NANOSYSTEMS

DOI: 10.17725/rensit.2021.13.119

On Nature of the Dielectric Response of Liquid Water (Review)

Airat A. Khamzin
Kazan Federal University, https://kpfu.ru/
Kazan 420008, Russian Federation

E-mail: airat.fhamzin976@gmail.com

Received 23 April, 2021, peer-reviewed 03 May, 2021, accepted 10 May, 2021

Abstract: The article presents a brief review of the currently popularinterpretations of the microscopic
nature of the dielectric relaxation of water in the liquid phase in the giga- and terahertz frequency
ranges. The main emphasis is on models that allow for analytical consideration.

Keywords: hydrogen bonds, water, dielectric relaxation, conductivity, orientation and ionic defects,

Debye relaxation, Raman spectroscopy, fractons

PACS: 77.22.Gm; 77.22.Ch; 63.50.+x

For citation: Airat Khamzin. On Nature of the Dielectric Response of Liquid Water (Review). RENSIT, 2021,

13(2):119-128. DOL: 10.17725/rensit.2021.13.119.

CONTENTS

1. INTRODUCTION (119)

2. THE MAIN RELAXATION PROCESS OF
WATER (120)

3. NoN-DEBYE RELAXATION BEHAVIOR OF
WATER (124)

4. ConcLusiON (126)

REFERENCES (127)

1. INTRODUCTION

The necessity to study the structure and
properties of water is due to its unique role
in animate and inanimate nature, science and
technology, modern technologies. In a liquid
state, water has many anomalous properties that
distinguish it from other simple liquids [1]. Many
of these properties are not fully understood.
Among them, dielectric properties also play a
significant role. In particular, the dielectric loss,
which is determined by the imaginary part " of
the complex dielectric permittivity (CDP) and
quantitatively gives the field energy loss due to
absorption by the sample. Understanding the
processes that regulate dielectric loss is an urgent
challenge not only for everyday applications
such as microwave cooking, airport body
scanners, or the biological effects of mobile
phone radiation, but also for lesser known
but nonetheless important effects, such as, for

example, attenuation of electromagnetic waves
in fog or clouds, affecting communications and
radar devices.

Now, the methods of broadband dielectric
spectroscopy and far infrared spectroscopy allow
to measure dielectric spectra in a wide frequency
range [2]. Fig. 1 shows the spectrum of
dielectric losses of water at a temperature 20°C
up to 17 THz [3-6]. The main peak of dielectric
losses at about 20 GHz obeys Debye's law up
to several tens of gigahertz with a characteristic
relaxation time 1 = 9.3 ps at room temperature
[7], which represents the collective reorientation
dynamics of water [8-10]. In the frequency
range 0.1-2 THz, a deviation from the Debye
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Fig. 1. Dielectric spectrum of water at temperature 293 K.
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behavior is observed, which manifests itself in
the form of an “excess wing”” and indicates the
contribution of a faster dynamic process with a
characteristic relaxation time t R 1 ps [11]. Data
up to 1 THz can be fitted by the sum of the two
Debye functions, where the second relaxation is
superimposed on the dominant process around
20 GHz [11-12]. At even higher frequencies,
several vibration-related processes are detected,
which can be approximated by Lorentz functions.
A discussion of these processes is beyond the
scope of this paper.

Until now, there is no clear understanding
of the microscopic nature of both the
relaxation process around 20 GHz and the
supposed second faster relaxation process.
Early papers suggested several scenarios that
explained the second process. One of them
is the so-called "structural" scenario, which is
based on the two-fraction model of water [11-
13], where water is represented as a mixture
of two fractions: a small fraction of weakly
bound or not at all hydrogen-bonded water
molecules, and a fraction with molecules, hard
connected by hydrogen bonds. A fast dynamic
process is caused by the rotation of weakly
bound water molecules or inelastic collisions
of molecules. This scenario is confirmed by
two experimental facts: the relaxation time
T is small and is approximately equal to the
collision time of molecules in the gas phase,
the ratio of the amplitudes of the main and
fast processes approximately coincides with the
fraction of molecules forming no more than
two hydrogen bonds. This scenario contradicts
the data of coordination analysis [14], infrared
[15] and Raman spectroscopy [16], which
indicate a smooth distribution of fractions from
undercoordinated, with two hydrogen bonds,
to supercoordinated ones, with five hydrogen
bonds. Therefore, the separation of water into
two separate fractions is questionable. Another,
so-called “dynamic” scenario [17], assumes the
existence of another type of molecular motion
in the THz range, where non-Debye behavior is
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observed. This scenario is based on the fact that
the relaxation peak in the Raman spectrum of
water is in the same frequency range as the non-
Debye behavior in the spectrum of dielectric
losses [18]. Therefore, vibrations of the network
of hydrogen bonds are an additional molecular
motion in the dynamic scenario.

