles,
a major component of desert dust [47], is 100 times larger than the surface area of
a solid spherical particle of the same diameter. This property may preserve liquid
water in the pores below the water saturation value, improving cloud condensation
properties or influencing its efficiency in nucleating ice in supercooled water [48].

Recently, a mechanism of the heterogeneous deposition of ice nucleation came
into the focus of the atmospheric research community. It was suggested that direct
nucleation of ice from the vapor phase below water saturation is not likely to happen
under realistic atmospheric cloud conditions and should be reconsidered in favor of
a capillary condensation freezing mechanism, generally referred to as pore conden-
sation and freezing [49]. Experimental and theoretical studies with model porous
particles [50] have confirmed the feasibility of the mechanism, showing that homo-
geneous freezing in pores could account for some cases previously attributed to the
deposition freezing mechanism.

Thus, the physicochemical properties of water and especially interfacial water
are key to the most challenging questions in atmospheric science and geochemistry.
Despite recent progress, our knowledge of the electric and structural properties of
water near natural interfaces are still limited. Apart from the changed phase diagram
of confined water, which is pore-size dependent, water and the walls of the porous
material form complex interfaces characterized by an electrostatic potential, the
ordering of molecular species, and a strong deviation of molecular kinetics from that
of bulk water. Capillary condensation and retention, heterogeneous freezing, and
heat transfer effects all depend on the properties of water near the interfaces, which
are yet to be elucidated. Details of the dynamic structure of water, and its spatial-
time heterogeneity, discussed in this book pave the way for a deeper understanding
of the complex phenomena of atmospheric electricity and the corresponding natural
phenomena.
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5.4 Kelvin Water Dropper: Converting Gravity
to Electricity

The interaction of droplets with electric fields was at the very beginning of the branch
of science which we currently know as electrohydrodynamics. The pioneering works
on this front were made by Rayleigh [51], and later by Taylor [52] and Melcher [53].
These works describe the basics of the complex phenomenon of the interaction of
water with an external (static) electric field. In spite of the long history of study, the
topic is still hot, and interesting engineering systems have continued to develop, uti-
lizing the action of electric field on liquids in mass spectrometry, analytical chemistry,
printing, coating, colloids propulsion, and even air purification.

Aninteresting effect of interaction of water with an electric field was demonstrated
by Lord Kelvin, who described in 1867 a simple device that elegantly converts
gravity to electricity without moving parts [54]. Figure 5.12 shows the schematic of
the Kelvin dropper, which produces an electric potential difference by detaching the
water droplets in the gravity field in a self-induced electric field.

The device consists of the two symmetric parts, the source of water has two
nozzles, through which water drips under the force of gravity. If, owing to electrified
bodies in the neighborhood, the potential in the air around the left-hand nozzle, where
the stream breaks into droplets, is positive, the droplets fall with a negative charge,
and vice versa for the right-hand nozzle. When the droplets fall into the receivers,
they bring the electric charge, which is induced on the cross-wired metallic rings near
the nozzles (the inducers). Suppose that a small negative charge is brought by the
droplet from the left-hand nozzle to the first reserving container below. The inductor
connected to this container becomes negatively charged, and the induced electric

Fig. 5.12 The schematic of
Kelvin electrostatic
generator. Two falling H,0
streams of water droplets
from the reservoir pass l J [ J
through metal rings

(inductors), which are 5 5
cross-wired, to receiving ot -0
containers. See the text for 3+ _ 3
explanation of the working £ £
principle
— —
= i
ol o
8. N
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field near the second nozzle polarizes the droplet in such a way that its detached part
is becoming positively charged. This positive charge, being brought to the second
receiver, induces a positive charge in the ring, which stimulates negatively charged
droplets from the first nozzle. Thus, subsequent cycles are enhanced by a positive
feedback loop. As aresult, the potential difference between receivers reaches several
thousand volts, and one can observe periodic discharges, which bring the system
back to the initial state.

Note that the induced voltage does not depend on the distance from the nozzle to
the droplet receiver. In other words, the potential energy of the water tank, above the
generator does not play arole, explaining the low efficiency of the Kelvin’s generator.
The only important part of the work performed by gravity is the detachment of the
droplet from the rest of the water in the nozzle. As the potential of the receiver
increases with time, the electric field of the inductor also produces the work which
helps gravity to detach the droplets from the nozzle. Interestingly, measuring the
charge of the droplets produced in the natural electric field of the atmosphere, Kelvin
was able to measure the atmospheric potential with very high precision, comparable
to modern plasma-based devices.

