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ABSTRACT

Water is a fascinating substance with lots of properties not encountered in other compounds. It has been suggested that making use of water’s “anomalous” properties
can lead to exciting applications in various disciplines e.g. engineering, medicine and physiology. The origin of these anomalous properties is far from clear, with the
strong hydrogen bonds of water being only part of the answer. Moreover, water’s structure and dynamics are not entirely understood either and new theories have
appeared and debated during the 21st century. This review, aiming at a broader/general audience, attempts to review briefly some research trends related to water’s
structure, properties and applications. New experimental results for the debated phenomena of water bridge and exclusion zone are also presented and discussed.
Various explanatory mechanisms for the exclusion zone are reviewed and a new proposal is put forward. A -hopefully- unbiased discussion is presented for both

“mainstream” and unconventional theories and trends and future directions are also outlined.

1. Introduction and motivation of this review

"Water is life’s matter and matrix, mother and medium. There is no
life without water" (Albert Szent-Gyorgyi, Nobel prize in Physiology or
Medicine, 1937).

There is possibly little doubt that water is the most important sub-
stance in the world as our blue planet is mainly covered by it and liv-
ing beings largely consist of water. Numerous books have been written
about water [e.g. 1,2], the knowledge about water’s structure and prop-
erties is immense but is it enough? Are we closer to a more complete
understanding?

There are many debates and the two books mentioned [1,2] which
we highlight as characteristic examples are no different; they represent
two largely opposing views of this debate. The literature about water in-
cludes presentation and discussions of a wide range of properties, many
of which are anomalous (not encountered in other compounds), and pos-
sible link of these properties to water’s structure and dynamics. There
are numerous theories about water’s structure and the discussion has
intensified during the 21st century, with hopes we will be arriving to
some clarification. Still, even the same spectroscopic or other experi-
mental results appear sometimes to be read or interpreted differently
by different research groups.

But, in addition, there are many unexplained experiments, contro-
versial theories and black box inventions e.g. for avoiding scaling or
biofilm buildup on diverse installations. Some of these (experiments,
theories and inventions) claim or introduce the term “structured water”
or maybe that water can exist in a liquid crystalline (coherent) state of
matter.

* Corresponding author.

There is a feeling of sensation in many researchers that, in the years
to come, great scientific discoveries and novel technological avenues
could emerge from a deeper understanding of water. The implications
from a greater understanding and link between water’s structure and
properties can be significant for engineering, chemistry, biology and
medicine. Water is the universal solvent, present in all biological pro-
cesses and reactions. It is the background matrix for all living processes.
It is very stable in our environment, and harmless in our bodies. As such
it appears inert and passive. But in fact it is a most active and vital
participant in the world of molecular interactions.

Our group has been involved in the field of water science and engi-
neering for over 20 years, covering a range of disciplines (thermodynam-
ics, engineering applications, biology and medicine) and approaches
(macroscopic modeling, simulation, experiments). We have observed
some of the interesting phenomena and investigated some of the impor-
tant (thermodynamic and other) theories that can be used to describe
and explain water. We have witnessed and participated in some of the
debates.

The key to describing these water phenomena at a fundamental
level, empirically and experimentally, in the first place is through the
chemical-thermodynamic analysis. The water molecule is so tiny and
mobile in the liquid state that behavior can only be measured and de-
scribed, first of all, in terms of the bulk properties of the liquid, includ-
ing spectroscopic absorption rates, NMR measurements, etc. We can-
not make images of individual water molecules or their interactions or
their bonds in the liquid state. The thermodynamics is based in turn
on underlying physico-chemical properties and bonding structures, and
more generally potential fields present. Models start from semi-classical
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descriptions, e.g. with classical electrostatic fields, and equilibrium
states, and extend to dynamic states, inclusion of solutes and ions,
surface interactions, electromagnetic (EM) interactions, etc. Water
molecules have many states of internal vibration and stretching, which
are described by basic quantum mechanics. They form complex hydration
structures in the presence of larger ions or colloids.

