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The main objective of this paper is to find a source of anomalously high value of the equilibrium
permittivity of water. The source is identified to be the unusually high deformation polarizability. The
conclusion follows from the analysis of the behavior of the orientational entropy increment induced by
an external electric field applied to the liquids belonging to the homologous series of hydroxyl
compounds H(CH,),OH at the end of which water is located. The finding reflects the “indecision” of
water about its dielectric relationship with the alcohol family: the value of the permittivity of water
absolutely does not fit into alcohols (is too high), while the dipolar orientation effects (which normally
determine the permittivity level) fit into alcohols quite well. It results from the presented experimental
data that among all the diversity of intermolecular hydrogen-bonded structures existing in liquid water,
predominant are the polar entities, ie. the structures which more or less resemble the chains.
Otherwise, the dipolar orientational effects would behave in a quite different way than what is observed
in the experiment. The result is convergent with the conclusion of Wernet et al, based on the
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1 Introduction

It is a truism that water is the most important liquid on Earth.
However, one should add simultaneously that it is the most
complex liquid known even though it is composed of one of the
simplest molecules in nature, H-O-H. The relative simplicity of
water molecules refers, however, to the situation when the
molecules are isolated from each other. Being in contact, the
water molecules spontaneously link together by the hydrogen
bonds O-H---O. The uniqueness of the H,O molecule is that
each of its atoms is able to create such a hydrogen bond with an
adjacent molecule, while the oxygen atom can form two bonds
using two of its free electron pairs. So, in total, the water
molecule can participate in four bonds O-H---O. Indeed, water
is dominated by hydrogen bonds. The energy of a single hydrogen
bond is relatively low, because it accounts for about 10% of the
energy of a typical covalent bond, but a large amount of such
linkages makes the hydrogen bonds a serious energetic player in
water, comparable to the energy of thermal excitation of molecules
(KT). Competition between these two energies causes continuous
disintegration and re-formation of hydrogen bonds, which makes
the molecular dynamics of water really exceptional.

In brief, the existence of the directional hydrogen bonds
basically determines the structure of water and the continuous
cracking of the bonds and re-linking molecules determine the

Institute of Molecular Physics, Polish Academy of Sciences, M. Smoluchowskiego 17,
PL-60-179 Poznan, Poland. E-mail: swiergiel@ifmpan.poznan.pl

10062 | Phys. Chem. Chem. Phys., 2017, 19, 10062-10068

high-performance X-ray studies of water (Science, 2004).

dynamics of water on the microscopic level. These unique mole-
cular properties result in many unique macroscopic properties of
water, which determine all the nature on Earth. Understanding
these properties has been the subject of intense research for
over a hundred years."™

The present paper concerns one of the topics in discussion
about the properties of water, namely the inclusion of water
in the homologous series of hydroxyl compounds H(CH,),OH
and looks at the properties of water from the perspective of
alcohols. One should realize that the molecules of alcohols
contain in their structure a hydrophobic part, which, however,
gradually disappears as n decreases. Anyway, for n = 0, the series
H(CH,),OH formally ends as water. In reality, however, the
transition from n = 1 to n = 0 is not so simple. After subtraction
of the CH, group from the methanol molecule, the remaining
hydrogen atom adopts totally different properties. Now, the
hydrogen, linked to the oxygen atom in the molecule of water,
has acidic properties and is capable of forming a hydrogen bond.
So, the quantitative change involves here a qualitative change.
Besides, the transition from n = 1 to n = 0 is accompanied by an
increase of the electric dipole moment of single molecules from
1.65 D (alcohols) to 1.85 D (water), which reflects the difference
in polarity of C-H and O-H bonds.

At the beginning, let us have a look at several well-known
properties of water in light of the properties of several alcohols
which are nearest to water (from methanol to pentanol). Fig. 1
presents two physical quantities: the molar volumes™” (a) and the
dielectric relaxation time®® (b), measured for the homologous
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Fig.1 The molar volume*® (a) and the principal dielectric relaxation
time®™8 (b) (at 25 °C) of the homologous series of hydroxyl compounds
H(CH,),OH: water (0) and aliphatic alcohols: methanol (1), ethanol (2),
propanol (3), butanol (4) and pentanol (5).

series of hydroxyl compounds H(CH,),,OH, n = 0-5, at a con-
stant temperature (25 °C). As is clear from the pictures, in both
cases water certainly belongs to the series of alcohols. For the
molar volumes, the situation seems to be expected, because an
increase in the bonding ability of water molecules in compar-
ison to alcohols cannot influence the molar volume of water too
much, if one takes into account the relative weakness of the
hydrogen bonds.