The working principle of the device can be described in the following way. Let C,
and C; be the capacitances of the receivers (1) and (2), respectively (see Fig.5.12), b,
and b, are the rates of the charge loss per unit of time due to some leakage currents,
and a; and a, are the rates of charge accumulation brought by the droplets. Let +¢,
and —¢, be the time-dependent potentials of the receivers (1) and (2). Then, the
action of the device is expressed by the following system of the coupled equations:

d
{Clltl = ayp» — b1¢1, (5.18)

Gy = a1 — by

Assuming that Cy 5, a; 2, and b; » are constants, and that C; ~ C, = C, a1 = a,
=a, and b; & b, = b, we get a simple solution for the potential difference between

the receivers:
2(a — b)t
Ap =2 exp( (@—b) ) (5.19)
a C

which shows the exponential increase of the voltage with time. If a = b, the voltage
does not change with time.

Figure 5.13 shows the droplet of water in an external electric field Ey. The electric
field lines inside the droplet are roughly uniform, and the corresponding field E’ =~
E/e(0) is weakened by the value of the dielectric constant of water €(0) &~ 80. The
field lines near the poles of the droplet are getting denser due to geometric factors.
For a spherical droplet the pole field strength £, is approximately three times larger
than the strength of the external field Ey and is determined by the formula:
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Fig. 5.13 The distribution
of electric field lines around
a charged droplet placed in a
uniform electrostatic field
Ep. E’ is the strength of the
resulting field inside the
droplet. Pluses and minuses
indicate the intrinsic ions of
hydronium and hydroxyl
ions, respectively. The poles,
separated by the dashed
lines, have excess charge

q

_ 5.20
4 eggr? (5:20)

E, =3Ejcosf +

where 6 is the polar coordinate, and r is the radius of the droplet.

When an isolated droplet is subjected to a constant electric field Ey, the charges
migrate to the poles of the droplet, being dictated by the direction of the field (see
Fig.5.13). The speed of the charge separation mechanism is dictated by the mobility
of the intrinsic ions of water (see Table 1.1) and equals about 1 mm/s. The minimal
electric field required for the complete separation of the H;O" and OH™ ions in the
dropletis E; = g/e€(S, where g is the charge on the droplet poles, S is the area of the
pole, €(0) is the static dielectric constant of water, and € is the vacuum permittivity.
For droplets about 0.1 mm in diameter, one has E; ~ 60,000 kV/cm, which is not
reachable in the real experiment. Thus, the electric field does not separate charges but
just polarizes the droplet. The relative displacement of the charges creates positively
and negatively charged poles (see Fig.5.13), while the droplet as a whole remains
neutral. However, if the polarized droplet is separated into two parts along the external
electric field, both parts carry the same electric charge, but with the opposite sign.

Figure 5.14 demonstrates the detachment of the water droplet from the nozzle in
the external electric field. The nascent droplet has an elongated shape as shown in
part (a) due to the simultaneous action of gravity and electrostriction. Then, before
the droplet separates from the nozzle, a constriction is formed in its upper part as
shown in part (b). After the detachment of the droplet, the constriction remains on
the nozzle, and the detached part of the droplet acquires a shape close to spherical, as
shown in part (c). The charge distribution in the direction of the electric field lines is
not uniform. When the droplet forms, the intrinsic ions of water are displaced by the
electric field in such a way that a part of the uncompensated charge appears near the
droplet neck, and the oppositely charged part is formed in the lower part (tip) of the
droplet. The droplet as a whole remains neutral until separation. After detachment of
the droplet, an excess negative charge (see Fig.5.14c) remains on the nozzle, while
the excess opposite charge is carried away by the droplet. As a result, the spatial
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Fig. 5.14 The scheme of the droplet detaching from the nozzle in an external electric field E¢: a
the droplet formation, b the droplet with a neck at the moment close to separation, and ¢ the droplet
separated from the nozzle. Pluses and minuses show uncompensated intrinsic ions of H30" and
OH™, respectively. The areas of uncompensated charge have the thickness of 4 << 1 wm

separation of charges occurs under the action of gravity and the external field, which
would not be achieved if the droplet polarization were caused by the orientation of
H,O dipoles.

To determine the dependence of the charge density p+ (in C/m?) on the electric
field strength, we neglect the curvature of the excess charge area, whose thickness &
defined by (5.17) is significantly smaller than the droplet diameter, and write

EoEp
h 9

p+ = V(eggEg) ~ (5.21)
where E, is defined by (5.20). Equation(5.21) shows that the charge density is
proportional to the applied field.