In [19], these early ideas were revived. As a result
of analyzing the data of dielectric and viscoelastic
measurements, as well as data on light scattering,
it was assumed that the fast process is the “true”
structural relaxation of water, determined by
the dynamics of single molecules. In contrast,
the main dielectric peak is associated with a
supramolecular structure similar to the Debye
peak observed in monohydric alcohols. This
work caused a heated discussion in subsequent
numerous papers, as well as the advancement of
new ideas about the origin of the main and the
second, faster, processes. This article is devoted
to a brief review of new interpretations of the
microscopic nature of the dielectric response of
liquid water that have appeared over the past five
years.

2. THE MAIN RELAXATION PROCESS
OF WATER

Historically, the first model of dielectric
relaxation of water is the Debye model [20]. In
this model, which is now considered erroneous,
water molecules perform a Brownian small-
angle rotational motion. Debye's model gives
the following relaxation time equation: t, =
4nRn/T (where R — radius of molecules, 7 -
viscosity). This equation correctly describes the
experimental data and gives the correct value
for the radius of single water molecules R =
1.44 A. However, this equation is violated for
water in the condensed state. The presence of a
network of hydrogen bonds limits the rotation
of water molecules and leads to the possibility
of only jump-like rotations of the dipole
moments of water molecules when hydrogen
bonds are broken. To describe the intermittent
reorientation of water molecules, the currently
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Fig. 2. Orientation defects. a) The local tetrabedral ordering of water molecules without defects, b) the defect in

the hydrogen bond network due to hydrogen bifurcation, c) the defect in the hydrogen bond network due to oxygen

bifurcation, d) schematic representation of the migration of the orientation defect with a sequential change in the
direction of the dipole moment of water nolecules.

most popular relaxation model “wait and switch”
[21], according to which the reorientation of
the water molecule occurs at a large angle only
when it encounters a defect in the network of
hydrogen bonds. In the waiting mode of the
defect the relaxation in the liquid phase slows
down compared to the gas phase. In water,
we can distinguish two main types of defects:
orientational (structural) and ionic. Hydrogen
bond between water molecules leads to local
tetrahedral ordering (see Fig. 24). However,
due to thermal fluctuations, the local ordering is
distorted, which leads to the breaking of some
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hydrogen bonds and the formation of bifurcated
bonds [22] (see Figs. 24¢). The presence of
such a defect (orientation defect) near a water
molecule contributes to its reorientation (see
Fig. 2b). Further migration of the orientational
defect leads to a sequential reorientation of the
remaining water molecules (see Fig. 2d). The
migration of defects has an intermittent nature
and is similar to the migration of orientation
L-D Bjerumm defects in ice. [23-25]. Note
that in water, orientation defects are formed in
pairs (defect-antidefect) and are destroyed when
meeting, In addition to orientation defects, the

0.

OV’
%o

!

'\:-I

p i
3

b

a
Fig. 3. The ionic defects H O™ and OH' (a). Schematic representation of the generation and migration of ionic
defects with a change in the direction of the dipole moments of water molecules (b).
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formation of pairs of ionic defects H O™ w OH
is possible in water (see Fig. 3). At a meeting of
ionic defect the water molecule does not rotate
as a whole, but rearranges the dipole moment
due to the proton hopping along the hydrogen
bond. Moreover, if on one side of the molecule
a proton is received, then on the other side it is
given away.