In the case of the dielectric relaxation time, the situation is a
bit different because the dielectric spectrum of the hydroxyl
compounds is, in general, composed of several absorption
bands.”'® And recently, the number of bands has even increased
due to the development of the terahertz techniques."'™"* Here, it
is important to notice that among the dielectric absorption
bands which are recorded for hydroxyl compounds, one band
strongly dominates over the others. In general, that band con-
stitutes more than 90% of the total dielectric absorption of
hydroxyl compounds. That main dynamic dielectric contribution
is a well-known Debye-type band which is related to the collective
relaxation of the dipole moments of molecular self-assemblies
composed of i molecules, at a given moment ¢, M (1) = 3" fi,,
where [i; is the dipole moment vector of a single molecule. In the
case of water, that main dielectric absorption band is situated at
about 20 GHz, and the corresponding relaxation time 7y, equals
8.32 ps.® Fig. 1b depicts just the main dielectric relaxation times
7p recorded for the hydroxyl compounds®® of different numbers
of n. However, the theoretical shape of the t(1) dependence for
hydroxyl compounds is not known, but the experimental data
presented in Fig. 1b show that water and alcohols present
consistent dependence on 7.

As seen in Fig. 2, one cannot say the same about behavior of
the viscosities of the compounds under discussion.'*'® Here,
the water, in any way, cannot be included in the viscosity line
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Fig. 2 The viscosity'>*® of hydroxyl compounds H(CH,),OH, n = 0-5, at

25 °C. If water were in the homologous series of alcohols, it would be
superfluid at room temperature.

determined by alcohols (n > 1). One could say this is fortunate,
because the continuation of the viscosity evolution occuring
within the alcohols would end up in the superfluidity of water
at room temperature.

At the end of this introduction let us have a look on the phase
diagram of the hydroxyl compounds under consideration. As can
be seen in Fig. 3, both m.p. and b.p. of water absolutely do not fit
the alcohol data. For water, the real temperatures of the phase
transitions are anomalously high. Being in the alcohol regime,
water should melt and boil at —84 °C and 43 °C, respectively.
So, the anomalous behavior of water does not refer only to the
homologous series of H,0, H,S, H,Se, H,Te and H,Po."” However,
as is also observed from Fig. 3, water, as compared with the
depicted alcohols, has the narrowest temperature range of
existence as a liquid. Propanol offers a liquid state over a
temperature range twice as large as that of water.
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Fig. 3 The phase diagram for the hydroxyl compounds H(CH,),OH,
n = 0-5. The stars represent m.p. (=—84 °C) and b.p. (=43 °C) of water,
which correspond to an extrapolation to n = 0 of the dependences related
to the homologous series of alcohols.
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Of course, numerous other strange anomalies in the beha-
vior of water are known and discussed in the literature."®>°

In this paper, we will focus on the dipolar orientational
effects in water, as the final element in our chain of hydroxyl
compounds. Among the experimental data presented above,
those from Fig. 1b present rather unexpected consistency of the
dielectric relaxation times 1, of water and alcohols, so, one can
suspect that it may result from some coincidences. In this
paper, we will verify the conclusions resulting from Fig. 1b,
by examining the dipolar orientation effects induced by the
static electric field applied to liquids. The static field causes the
orientation ordering of the dipolar entities actually existing in
a given liquid, while in the fields of high frequencies these
entities exhibit their presence as relaxors. Since both experi-
ments, static and dynamic, involve the same molecular objects,
the conclusions resulting from these distant frequency regions
should be consistent with each other.

Our studies of the dipolar effects may help in solving two hot
topics relevant to the understanding of water. The first topic
concerns the effective shape of the hydrogen-bonded entities
formed by molecules of alcohols and water. Here, we would like
to address the conclusions resulting from the studies of X-ray
absorption spectroscopy and X-ray Raman scattering, performed
for water by Wernet et al.>" The authors have concluded that
the chain-like hydrogen-bonded entities are formed by the
molecules of water. This conclusion has been recently classified
as one of the myths about water.*”

The second topic is related to the theoretical simulations of
the properties of water, in particular the simulations of the high
value of its static permittivity e5>* > (78 at 25 °C). We hope that
our results will lead to something important in this subject.