Thus, the electric field and gravity both separate the intrinsic H;0" and OH™ ions
of water. The separation of the hydronium and hydroxyl ions of water is the basic
mechanism of the Kelvin electrostatic generator, in which the electrokinetic current
depends on the overlap of the liquid velocity profile and the anisotropic charge
distribution near the solid-liquid and liquid—air interfaces. As most of the water
droplet does not carry the charge at the moment of its separation from the nozzle,
smaller droplets could give higher efficiency. That is why, nanofluidic devices can
be fabricated [55] based on a principle similar to that used in Kelvin’s generator. The
efficiency of the energy conversion of water-based systems, which is based on an
acceleration/deceleration cycle, effected by jetting high-velocity charged droplets at
a target with high electric potential [56], can reach up to 50%, which is higher than
that for solar cell conversion systems (currently about 20%), and comparable with
that for gas turbines. However, the standard liquid microjet device provides only
about 10% efficiency of the energy conversion [57].
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5.5 Water in a Strong Electric Field

Andillustrative example of the anomalous behavior of water in an external electric field
is the floating water bridge (Fig.5.15): a stable filament between two beakers under
high voltage. The phenomenon was demonstrated for the first time by Armstrong in
1893 [58] and has attracted attention in the past two decades [59-63] because the
standard Bernal-Fowler model of water (see Chap. 1) fails to reproduce it. The effect
consists in the increase of water’s viscosity when an external electric field is applied,
allowing one to create the conditions for the observation of the floating water bridge.
Typically a voltage of about 15 kV is needed to form a stable free-hanging water wire
of 1-2 cm. The effect has been shown [59] to be very sensitive to the purity of water:
even small amount of foreign species destroy the bridge. The floating water bridge
reveals the hidden properties of water, which are not observed in a zero electric field.

There are several competing phenomenological models that attempt to explain the
bridge stability. These models are based on either notions of the dielectric constant
€ or the surface tension y [61-63]. Both are continual macroscopic parameters that
lack microscopic clarity. As y was shown [64] to be unable to hold the bridge alone,
internal polarization-induced interactions were introduced [61] as forces which resist
gravity. These forces originate from the intermolecular cooperativity effect, because
theenergy A=E - =107 eV of an interaction of dipoles of H,O which are oriented
along the field is five orders of magnitude lower than the thermal energy kz T = 1072
eV; thus it cannot govern the bridge stability. Moreover, X-ray scattering and Raman
spectroscopy showed [62] that there is no preferential orientation and no perturbation
of water molecules along the field [65]. In other words, the alignment of bounded
hyperpolarized H,O molecules, which constitutes the Bernal-Fowler model of water
(see Chap. 1), cannot explain the phenomenon of the bridge, but a comprehensive
explanation can be found within the ionic model of water (see below).

While itis clear that the dielectric constant € of water is an important parameter for
the bridge stability, the microscopic origin of the excess polarization and, as a con-
sequence, the cause of the internal force that acts against gravity must be elucidated.

Fig. 5.15 The floating water
bridge between two beakers
with distilled water under
voltage of about 15 kV.
Reprinted with permission
from [63] Copyright 2013 by
the American Physical
Society
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Important results were recently obtained by ultrafast pump—probe spectroscopy [62]
and neutron diffraction [66], which showed that the supramolecular structure inside
the bridge is different than that observed in undisturbed water. Although there is no
reason to expect anything else than just ordinary electrostatics, one should analyze
the dynamic structure of water at high voltage in order to obtain more information
on the microscopic level.

Fuchs et al. reported [67] a unidirectional transfer of both mass and charge through
the bridge from anode to cathode. The intrinsic charges of water, being involved by
the electric field, drag the neutral H,O dipoles and carry the mass from the positively
charged electrode to the negatively charged electrode. This direction corresponds
to the direction of the excess-proton flow and can be understood in terms of elec-
trophoresis.lo Excess protons (H;0T) and proton holes (OH™) as charges move in
opposite directions, i.e., from anode to cathode, and from cathode to anode, respec-
tively, but the mass (the hydrogen nuclei) always flows from anode to cathode,
because both ions transfer the proton via Grotthuss mechanism (see Sect. 1.3.1). For
instance, the dynamics of OH™ ions by the Grotthuss schematic assume that charge
and the mass (of the proton) are moving in opposite directions, while in case of H;0™
the mass and the charge move in the same direction. Thus, the movement from anode
to cathode of excess protons physically translate the mass from one beaker to another,
while the charges move in the opposite directions. The unidirectional flow of protons
through the bridge is confirmed [67] by the pH gradient between the beakers, which
increases with time.