Orientation and ionic defects coexist in
water, therefore the dielectric relaxation in water
is determined by both mechanisms. In ice, due
to the significant difference in the activation
energies of ionic and orientational defects, it is
possible that one mechanism dominates over
another in a certain temperature range and,
as a consequence, the presence of a dynamic
crossover between them [24-28]. However, in
liquid water, the activation energies of defects are
approximately the same; therefore, it is difficult
to distinguish them in dielectric measurements
[22]. There is also no dynamic crossover in liquid
water. Based on this fact, and also that dielectric
relaxation does not react to pH changes [29],
it is suggested that the orientational relaxation
mechanism is dominant in liquid water [30].

Based on the “wait and switch” model, a new
theoretical model for describing the dielectric
relaxation of liquid water was proposed in [31].
Let's briefly highlight its main provisions. Taking
into account that the main mechanism of water
relaxation is due to the migration of orientation
and ionic defects along the network of hydrogen
bonds, and using the relationship between the
CDP and conductivity [24, 32] e(w) =&, + Ae/(1
+ iwe /o(w)), get

Ag
I+iws,(0,,(0)+0,,(@)"

e(w)y=¢,+

M

Here 6. () is the complex conductivity of
the orientation and ionic defects, respectively,
which is related to the mean square deviation
(MSD) of migrating defects by the relation
0, (@)= (n,q’ | 6T)Z, (i),
(n, q, are concentration and charge of the

o« = of, ion

defect o, T is the temperature in energy units),
where g(s) is the Laplace image of the defect
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MSD, Ae =¢ — ¢ is the dielectric strength,
e is the static dielectric constant, ¢, = e(w —
). If we make a fairly obvious assumption
that the orientation defects perform the normal
diffusion motion, <r’(f)>=6D,t (D _ is the
diffusion coefficient of orientation defects),
then ionic defects in the presence of orientation
defects, which will block proton hopping,
already perform anomalous diffusion motion,
<r’(ty>=6D,t* (D_ is the ionic defect
diffusion coefficient, 0 < o < 1). Performing
Laplace transformation of MSD defects,
g,.(s)=6D s?2 & (s)=6D, T(l+a)s ™, we
find from (1) the expression for the CDP of

water
Ag

1+ [(ian'w)_l +(iwt,,)” ]_l ’
Te,

1
Tor =#’ Tion :[ 2 J BE)
10950, Id+an,q,D,
Since, according to the experiment, the main
peak of the dielectric loss of water has a Debye
shape, the exponent o = 1, and from (3) we
obtain the Debye expression for the CDP

e(w)=¢,+

0

2

where

e(w)=¢ +L 4
Y +ior,’ )

with relaxation time
7, =(7, +7,,). ©)

A similar idea is developed in [33], where it
is assumed that dielectric relaxation, both in ice
and in liquid water, is entirely associated with
the migration of only ionic defects. We will
also briefly highlight the main provisions of the
approach developed here. For the theoretical
description of the dielectric relaxation of
watet, the author of [33] chooses the Langevin
approach, which has already been applied earlier
by other authors to describe the dielectric
relaxation of ice. [28]. According to the model in
[33], there are two types of correlations between
ionic defects. The first type of correlations is
the friction between the proton and the nearest
environment. The second type of correlation
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Fig. 4. Schematic representation of the model of paper
[33]. White circles represent neutral water molecules, small
circles represent excess protons (blue), proton holes (red).
The large gray circle represents the hydration shell of water,
and the large yellow circle represents the ion cloud of proton
holes. Springs show electrostatic interactions between ions
and neutral molecules (gray springs) and between ions and
the center of the negative ion cloud (red spring).

is long-range electrostatic interaction between
a positive H,O" ion and a cloud of negatively
charged OH" ions. Fig. 4 shows a schematic
representation of the ionic model from [33].
Within the framework of this model, the system
of equations for describing the dynamics of
ionic defects has the form

1
mjé+m7x+K2.[M(t—t'))'c(t')dt'+lq (x-X)=£(),

2 ©)
MX +MTX —x,(x-X)=F(2).
Here x, X are coordinates of the positive ion
and the center of mass of the negative cloud
in the coordinate system associated with water
molecules, 7, M are the mass of the positive ion
and the effective mass of the negative cloud,
respectively, y, I" are friction coefficients, «;, are
constants of electrostatic interaction between
a positive ion and a negative cloud and the
nearest neutral water molecules, respectively,
fiH, F() are the Langevin's random forces,
M@ = <fiH)fl0)>/Tk, is the memory function.
Solution of the system of equations (6) using
the Laplace transform and using the relation
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g(s):6é'vv(s)/ s>, where é‘w is the Laplace
of
function, gives the complex conductivity, the

image the velocity-velocity correlation

expression for which is conveniently represented
in the form
ng®/m
io+y + ot M(io)+ QM (io)
s+I
Qy(m/M)+s(s+T)