Most modeling for chemical-thermodynamic properties is based on
semi-classical and non-relativistic approximations, which can be per-
fectly accurate, but ultimately models may have to extend to QED (rela-
tivistic quantum field theory). This was required to explain the van der
Waals forces, the last key attractive-repulsive force not explained by
ionic or covalent bonds but by a quantum field interaction (a Casimir
type effect). This is essential to explain condensed state physics. QED is
considered by some as an important fundamental description in physics
at present.

Different types of experimental applications assume different types
of models, and there are many specialized developments of techniques,
for measurement and interpretation of data, done within different mod-
eling frameworks. Opinions over appropriate types of models regularly
come into conflict. There are questions about the effective types of
atomic or thermodynamic models, and realistic types of explanatory
models for processes.

Perhaps the striking aspect of this field of water chemistry as a whole
is how many distinct anomalous phenomena, across different scales and
processes, it has come to encompass. This reflects the range of anoma-
lous properties of water. The subject has developed many specialized
branches of study, e.g. high and low temp-pressure-density domains,
strong and weak EM fields, ionic and solution effects, spectroscopic
and vibrational analysis, micro-structure formation at interfaces, un-
usual time evolution of molecular properties, EM and hydrogen bonded
structures, Taylor cones, the floating water bridge, the Mpemba effect,
Exclusion Zone (EZ) structures, and others.

These topics have become specialized areas, developing their own
traditions as sub-disciplines, with dozens or up to hundreds of publica-
tions, partly in parallel but isolated from others while being about sim-
ilar topics. This is seen in alternative selections of primary references,
and background studies and theoretical frameworks. But it is evident
they all depend on and describe common mechanisms in water, and we
try to review the basis for this in thermodynamics first, and then in sev-
eral debated areas of research.

Several of the debates related to water’s structure, properties and
applications are rather “heated” resulting, in some cases, even in spe-
cialized - dedicated journals and conferences, depending on the point
of view. Several of the reviews in the literature are, despite being very
interesting, often rather limited, covering one “side” of the theories re-
lated to water’s structure and properties.

As water itself is known for the phenomenon of water bridge
(see Fig. 1), also discussed later in this review, we believe that a
bold, open-minded and transdisciplinary approach bridging different
views and methodologies is needed when dealing with water. We hope
that this review will be a small effort in this direction. We focus
on the positive aspects of the various theories and studies put for-
ward. We hope that it may be of interest to a broader scientific and
engineering audience and can contribute to further discussions and
research.

This review is structured as follows. Section 2 discusses the extraor-
dinary and sometimes anomalous properties of water from thermody-
namic and surface science points of view, as well as the two-state theory
of water and peculiar applications of water properties. Section 3 presents
water interactions with hydrophobic and ionic compounds. Sections
4 and 5 discuss the phenomena of water bridge and exclusion zone,
including various theories for the explanation of the latter, including
some of our own experiments, before a final conclusion section. This is
a long review, albeit short considering the extensive literature of wa-
ter research. It is written in such a way that the sections can be read
independently.
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Fig. 1. The floating water bridge. This term indicates the “stiff” water struc-
ture adopted by water when high voltage (ca. 15,000V DC) is passed across
two beakers containing distilled water. Water appears to form a bridge be-
tween the two beakers and conducts current. The phenomenon is well-known
and the experiment was replicated at DTU Chemical Engineering (first time
April 11, 2017), but the explanation is far from clear, as can be read here:
https://en.wikipedia.org/wiki/Water_thread_experiment.

2. The unusual or anomalous properties of water - the
established facts

Anomalous here refers to properties that do not fit with our current
models, or cannot be fully explained; or that are very different to the
properties of comparable substances.