Namin et al. found [63] that the proton current is proportional to the applied
voltage. But, when the voltage reaches 20-25 kV, the current saturates. This effect
is similar to that observed in electrolytes, and known as Wien effect,'! explained by
Onsager and Kim [68]. In the ionic model of water (see Sect. 4.4), excess protons
and proton holes have the potential to mutually interact. The external electric field
tilts the potential, allowing them to drift along and against the field respectively,
increasing the current density proportionally to the electric field. However, when the
electric field strength becomes very high, the current saturates, as there is a limited
amount of the ionic species in the potentials. The height of the potential determines
the maximal current that can be passed through water without electrical breakdown.
Interestingly, the voltage of the saturation of the protonic current in the water bridge
coincides with the threshold of electrostriction, observed in aqueous solutions [70],
thus indirectly confirming that ionic species in water have the potential to mutually
interact.'?

10EJectrophoresis is the motion of dispersed particles of a fluid under the influence of a spatially
uniform electric field.

"The Wien effect is the experimentally observed increase in ionic mobility or conductivity of
electrolytes at very high gradients of electrical potential [69].

12Electrical breakdown or dielectric breakdown is a process that occurs when an electrical insulat-
ing material (such as water), subjected to a high enough voltage, suddenly becomes an electrical
conductor and a current flows through it.

13This interaction is missing in the standard Bernal-Fowler water model as discussed in Sect. 1.3.
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Woisetschlager et al. found in addition [71] that the temperature of the bridge
increases with time and finally causes its collapse after about 45 min by the sta-
bility breakdown. The effect can be interpreted by means of the electrophoretic
retardation force, formed by the ions of the opposite signs, which moves in opposite
directions under the conditions of electrostatic interaction. Note that the ionic model
(see Sect. 4.2) assumes short-lived (picosecond) ionic species, with concentrations
up to 1 mol/l, which is high enough to (a) explain the fast mass transfer through the
water bridge observed in the experiment and (b) provide an additional electrostatic
restoring force when the ionic species become relatively displaced by the external
electric field (see below). The nanoscale density fluctuations inside the bridge (found
by Skinner et al. [62]) indirectly confirm the 1 nm spatial heterogeneity, which was
found in water by means of dielectric spectroscopy (see Chap. 4).

Figure 5.16 shows the scheme of the floating water bridge. The force T of internal
tension counteracts to the gravitational force P. If the flexure & is much smaller
than the distance between the beakers H, thus, the bridge lengths [ &~ H. For the
gravitational force, which acts on the each half of the bridge, one can write

P = SHpg/2, (5.22)

where S = wd?/4 is the cross-sectional area, d is the diameter of the bridge, p is
the density of water, and g is the acceleration of gravity. Hereinafter we neglect the
possible variation of the diameter d along the bridge. The tension force T can be
defined as that with which the left and right parts of the bridge act on each other. At
the suspension point B (see Fig. 5.16) the tension is equal to

Tp = /T.* + T,* = Toy/1 + 16h2/H2, (5.23)

where T, and T, are projections of Tp on the vertical and horizontal axes, respectively,
and T is the tension at point O. For small h, T &~ Top &~ T, which means that the
tension 7 is approximately the same at any point along the bridge. The torques
equilibrium dictates

Toh = PH/A. (5.24)

Fig. 5.16 The scheme of the Tt Pt
floating water bridge 3
between two beakers at high
voltage. Arrows show the
forces that act on

the right-hand part of

the symmetric bridge. The
yellow arrow shows

the direction of the proton
flow as discussed in the text
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Combining (5.22) and (5.24), we get the expression:
T = SH?pg/8h, (5.25)

which for H =2cm, & =2mm, and d = 2mm (the real geometric parameters for the
experimentally observed bridge) gives 7 = 1.8x 1073 N.

Figure 5.17 shows the distribution of excess protons and holes (H;0" and OH~
ions) in the water inside the bridge. The external electric field tears the excess-proton
dissociation—recombination trajectories and increases their lifetimes. As discussed
in Sect. 4.2.3 (see Table 4.2), the maximal concentration of ionic species in water,
both short- and long-lived is 1 mol/I (or 1 ion per about 50 water molecules). Pertur-
bations caused by the high voltage should increase the concentration of long-lived
ionic species ny. These ionic species, according to the principle of the minimum
entropy production, are distributed in such a way that each positively charged ion is
surrounded by negatively charge ions and vice versa. Thus, each ion has its own ionic
atmosphere. An external electric field E yields the shift Ax of charges from their
equilibrium positions along and toward the field for H;O" and OH™, respectively
(see Fig.5.17). The restoring force F, appears as a result of the attraction of the ions
and the centers of their ionic atmospheres. This force in any cross section of the
bridge equals

Fig. 5.17 The microscopic (a)
origin of the stability of the
floating water bridge: a The
structure of water inside the
bridge. Color circles show
the ionic species displaced
by the external electric field.
The red arrow shows the
electrostatic restoring force.
Yellow arrows show the
effective dipole moments
due to displacement. b The
corresponding potential for
ionic species