Here @, =+lk,/m, Q,=Jx,/ M, M(s) is the

Laplace-image memory function M(7). In [33], it
is also assumed that the memory function has an

o(w)=

()

M1(S):

exponential decay with a characteristic correlation
time ©: M (t) =exp(—t/7,) = M(s) =1/ (s +7.").
Note that at frequencies
s<D: M(s)=1/(s+ Q0 (m/ M)):=M,()=e"".
where 7, =T(M /m) /€. The expression for the
conductivity (7) is used to obtain the expression
for the CDP
e(wy=¢,+ o.'(_a)) =
s,

nq’  gm ®)

io(io+y+ ;M (io)+ QM (iv))

=g, +

Using the estimates of the model parameters for
liquid water, which were obtained in [33] only
from the analysis of the conductivity spectrum,
M/m =18,y =43 Tl I' = 22 TT, o, = 4.4
Tlu, Q = 31.4 Tl'u, 7' =1.7 MI'y, 7} =249
TI'm, one can simplify the expression for CDP
in the frequency range of the main peak (up to
0.1 THz). Indeed, in the frequency range of the
main peak, we have T << << v, 1o,

.|, as a result, expression (8) is reduced to the
Debye form
2 2
ng” /(w,&,m
s@) ~ &, + 2 LOGM) ©)
I+iort,
with a  characteristic relaxation  time

t, =(y+Qr,)/ & ~2.3 ps. Note that this value
is inconsistent with the observed relaxation time
of 9.3 ps of the main relaxation, that seems to
indicate the fact that the mechanism through
ionic defects may be responsible for the second,
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faster, process. The main problem of the model
proposed in [33], as pointed out by many authors,
is the inconsistency with the experimentally
observed value of the fraction of ionic defects
in liquid water, 107. The model also seems
incompatible with modeling classical molecular
dynamics, which satisfactorily reproduces the
dielectric response of water, even if there are
no charged defects in it. [34]. The discrepancy
by the author [33] is explained by the fact that
most ionic defects are short-lived and contribute
only in the microwave frequency region, where
their fraction can reach 1%. I would also like to
note that the idea of the existence of two types
of correlations of ionic defects in water is not
new. So in papers [25-28] for hexagonal ice was
performed the idea that in addition to anomalous
diffusion motion along an inhomogeneous
network of hydrogen bonds, there is a capture
of ionic defects by traps formed by orientational
defects. This type of correlations becomes
significant at sufficiently low temperatures, when
the motion of orientation defects is significantly
slowed down.

3. NON-DEBYE RELAXATION
BEHAVIOR OF WATER

We proceed to discuss the nature of the non-
Debye behavior of the dielectric response of
liquid water in the frequency range 0.1-2 THz.
Let us turn again to paper [31], where a new
idea of the origin of the non-Debye behavior
of the peak of dielectric losses in this frequency
range was also proposed, which also caused
many discussions in the literature. In [31], the
authors analyzed the low-frequency Raman
spectrum of water in [35], where the intensity
of Raman scattering was measured at extremely
low frequencies, up to 0.6 sm™. The frequency
dependence of the intensity /(v) of Raman light
scattering, corrected by the Bose-Einstein factor
of the level population, is shown in Fig. 5. The
figure shows the presence of a wide relaxation
peak just in the frequency range of non-Debye
behavior, with a characteristic relaxation time
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Fig. 5. Frequency dependence of the imaginary part
of the dielectric complex permittivity (left axis) and the
normalized Raman intensity |35], corrected by the Bose-
Einstein factor (right axis).
1, ® 0.5-1.5 ps. An analysis of the spectrum
carried out in [31, 35] shows that the nature of
this peak is associated with global oscillations
of the network of hydrogen bonds. Therefore,
in [31], it is concluded that the main reason for
the non-Debye behavior of the dielectric loss
spectrum is the oscillations of the network
of hydrogen bonds. To take this effect into
account, the concept of vibrational-diffusion
motion of defects is adopted, according to
which the motion of a defect is represented as a
superposition of independent translational and
oscillating motions: r(#)=R(#)+u(?). Then the
MSD of the defect take the form
g(t) =<r’(t) >=< (R(t) +u(1))’ >= (10)
=< R*(t)>+<u’(t)>.
For the translational motion of defects, as
discussed above, the normal diffusion law is
adopted. To describe the oscillatory contribution
to the MSD, it is assumed that the network of
hydrogen bonds is a system of coupled harmonic
oscillators with frequency w, then
67T (1—coswt)