The methodology of our studies is based on the fact that the
ordering of molecular dipoles by the static electric field causes
a decrease of the entropy of a liquid. The effect is available in
experiment and can be determined on the basis of temperature
dependence of the static permittivity of the studied liquid. The
theoretical basis of the orientational entropy effects induced by
the probing electric field in dipolar liquids was first developed
by H. Fréhlich.*?

2 Experimental section
2.1 Materials

Alcohols were purchased from Acros Organics with a declared
purity of 99.9%. The liquids were stored over molecular sieves
(4 A) several weeks before the measurements. Water of high
purity - deionized reagent grade III (conductivity 1.5 pS cm ™" at
20 °C) from Acros Organics was used without further treatment.

2.2 Methods

The complex permittivity spectra were recorded using an HP
4194A impedance/gain phase analyzer in the frequency range
from 100 Hz to 5 MHz. The measurements were performed in
the temperature range from 5 °C to 50 °C. At first, the samples
were cooled down (approximately with 1 °C min™") to 5 °C and
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next the measurements were performed for increasing tem-
perature. The temperature of the measuring cell was controlled
with a “Scientific Instruments” device, model 9700, within
+2 x 107 °C. The details of the used experimental set-up
and the procedure of determination of the permittivity values
can be found in a recent paper.**

3 Results and discussion

Fig. 4 presents the temperature dependences of the static
permittivity of water and five alcohols. Strikingly, there is a
big jump in the permittivity value occurring at the transition
from methanol to water (at 5 °C the difference is about 48). But
let us analyze exactly how, under the isothermal conditions, the
static permittivity of the hydroxyl compounds H(CH,),,OH evolves
with n. Because, for comparison purposes, an analysis of the
molar quantities is more comfortable and more safe for inter-
pretation, we will first analyze the behavior of the molar static
dielectric susceptibility (y) of the investigated liquids:

am = (es — 1)V, »

where Vy; is the molar volume of tested liquids at a given
temperature. Thus, we will operate with a constant quantity of
molecules (the Avogadro number). The corresponding densities
of the tested liquids were taken from the literature.*> Next,
we will return to the discussion on the permittivity of the
studied compounds.

Fig. 5a clearly shows that the static dielectric susceptibility
of water does not belong to the susceptibility line created by
alcohols. The y(1 < n < 5) dependence extrapolated to n =0
leads to the value of 52 = 1.18 x 10~ m® mol?, which is
essentially lower than the experimental one (1.39 x 10> m® mol ).
The permittivity calculated from the extrapolated susceptibility,
eS8 = (459/v,) + 1, is equal to about 66 (Fig. 5b) and is lower
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Fig. 4 Temperature dependences of the static permittivity (es) of neat

hydroxyl compounds H(CH,),OH. The numbers in the picture denote the
number (n) of CH, groups in the alkyl chain of molecules.
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Fig. 5 The molar static dielectric susceptibilities, ym, (@) and the static
permittivities, &s, (b) of the hydroxyl compounds H(CH,),OH, at 25 °C.
Evidently, the susceptibility of water does not fit to the alcohols behavior.
The star in (a) denotes the value of alcohols susceptibilities, ym(l < n < 5),
extrapolated to n = 0; the corresponding extrapolated value of permittivity
8190 [=(15B/ V) + 1] is similarly denoted in (b) as star.

by about 12 from the measured permittivity value (the extra-
polated susceptibility and permittivity, are marked in Fig. 5
as stars). It seems to be important to notice here that the
permittivity value of about 66 appears in part of the papers
devoted to the simulations of the static permittivity of water.>®
The problem of the origin of the permittivity excess from 66 to
the actual value 78 (all at 25 °C), is one of the fundamental and
unresolved issues in the understanding of water at the mole-
cular level. In the hope of finding some important information in
this regard, let us examine the dipolar orientation effects as seen
through the temperature behavior of the static permittivities of
the studied hydroxyl compounds. The orientational effect reflects
the actual state of the molecular self-assembly process at the
given temperature, whereas the evolution of that effect with
temperature reveals the direction of that process.