(b)

Distance (nm)
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F. = kAx -d*(n)*?, (5.26)

where n. is the concentration of ions, the term d?(n)>/® represents the number
of ionic species in the cross section of the bridge, and « has the same origin as the
constant k; =mpwo ~ 0.04 N/m, discussed in Sect. 3.5 in the context of the dielectric
relaxation. The maximal possible relative displacement Ax,.x of ionic species (see
Fig.5.17) equals the half the distance between them:

Axmax = 1/2 = (n)"13)2. (5.27)

Substituting (5.27) for (5.26), we get F. = 60N for the bridge of d = 2 mm, where we
assumed n4 = 1 mol/l from Table 3.5 as the maximum possible concentration of ionic
species. One can see that the value of F, significantly exceeds the tension force T
found above. Thus, either not all ionic species are long-lived under the influence of the
external electric field, or they are partially screened by the surroundings. Regardless,
the internal restoring force, caused by intrinsic ionic species displaced by the field is
high enough to explain the existence of the bridge. A more detailed analysis requires
additional experimental data, which are currently missing. Nevertheless, we can
make a few additional estimations, which confirm our suggestions.

The relative displacement of ionic species yields the polarization with the dipole
moment [efr = g Ax, where g is the effective charge of ions. All the induced dipoles
are oriented in the same direction along the field (see Fig.5.17), and, thus, attract
each other with the force:

2
q 1 1 1 :| ) 23
Foju=—1|=— — -d“(n °. 5.28
a4 = g [12 (= Ut ax) (n+) (5.28)

Assuming again that AX = AXpax, We get Fy; = 300N, which is also more than
enough to explain the stability of the bridge.

As, according to the ionic model, both the surface tension y and the dielectric con-
stant € have the same microscopic origin: both result from the correlation of intrinsic
ions of water, thus, both parameters are responsible for the bridge stability. This fact
is in accordance with the experimentally observed coincidence in the temperature
behavior between y and € [72].

Summarizing, the long-order electrostatic interaction of protons and holes forms
a kind of plasma crystal (see Fig.5.17), which does not form in undisturbed water.
A quantitative estimate shows that the tear strength of the effective plasma crystal is
high enough to resist the gravity. The phenomenon of the floating water bridge is a
representative example of an effect which lies beyond the Bernal-Fowler model (see
Chap. 1) but can be explained in the frame of the ionic model (see Chap. 4), showing
the extended range of validity of the latter.
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5.6 Water in Electrochemical Energy Systems

Electrochemical energy systems are the most rapidly growing area of energy sources,
in which electrical energy is generated or accumulates by the charge separation in
an entire material or at the interface by means of local chemical reactions, or by
preliminary polarization [73—75]. Environmental friendly materials with high-energy
density, high power density, and high electronic and ionic conductivity are in high
demanded in this field. Thus, water and water-based systems attract a significant
amount of interest as electrolyte materials. The study of these new materials, and the
improvement of the technology of charge separation and conservation, constitutes
the main challenge of modern electrochemistry [76].

Water has always played an important role in the electrochemical systems of
the accumulation and generation of electricity. Such devices as batteries, fuel cells,
supercapacitors, and electrolyzers, are either water based, or significantly depend on
the electrodynamic properties of water. Water serves as an easily accessible, effi-
cient, and ecologically friendly media for energy storage, because it is ubiquitous in
nature, does not harm the environment, and the oxygen—hydrogen bond is one of the
strongest chemical bonds (493 kJ/mol (5.1 eV)'#). Even if water is not included in the
electrochemical device directly, it is always present in or on the construction materi-
als, changing their properties [77], and sometimes causing such unwanted problems
as current leakage and self-discharge. In addition, water is a reference liquid for all
aqueous electrolytes, whose dynamical structure determines the dynamic structure
of any aqueous system. Thus, knowledge of the dielectric and structural properties
of water in the bulk and the interfacial states are vital for the further development of
electrochemical systems and beyond.

One of the first aqueous systems for the collection of electric charge was the Leiden
(or Leyden) jar (see Fig.5.18). This device, appearing in 1745, was connected to an
electrophore machine and was able to store a high-voltage electric charge (up to
60,000 V, and ~1 i C) between the inside and the outside surfaces of a glass jar filled
with water. The Leiden jar was very popular for charge storage until the twentieth
century, when electric circuits switched from DC to AC current and made the Leiden
jar useless. Sometimes it is still used in electrotherapy and for educational purposes,
continuing to amaze students with its unusual properties.