2 9

(1)
mn @

where 7 is the mass of water molecule, 7 is the

<u’(t)>=

concentration of water molecules. If we take
into account that in reality in the network there
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is a dispersion of vibrational frequencies with a
distribution density ¢(w), then

<y >=L [o(e)
mn

For a regular network of hydrogen bonds, the

(1-coswt) do. (12)

2
w

Debye frequency distribution law is satisfied:
p(w)=3nw’ / w,, where o  is the Debye
characteristic frequency (p(w > o) = O0).
However, in reality, the network has an irregular
structure as a result of bond breaks, which can
be approximated by fractal symmetry. Then, at
frequencies w_ < w <w in the system, there is a

fracton spectrum with the density of states

p(w)= dsrzfaod"1 [ w®, (13)
where dq is a spectral dimension of the hydrogen
bond network (1 =d < 4/3),n /. is a concentration
of fractal fragments. Substituting (13) into (12)

and performing the integration, we obtain

T @p t>wp!
<u’(t)>= iszs J o (1 -cosat)dw ~
mna)C ’ @
‘ (14)
~ @ cos(rrd. / 2)T(d—2)f**.

Performing the Laplace transformation of Eq.
(14) for the MSD of defects and taking into
account the relationship between the MSD and
conductivity, we obtain an expression for the
conductivity of defects taking into account the
oscillations of the network of hydrogen bonds

(@) =0’ ’;—q;g(iw) -
Trd £ (15)

2ma” sin(zd, / 2)

2
- iw%(pm (iw) " + (i) ) J :

—_—e12
— =133

S |

Im[(e-o

rmrvesy
1 ot Wt it W W a0t W W

o
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where & = »z // n. Using the expression for
conductivity (15), the expression for the CDP is
reconstructed

Ag
gwy=¢, +——mm=
l+iwe, / o(w) .
P Ae (16)
1+[(i07 )" + (iwr, ) T
where
. B Te,
defect nqz Ddeféct 5

(17)

‘ 4 \V(2-d)
r = Sln(ﬂ-ds /2) Tdefecthefecta)c '
wd_ /2 Té '

Function (16) at low frequencies transforms
into the Debye law, and at high frequencies it
exhibits an “excess wing” with a slope of 2-4,
on a double logarithmic scale. Fig. 6 shows
the graphs of the imaginary part of the CDP
(16) depending on the frequency for different
values of the spectral dimension and the ratio 0

=T /T
the(expiéssion for the CDP indeed allows one
to describe the non-Debye behavior above the
frequency of the main peak. To obtain an excess
wing at high frequencies and preserve the Debye
behavior at low frequencies, it is only necessary
to satisfy the condition: 6 = ¢/t _~ >1.
Fitting the experimental data for the dielectric
spectrum of water at a temperature of 293 K
using dependence (106), performed in [31], shows

excellent agreement. As a result of the fitting,

It can be seen from the figure that

the following estimates were obtained for the
model parameters: Ae = 753 £ 1.4,¢_ = 1.7

Vaz)

=Im{e-ex

[ - T T L LT T T T

b

a
Fig. 6. Dependence of the imaginary part of the normalized CDP (16) as a function of the normalized frequency
for different values of the spectral dimension (a) and different values of the parameter (b).
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03,7,.,=124x02ps, © _=35F1ps,d =
1.07 £ 0.01. The position of the maximum of
the main relaxation peak with accounting excess
wing is determined from the formula [31]

T, R T (14607 7) " =9.1ps. (18)

This value is in excellent agreement with the
experimental value at 293 K. In [37], a critical
analysis of the literature on the absorption
peak of liquid water and the “excess wing” in
its high-frequency flank was carried out. Having
performed large-scale modeling of molecular
dynamics and fitting the dielectric spectrum of
water with various models, the author of [37]
came to the conclusion that the model of [31]
describes the most adequately the dielectric
response of water up to 2 THz.