But before presenting the results in detail, a short comment
should be added about the still commonly used Kirkwood corre-
lation factor,® gy, as a detector of dipolar couplings in liquids.
The factor is defined as the square of the ratio of the apparent
dipole moment per one molecule of the studied dipolar liquid
(4app) and the dipole moment (i) of a single molecule (monomer)
of the compound:

8k = (:“app/lul)Z- (2)

The apparent dipole moment is usually determined with the
use of the Onsager equation:*®

o — g — 85(800 + 2)2 NO:uapp2 (3)
S e 265 + &5 9e0kT’

while the dipole moment of a single molecule can be obtained
from the measurements in the gaseous state of the compound
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or in very dilute solutions in non-polar solvents. In eqn (3), &,
denotes the permittivity measured in the frequencies high
enough to prevent the dipoles reorientations, N, is the dipole
density number at a given (absolute) temperature 7, and
€0 = 8.85 pF m ™' is the permittivity of free space.

The factor g reflects the predominant type of intermolecular
interaction occurring in polar liquids. In the case when the
dipole-dipole correlations are negligible, ., is equal to the
dipole moment of a single molecule, p;, and the Kirkwood factor
gk = 1. The case of gx < 1 corresponds to the antiparallel dipolar
correlation which leads to the reduction of the dipole moment
per molecule and the case of gx > 1 reflects the parallel dipoles
correlation with enhancement of the apparent molecular dipole
moment. It is natural that with increasing temperature of a
studied system, the Kirkwood correlation factor tends to 1,
independent of the type of the dipolar interaction.

As is apparent from the eqn (3), the physical quantity which
essentially determines the value of p,p, is the difference
between the static and high-frequency permittivities of the studied
compound, & — &,,. The basic problem is that we can precisely
determine &g, but not ¢,. The difficulties are related both to the
accuracy of measurement of the permittivity in high frequen-
cies as well as to the numerical processing of the experimental
data. The detailed discussion of that problem was presented
in a recent paper.’” Here, we show only the difficulties with the
description of the dipolar situation in water, when one uses the
Kirkwood correlation factor.

On Fig. 6 are shown some literature values of ¢, ****° for
water and for the first three alcohols.® The figure depicts also
the squared refractive index (np>) of hydroxyl compounds,
measured for the sodium D line.>*°

The static permittivity of water (&5 = 78.36, at 25 °C) is known
with a relatively high accuracy, while the high-frequency
permittivity, ¢, as is clearly seen in Fig. 6, can be estimated
with a considerable margin. The value of ¢, for water, resulting
from an assumption used in the literature that ¢, ~ 1.1np
(10% represents the atomic polarizability) amounts ¢, ~ 1.954,
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Fig. 6 The high-frequency permittivities (¢.,) of water and methanol,
ethanol and propanol (full points).®*83° The open points are the refractive
index squared of hydroxyl compounds H(CH,),OH (n = 0-5).>*° The data
refer to the temperature of 25 °C.
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while, as seen in Fig. 6, the numerical analysis of the dielectric
relaxation spectrum can lead to a value as high as ¢, ~ 5.16.%°
The first option gives for the Kirkwood correlation factor the
value gx = 2.56 (quite strong parallel dipolar association), while
the latter value gives gx = 0.77 (significant antiparallel coupling).
For ¢., ~ 4.59° (full circle for n = 0 in Fig. 6), gk = 0.90 (moderate
antiparallel association of dipoles) and for ¢, ~ 3.96°° (full
square for n = 0 in Fig. 6), gx = 1.11 (moderate parallel association
of dipoles). Of course, such discrepancies are not acceptable.
In practice, the problem of an appropriate determination of ¢,
concerns nearly all polar liquids, although the differences
between 1.1np”> and ., are not always as dramatic as in the
case of water. But whatever the experimental circumstances,
the anomalously large difference between np” and ¢, of water
seems to be real and we will get back to that problem later.
As shown in numerous papers,*'™> an alternative method
which reveals the state of dipolar aggregation of molecular
dipoles in liquids is also related to the liquid permittivity, but
only with its static part, ¢s. Namely, it was shown first by
Frohlich in 1958%% and next by Becker,*® Landau, Lifshitz and
Pitaevskii’” and Scaife,"® that the probing electric field, applied
to the dipolar liquid, induces an increment of the thermo-
dynamic quantities (internal energy, entropy and Helmholtz free
energy), which are quite simply related to the static permittivity
of a liquid, s, its temperature derivative, des/dT, and the square
of the electric field strength E. For the purposes of this work, we
are interested in the change of entropy, which is dependent
exclusively on the permittivity temperature derivative:
AS(T)

E? E?