In order to find where exactly the charge is stored in a Leiden jar, Franklin created
a modified version of it, with metal foil instead of a hand. He uses two metal plates
and invented the first capacitor. He found [79] that both plates accumulate the charges
of opposite signs of equal magnitudes. Then he removed the spike and poured out the
“electrified” water. After that he filled the bottle with the new non-electrified water
and found that jar was still storing the charge of almost the same magnitude as with
the original electrified water. He concluded that charges are stored in the glass, not
in the water.

14For comparison, the energy of O—O bond is 146 kJ/mol and H-H bond is 436 kJ/mol.
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Fig. 5.18 The early Leiden ——

jar (the first capacitor). The w ) [
bottle with a metal spike o !
through its stopper in contact ; "

with water. The hand serves ! [
as a first electrode, and the A
spike as a second, both !
separated by the dielectric

(glass). The charges are

stored in the film of water at

the interface with glass.

Open-access picture

(originally from [78])

Later Addenbrooke showed [80] that Franklin’s conclusion was wrong. He
repeated the experiment with a “dissectible” jar made of three cylinders: two metal
and one glass between them, which were in close contact. He charged the jar, dis-
mounted the metallic electrodes, discharged them, and then assembled the jar again.
The capacitor was charged as much as it had been originally. Thus, the charge seemed
to be stored in the glass, as in Franklin’s experiment. However, when he performed
a similar experiment with a paraffin cylinder instead of a glass one, the result was
the opposite: the reassembled capacitor was uncharged, and the charges were found
on the metal cylinders before they were discharged. Addenbrooke concluded that
the effect observed by Franklin is due to the water film, which always covers the
glass surface. In other words, the charges are located in a film of water on glass,
but not in the glass itself. When the conductor is removed (for example the water
is drained), the charges remain in the water film on the glass surface. If the glass
is carefully dried and the experiment is carried out in a dry atmosphere, then the
“Franklin effect” is not observed. Thus, water in the Leiden jar is not as important as
the interfacial layer (see Sect. 5.2), which is always present on the surface in standard
conditions of temperature, pressure, and, most importantly, humidity. Disregarding
the surface water sometimes leads to anomalous phenomena, which, however, have
a simple explanation. Interestingly, the electrical double layer (about 1 nm thick) is
determined by the intrinsic ionic species of H3O" and OH™, which determines the
charge accumulation in such macroscopic systems as the Leiden jar and other similar
devices.

While the Leiden jar was the first accumulator of electricity, the voltaic pile was its
first source. Figure 5.19 shows the schematic of the pile assembled by Volta in 1794
that continuously provides an electric current to an electric circuit. Volta, relying on
the earlier results by Galvani, found that when two metals are separated by cloth
soaked with saltwater, they produce an electric current. Later Volta stacked several
unit elements in parallel to increase the voltage. In this way he created the first battery.
When the top and bottom contacts of Volta’s battery are connected by a metal wire,
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Fig. 5.19 A drawing of a —
copper—zinc voltaic pile
similar to that assembled by

Alessandro Volta in 1794. T
The copper and zinc discs are S +

separated by spacers soaked
in saltwater (the electrolyte),
and assembled into the stack

an electric current flows through the pile and the connecting wire. The invention of
the voltaic pile stimulated a series of scientific discoveries, such as the electrolysis
of water,'” the isolation of new chemical elements, electric discharges in gases and
liquids, and oxidation—reduction or redox reactions.

Although Volta initially did not pay attention to the role of water in the contact
with the metallic plates in his pile, later scientists realized that the aqueous electrolyte
is involved in the chemical reactions with electrodes:

Zn + 20H™ — Zn(OH), + 2e~, (5.29)
2H30+ +2e¢~ — H; + +2H,0, ’
where the first reaction is oxidation, and the second is reduction. Thus, the battery
provides an electrical current through an external circuit by means of chemical reac-
tions: the zinc anode is oxidized by OH™ ions of water, releasing two negatively
charged electrons. On the other side, two positively charged excess protons (H3;O"
ions) of water accept two electrons from the metal, become reduced and form a neu-
tral hydrogen molecule, which then volatilizes into the air. Note, that water plays
the central role in the energy production, while NaCl (or any other electrolyte) just
increases the rate of protonic transfer, supplying electrodes with the reaction com-
ponents, e.g., ions of H3O" and OH™ (see Sect. 5.1 for the dynamical structure of
electrolytes in the frame of ionic model).

15The electrolysis of water is the decomposition of water into oxygen and hydrogen gases by means
of electricity.
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In the general case of a cell consisting of two metals A and B immersed in the
solution of electrolytes AX and BX, the resulting electromotive force £ is [81]:

eEap = (&g — Cx) — (La — Cax)s (5.30)

where ¢4, {p, {ax, and {px are the chemical potentials of the metals A and B, and
the corresponding electrolytes, respectively.