Letus discuss two ideas about the microscopic
nature of the dielectric relaxation of water in
the sub-terahertz range, which appeared in the
literature after the paper [31]. In [38], the authors
measured the dielectric spectra of pure water
and water mixed with LiCl in a wide range of
trequencies and temperatures, which showed
the similar spectral behavior. Unlike pure water,
salt water solutions can be supercooled to
low temperatures, close to the glass transition
temperature. Undercooling shifts the main peak
of dielectric losses to low frequencies faster than
additional, faster processes, that makes it possible
to better identify these processes. On cooling, in
contrast to alcohols, in saline aqueous solutions
a broadening of the main peak is observed, and
the separation of relaxation processes (main slow
and fast) does not occur. In aqueous solutions
of LiCl, the main peak and the “excess wing” are
species even for the lowest temperatures. This
fact does not agree with the interpretation of
[19], where the structural relaxation of water is
attributed to a fast process in the terahertz range,
as in monohydric alcohols. The shape of the
spectrum and its temperature behavior in a LiCl
solution are very similar to those observed in
typical supercooled liquids [39-40]. As is known,

in supercooled liquids, a sequence of dynamic

No. 2 | Vol. 13| 2021 | RENSIT

NANOSYSTEMS

processes manifests itself, namely, structural o
relaxation, B relaxation (in the form of an “excess
wing”) and a “boson peak”. As a result, in [38],
it is assumed that the non-Debye behavior in the
spectrum of pure water is caused by a “boson
peak” lying in the terahertz range, which causes
excessive absorption at high frequencies. The
nature of the "boson peak" is still not clear,
but most researchers are inclined towards the
phonon origin.

Another idea is proposed in [41]. The
relaxation behavior of water from GHz to THz
in [41] is interpreted within the framework of
the coupling model (CM) [42], which defines
the general rule of evolutionary dynamics of
glass-forming liquids. At the highest frequencies
(before vibrational modes), water molecules are
caged. In caged molecules regime water dynamics
manifests itself as nearly constant dielectric loss.
This regime manifests itself in the form of flat
valleys around 1-2 THz in the spectrum of water.
With a decrease in frequency, the cage decays
and a primitive relaxation begins (weakening of
the coupling between molecules), which leads
to a secondary {3 relaxation of Johari-Goldstein,
and then to a structural, almost exponential,
relaxation. These sequential processes, in the
opinion of the author [41], explain the Debye
main peak, the associated non-Debye behavior,
and frequency dispersion at higher frequencies
before reaching the vibrational contributions.
Important arguments in support of this scenario
obtain from neutron scattering experiments that
demonstrate the existence of cage and its decay
take places in the excess wing regime.

4. CONCLUSION

In this article, we have presented an review
of the main advances achieved in recent years
in understanding the microscopic nature of
the dielectric response of liquid water in the
gigahertz and terahertz frequency ranges. Despite
the seeming simplicity of water, the explanation
of its dielectric properties seems to be a rather
difficult problem for the scientific community.
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If the understanding of microscopic processes
in water in the GHz region has practically
reached mutual agreement of specialists, then
disagreements in the explanation of the dielectric
behavior of water in the THz region still remain.
The presence of disagreements will certainly
stimulate the development of new ideas for
explaining the non-Debye behavior of water in
the terahertz range; therefore, in the near future,
interest in studying the dielectric properties of
water will not fade away.

Summarizing the ideas that were highlighted
above, at present the most consistent with
measurements obtained from a wide range of
experimental methods for studying water, in
our opinion, corresponds to the interpretation
of the dielectric relaxation of water based on
the model of migration of structural defects
along the network of hydrogen bonds, which
can be supplemented, as one of the versions,
by the presence of the oscillatory dynamics
of the network [31]. Taking into account the
fluctuations of the hydrogen bond network does
not contradict the ideas of the papers [38, 41].
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