S(T,E) — So(T) & des
° *%ﬁ(TL (4)

where S, is the entropy in the absence of the electric field. The
sign and the value of the orientational entropy increment, AS,
reflect an actual state of the molecular self-assembling process
occurring in tested liquid at a given temperature, whereas the
evolution of the increment with temperature, explicitly reveals
the type of that process.

It is obvious that an ordering of the dipolar entities forced by
electric field leads to decrease of the orientational entropy
of the tested liquid, i.e. the entropy increment is negative. The
change of the temperature definitely differentiates the ways of
the molecular self-assembling: with lowering temperature the
increment increases (in its absolute value) for the dipoles
parallel self-association (a positive slope) and |AS| decreases
for the antiparallel coupling of molecular dipoles (a negative
slope). The temperature independence of the entropy increment
virtually means that the dipolar correlations in a given liquid can
be neglected.

Like in the case of the static permittivity, for interpretation
purposes, we will refer to the entropy increment per mole of the
molecules of the studied liquid, AS(T)Vyu(T)E 2.

Fig. 7 presents the temperature dependences of the incre-
ments of the molar orientational entropy for the studied
hydroxyl compounds. A brief overview of the results shows that
the tested fluids behave quite similarly. For all compounds, the
entropy increment is negative, and its slope in temperature
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Fig. 7 Temperature dependences of the increments of molar orienta-
tional entropy for water (0) and aliphatic alcohols [from methanol (1) to
pentanol (5)]. For comparison, the dependences for two radically different
self-associated liquids are traced in the picture: N-methylacetamide
(NMA),*° the molecules of which form strongly elongated (head-to-tail)
hydrogen-bonded chains and n-pentylcyanobiphenyl (5CB),*! the meso-
genic dipolar liquid where the antiparallel dimers strongly dominate.

dependence is positive. Two main conclusions follow from
Fig. 7. (i) The negative value of the entropy increment indicates
that the dominant effect caused by an applied electric field is
the ordering of the dipolar entities actually existing in the
liquids. (ii) The positive slope of the increment reflects the
gradual increase of the polarity of the entities with decreasing
temperature. This is a typical temperature behavior of liquids
where relatively weak intermolecular interactions, especially
hydrogen bonds, lead to the formation of polar supramolecular
polymers. Increase of the negative orientational entropy, which
is observed with decreasing temperature, is a consequence of
an increase of the degree of supramolecular polymerization in
the tested liquids.

The experiment described here allows one to distinguish
between supramolecular polymers in which the molecules are
hydrogen-bonded in two different ways. The first way, the cyclic
way, leads to reduction in the polarity of the molecular assem-
bly in comparison to the polarity of non-linked molecules, and
with decreasing temperature the reduction intensifies because
the cyclic assemblies include more molecules. The second way,
the chain-like way, leads to an opposite temperature effect:
an increase in the polarity of the molecular assembly with
decreasing temperature. Of course, both of these ways can be
realized simultaneously, especially in such a complex liquid
like water, and what is observed in the experiment is the
resultant of all possible ways of molecular self-assembly.

The experimental data presented in Fig. 7 prove that in
the tested hydroxyl compounds, including water, the resultant
molecular supramolecular assemblies are of chain-like type.
However, one must realize the scale of the problem we are
dealing with here. In Fig. 7 are traced the temperature depen-
dences of the molar entropy for the two exceptional liquids
which represent the above discussed extreme ways of molecular
self-aggregation. N-Methylacetamide (NMA)*® is well known for
its huge self-association in the form of the hydrogen-bonded
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quasi-linear supramolecular polymers. The second compound
is n-pentylcyanobiphenyl (5CB),*! the classical nematogenic
liquid, strongly self-associated in antiparallel dimers due to
the dipole-dipole couplings. As can be seen in the picture, the
temperature behavior of the hydroxyl compounds certainly
resembles NMA, but the scale of the orientational effects in
alcohols and water is really small.