2.1. Water anomalous properties and thermodynamics

Water is a unique substance. Two thirds of the Earth are covered
by water and our own cells contain two-thirds water by volume. While
thousands of books and articles have been written about water, it does
feel we still know so little about it. As Philip Ball, consultant of Nature,
has once said: “No one really understands water. It’s still a mystery” [3].

Philip Ball (in his 2011 talk) has illustrated the key role of water in
biology, as not the “black” background (sometimes used for portraying
water), but as the molecule which acts as a plasticizer giving to the
protein molecules the flexibility to hold their shape and do their job. As
he puts it: "Water is not life’s matrix alone, it is a biomolecule in its own
right, that interacts with proteins, nucleic acids and membranes”.

Water has over 50 anomalous chemical-physical properties; no
other substance behaves like this. These properties have impor-
tant implications for engineering, chemistry, biology and medicine.
Yet, so far water research is full of contradictory results. Profes-
sor Chaplin has, over many years, maintained a web-site which pro-
vided an excellent overview of these “anomalous” water properties
(https://water.Isbu.ac.uk/water/water_anomalies.html).

While there are at least partial explanations for most properties, they
are not at all fully understood.

Excellent reviews and extensive experimental data of water prop-
erties as function of temperature and pressure, with emphasis on the
anomalous behaviors have been presented by Mallamace et al. [4,5],
Debenedetti [6] as well as by Holten et al. [7].

2.1.1. Characteristic thermodynamic anomalies of water

Perhaps the first and most anomalous property of liquid water could
be said to be its liquidity at room temperature. It has surprisingly high
melting and boiling points - by rights it should be a gas - but the tiny
water molecule sticks to itself very strongly. Among the most character-
istic anomalous properties of water are the maximum of density at 4 °C
and the high values of heat capacity as well as its minimum with respect
to temperature at 35 °C, as shown in Figs. 2a,b.

The density maximum has a role in the floating of ice and the large
heat capacity values for stabilizing Earth’s climate. In reality, the fact
that liquid water is denser than ice is responsible for the floating of ice.
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Fig. 2. (a). The Water density as a function of temperature illustrating the max-
imum at 4 °C. (b). The water heat capacity as function of temperature. The min-
imum is at 35 °C.

The values of water’s heat of fusion (5.98kJ/mol) being only 15% of
its enthalpy of vaporization (40.5kJ/mol) indicate that much of water’s
structure is retained in the liquid state. The standard view is that wa-
ter has approximately 3.5 hydrogen bonds/molecule in the liquid state
(around 5 nearest neighbors) compared to four in the ice. This is cur-
rently debated, as explained later. Water has both high values of dipole
moment and dielectric constant. The dipole moment often reported in
vacuum (1.855 D) is lower than what is expected to be for liquid water
(2.4-2.6 D).

The surface tension of water (72.8 mN/m at room temperature) is
much higher than any other liquid of similar molecular weight. Water
has, moreover, a very high solubility parameter but also a very low co-
volume and free volume, considering the size of the molecule. These pa-
rameter values indicate strong intermolecular forces in bulk liquid water
and these parameters are used extensively in thermodynamic models for
describing various thermodynamic properties [8].

There are many more anomalous properties with minima or maxima
against the temperature, which we do not see in other compounds e.g.
the isothermal compressibility has a minimum at 46 °C and the speed of
sound has also a maximum, as shown in Fig. 3.

In the references mentioned earlier [4-7] where extensive data are
presented for the properties of water, both the temperature and pressure
dependency of the various properties are discussed. Many interesting
observations can be made. First of all, the pressure has a significant ef-
fect e.g. the density maximum is pressure-dependent and disappears for
pressures higher than about 1.8kbar (cross-over pressure). The density-
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Fig. 3. The water speed of sound as function of temperature.