Although the Leiden jar and the Voltaic pile are not in high demand in modern
engineering systems, they played an important role in the development of modern
electrochemical energy systems. Being the simplest accumulator of electricity and
generator, they served as prototypes of many modern devices, such as electrolytic
capacitors, alkaline and acid batteries, flow batteries, supercapacitors, electrolyzers,
hydrogen fuel cells, and metal hydride hydrogen storage materials, which are widely
used for energy storage and conversion [29].

Figure 5.20 shows the general schematic for all modern electrochemical devices,
which are used for the generation and accumulation of electricity. These devices
have either open or closed systems, depending on the assembly and the purpose,
with nearly the same operative principles; the only differences are in the structure,
type, shape, and composition of the electrodes, electrolyte, and separator. The main
difference between open and closed electrochemical systems is that the former are
designed to generate electricity and require the continuous supply of reactants (fuel),
while later just store energy in chemical reactions and are limited by the physic-
ochemical properties of construction materials (electrodes and electrolyte). There
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Fig. 5.20 The principle scheme of an electrochemical energy system (fuel cell, supercapacitor,
battery, or electrolyzer). 1 and 2 are electrodes (cathode and anode), and 3 is the semi-permeable
separator, immersed in the electrolyte. The cell can be closed (an accumulator), or open (a generator).
Blue arrows show the inlet/outlet of the reaction components; yellow arrows show the exchange of
the gas phase, or the charge leakage; black arrows indicate chemical reactions near the electrodes;
and green arrows show behavior of ionic species through/near the separating membrane
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are four main classes of the electrochemical systems: batteries, supercapacitors, fuel
cells, and electrolyzers, which differ by their characteristics and thus ranges of appli-
cation.

All batteries are variations of the galvanic cell described above. The most popular
water-based battery is a lead—acid accumulator, which consists of a liquid electrolyte
(a mixture of sulfuric acid and water), lead electrodes, and a separator (rubber or
other porous material). The plates in the lead—acid battery contain an active material
that is continuously bathed in the electrolyte while oxygen and hydrogen gas are
released during charging. Due to the liquid convection and other effects described in
this book, the water-based battery cell tends to rapidly charge and discharge. Having
low power density (W/kg), but relatively high-energy density (W-h/kg), batteries are
used to start automobiles, and in large backup power supplies, grid energy storage,
off-grid household electric power systems, emergency lighting, and sometimes in
small vehicles.

A special case of batteries is flow batteries, which are close to fuel cells (see below)
by their operation principle. This type of electrochemical energy source stores elec-
trical charge in scalable tanks of liquid electrolyte that is pumped near the electrodes
to extract electrons by means of a chemical reaction. The used electrolyte returns to
the tank and can be “recharged” by an external source of electricity. The two most
popular, the organic and the vanadium flow batteries, are water based. Flow batteries
are in demand as backup systems for stationary applications, such as wind power
stations and solar-power plants. They have very low-energy density and relatively
low charge and discharge rates, however, they can be easily scaled-up without a
reduction of their efficiency.

Supercapacitors cover the gap between electrolytic capacitors and batteries. They
store 100 times more energy per unit mass than electrolytic capacitors, accept and
deliver charge much faster than batteries, and have very long charge-discharge life-
cycles. The construction feature of a supercapacitor is electrodes of high porosity,
and, thus, high surface area, so the electrolyte layer can be reduced to the thickness
of only one electric double layer, which provides very high capacitance. The aqueous
supercapacitor is very ecologically friendly as it contains only water and charcoal
electrodes. Nevertheless, the threshold of the electrolysis of water limits the maximal
voltage of such a supercapacitor to about 2 V. The properties of water presented in
this book pave the way for the further improvement of aqueous supercapacitors. The
main advantage of supercapacitors is that they have the highest power density among
electrochemical energy sources, which makes them indispensable in automobiles and
small planes, where they can effectively supplement fuel cells.