Further analysis of our results will concern only details,
however, details of great importance. As seen in Fig. 7, the
increment of the entropy is negative for all compounds, but
its absolute value is steadily increasing with increasing n. It
undoubtedly means that the resultant polarities of the hydro-
gen bonded molecular associates are gradually increasing when
going from water to pentanol. So, the experiment shows the
direction in which the population of the cyclic self-assemblies
with partially or even totaly reduced dipole moment decreases.
As expected, the highest number of the hydrogen bonded cyclic
entities can be found in water, but even here these cyclic
entities do not prevail on the chain-like associates.

Fig. 8 shows how in studied hydroxyl compounds develops
the process of formation of the more and more polar (i.e. the
chain-like) self-associates: under the isothermal conditions,
that process increases monotonically with increasing the length
of the alkyl chain. A weak odd-even effect is observed for low
values of n. As is clearly evident from Fig. 8, from the point
of view of the orientational processes, the water certainly
belongs to the alcohol family. So, the behavior of the dielectric
relaxation time, as presented in Fig. 1b, is not accidental. The
behavior of the dielectric relaxation time is consistent with
the dipolar orientational picture seen at the low frequencies of
the probing electric field.

Thus, our studies reveal the following singularity in the
dielectric properties of water: its static permittivity does not
fit to the permittivities of alcohols (Fig. 5), while the dipolar
orientational effects in water, which give a decisive contribution
to the permittivity, behave consistently with alcohols (Fig. 8). The
understanding of that apparent contradiction can lead through
the assumption of an exceptionally high atomic polarizability of
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Fig. 8 The isotermic dependence of the increment of molar orientational
entropy of water and alcohols on the number n of CH, groups in the alkyl
chain of H(CH,),OH molecules. In the frame of a weak odd-even effect,
the water quite well fits to the homologous series of alcohols (T = 25 °C).
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water. It is probably the only assumption which can be physically
justified. The deformational polarizabilities are induced in the
direction of an applied electric field, and thus, are not involved
in the ordering process, but, of course, they make a contribution
to the static permittivity of liquids. The contribution of the
atomic polarizability to the total deformational polarizability
can be roughly estimated taking into account the experimental
values of np® which represent the electronic polarizability,
and ¢, which represents the total deformation polarizability
(atomic + electronic). As depicted in Fig. 6, the high-frequency
permittivity of water is about twice as large as the square of the
refractive index, ¢, & 2np’, i.e. the atomic polarizability is more
or less equal to the electronic polarizability. In “normal” liquids,
the atomic polarizability amounts only to about 10% of the
electronic polarizability.

Our experiment enabled one to separate the share of the
permanent and induced dipoles in the equilibrium permittivity
of water. This result can have an impact on the assumptions
made for the computer simulations of the physical properties
of water, in particular of its permittivity. Because the molecular
simulations for water are being developed for nearly half a
century and the number of papers published on this topic is
impressive, we will limit ourselves here to one remark. The
intermolecular potentials which are commonly used for water
involve rigid structures. As was mentioned above, such simula-
tions often lead to a water static permittivity value of about 66.
The convergence of that value with the permittivity extrapolated
from the homologous series of alcohols, marked as an asterisk
in Fig. 5b, appears to be not accidental.

A part of the simulations which takes into account the broad
range of the effects of deformational polarizability of water,>>*¢>°
leads to results much more approximate to the experimental
values and concerns not only the permittivity but also other
basic physical properties of water. Such simulations consume,
however, much more computing time. The results presented in
this work seem to prove that it is worth paying attention and
devoting a long period of time to learn the secrets of the most
important liquid.

4 Conclusions

There is no clear answer to the question posed in the title of
this paper. It was, however, to be expected, given the complexity
and uniqueness of water. However, failure of water with respect
to some rules prescribed by the alcohols, helped us to realize
something very important. Namely, the discrepancy between
the permittivity of water and alcohols, on the one hand, and the
consistency in the dipolar orientation effects occurring in the
both systems, on the other hand, revealed an anomalously high
polarizability of water as the main cause of the (too) high value
of its permittivity.

In addition, the presented studies have demonstrated that
among the self-assemblies formed in water, certainly of a great
diversity, the predominant entities are the hydrogen-bonded
chain-like polar structures which undergo ordering by an
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external electric field, reducing in that manner the entropy of
the liquid. The finding has resulted from the analysis of
behavior of the static permittivity of hydroxyl coumpounds
which has been precisely measured at different temperatures.
Temperature evolution of the derivative des/dT quite clearly
indicates that in liquid water the averaged structures are the
polar (thus elongated) intermolecular entities.
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