Fuel cells are open electrochemical systems which produce electric energy on
demand using different types of fuels (e.g., hydrogen and natural gas). The most
developed fuel cell type is an aqueous polymer-electrolyte fuel cell (PEMC).'® This
electrochemical system transforms the chemical energy liberated during the electro-

16Note that the solid-oxide fuel cell (SOFC) is one of the most promising types of the fuel cell for
portable applications, as it has the highest energy density. However, the high operation temperature
and the current level of material-production technology hinders its immediate application. The main
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chemical reaction of hydrogen and oxygen to electrical energy, and consists of the
electrodes, a proton or hydroxyl-conducting electrolyte, catalyst, and gas diffusion
layers. The fuel cell requires a source of hydrogen gas, uses oxygen from the air, and
produces water vapor as the product of the electrochemical reaction. Note that fuel
cells are very efficient, but have the lowest power density among all electrochemical
energy systems, thus, they should be used with supercapacitors, which together pro-
vide all the required parameters needed, for example, for electric vehicles. Thus, fuel
cells are perspective competitors of the Li-ion batteries in the nearest future. In addi-
tion, a PEMC supplying an average household with electricity would also provide
them with drinking water [82], which makes this type of device very ecologically
friendly and suitable for indoor applications.

Finally, hydrogen, which is needed for the hydrogen fuel cell, is an intermediate
product that stores electric energy to be converted into electric power on demand.
The easiest and most efficient way to produce the hydrogen of very high purity (up to
99.999%) is the electrolysis of water. The composition of the modern electrolyzer is
similar to that shown in Fig. 5.20, with some additional features, such as stirrers and
ultrasonic generators, which increase the efficiency. Alkaline electrolyzers operate
via the transport of hydroxide ions (OH™) through the electrolyte from the cathode to
the anode with hydrogen being generated on the cathode side. Hydrogen gas released
in this way can be used as hydrogen fuel, or remixed with the oxygen to create oxyhy-
drogen gas, which is used in welding and other applications. Sometimes called water
splitting, electrolysis requires a minimum potential difference of 1.23 V. However,
as discussed in Sect. 5.2, the properties of water can be significantly changed near
the interfaces, which can reduce the threshold of the electrolysis. Moreover, recent
studies of the nuclear quantum effects in protic systems and their role in polarization
effects [83] show that the mechanism of autodissociation in water needs to be revised,
taking into account short (sub-femtosecond) processes and the spatial heterogeneity
of water (see Chaps. 3 and 4).

Note that for all the systems described above, the most important parameter of
water is the electric conductivity, or ability to transfer the electric charge. Figure 5.21
shows the temperature dependencies of different ionic conductors. As one can see
water and ice in their bulk states shows negligibly small electrical conductivity in
comparison with the main superionic conductors. However, as demonstrated in [41],
and discussed in Sect. 5.2, interfacial water has an electric conductivity five orders of
magnitude higher than that in bulk water, whose absolute value exceeds the conduc-
tivity of other electrolytes in an extended frequency range around room temperature.
The remarkable properties of water at the nanoscale pave the way for the development
of proton exchange membranes and aqueous electrolytes with better characteristics
than are currently used. The increase of the proton-transfer rate will proportion-
ally increase the power density of the corresponding electrochemical devices, which
should, in particular, increase the efficiency and reduce the cost of electricity.

players in this market still use PEMC, however, there are many reasons to expect that SOFC will
oust other fuel cell types in the near future.
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Fig. 5.21 The electric conductivity of ionic conductors as a function of inverse temperature. Red
and blue lines denote the experimental curves for bulk water and ice, respectively. The dashed
red curve is the upper limit of confined water conductivity and corresponds to pure interfacial
water, expected for the materials with narrow pores (about 2 nm) and high porosity. The water-filled
porous materials exhibit the values of conductivity inside the yellow-shaded region. Reprinted with
permission from [42]. Copyright 2020 American Chemical Society

Further progress in the field of electrochemical energy generation and storage will
significantly depend on our understanding of the dynamics and structure of water and
aqueous soft-matter materials (such as porous membranes, water—solid and water—
air interfaces, and colloidal suspensions) on the nanoscopic and macroscopic levels
at short (picosecond) and relatively long (millisecond or longer) time intervals. The
results discussed in this book serve as a foundation, which can be used to accelerate
and simplify the further search for the appropriate materials for electrochemical
needs, reveal the scope of the knowledge of the dynamic structure of water for a deeper
understanding of environmental and biological systems. Apart the development of
materials with high-energy accumulation density, I also expect that soon we will be
able to create artificially charge-transfer systems based on protonic (not electronic)
systems. This new branch of science, protonics, promises new bio-compatible charge
and information transfer systems, which are free of the metal-dielectric interfaces
and remove the problems of transfer between electronic and protonic systems.
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Appendix
The Complex Dielectric Constant for Ice
and Water

Figure A.1 shows the Cole-Cole plot of the dielectric permittivity of water and ice
at different temperatures. The inset highlights the high-frequency THz part of the
spectrum.
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Fig. A.1 The Cole-Cole plot of the dielectric loss, €”, versus the real part of the dielectric
permittivity, €’, for water and ice from 1 Hz to 25 THz in the temperature interval from —10°C to
100 °C
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