temperature curvature changes from negative to positive as pressure
increases. On the other hand, the isothermal compressibility shows the
same minimum, at T*=315K, at all the reported pressures. Almost the
same minimum is observed for the heat capacity, but now this is strongly
pressure dependent. Moreover, when plotting the thermal expansion co-
efficient of water over the entire temperature and pressure range, it can
be seen that all curves cross again at the same T* value. According to
Mallamace et al. [4,5], this T* can have a special thermodynamic role.
As the authors phrase it [4] “T* may be the onset temperature of the
hydrogen bonding clustering, the magic point at which liquid water be-
comes a complex material” and “all indicate that T* plays a primary
role in the physics of water and is the source of its anomalies”. Possibly,
as the authors imply, the onset of the low-density liquid and hydrogen
bonding network organized in a tetrahedral structure occurs near this
characteristic T* temperature, while in the phase regions above T* (and
for pressures higher than the cross-over pressure), liquid water behaves
like a normal simple fluid. The same conclusions on the role and im-
portance of T* and its connection to water’s ordered hydrogen bonding
structures is obtained by the authors [4,5] by analyzing transport prop-
erties such as self-diffusion coefficient data.

As implied in the aforementioned text, the dominant explanation for
many of water’s special or anomalous properties are its extensive hy-
drogen bonding, often considered to be present in tetrahedral or similar
advanced extensive structures (see discussion below, as the water struc-
ture is a debated topic). The hydrogen bonds are today often consid-
ered to be of electrostatic nature [9,10]. However, according to a recent
mini-review [10], this electrostatic interpretation cannot account for all
experimental and theoretical observations. It is discussed that hydrogen
bonds should have a complex nature, where the energy of the bond con-
sists of multiple components, such as steric repulsion and cooperativity
effects [10]. These observations has led the IUPAC task force and others
to advice to change the definition in the IUPAC gold book [9].

It is encouraging to observe that we have today in applied thermo-
dynamics, developed largely over the last 40 or so years, advanced ther-
modynamic models which explicitly account for hydrogen bonding and
other association phenomena (e.g. see [8,11-13] for some pertinent re-
views). The capabilities and limitations of these models for water and
its mixtures will be discussed later. It is important to mention that the
need for explicitly account of association was known for more than 100
years, as professor van der Waals knew, clearly mentioned in his (1910)
Nobel prize speech:

”In fact, bluntly speaking, the result would be that an equation of state
compatible with experimental data is totally impossible. No such equation
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Fig. 4. Liquid-liquid equilibria of water-hexane with three thermodynamic
models (CPA, PC-SAFT and NRHB). From Liang, et al. [27]. All models use a
single adjustable parameter. Reproduced with permission from [27]. Copyright
2016 Elsevier.

is possible, unless something is added, namely that the molecules associate
to form larger complexes. I have termed it pseudo-association to differ-
entiate it from the association which is of chemical origin. What is the
origin of this complex formation, this pseudo association?”

Today we recognize that the origin of this association is hydrogen
bonding and related acid-base interactions.

Many compounds have hydrogen bonds but water’s extended hy-
drogen bonding structures are special. They may be, according to a re-
cent study [14], responsible even for the explanation of the so-called
Mpemba effect, a temperature-dependent effect, which is the process
according to which hot water can freeze faster than cold water. For
this effect, however, have been proposed several alternative explana-
tions, with more factors being recognized in recent years, e.g. including
evaporation, temperature gradients, convection currents, ice formation
and seeding, impurities and dissolved gasses, molecular bonding and
H-bonded structures.

2.1.2. Thermodynamic association models

Very characteristic maxima and minima are seen in many more ther-
modynamic properties of water as function of temperature also for mix-
tures, for example the minimum hydrocarbon solubility in water at room
temperature, which is sometimes related to the well-known hydropho-
bic effect, see Fig. 4. This figure shows both experimental data, where
the characteristic minimum is observed, and three thermodynamic mod-
els, which cannot represent this minimum, despite giving an overall
good agreement with the data over an extensive temperature range.
We have today, as mentioned, in thermodynamics advanced thermo-
dynamic models (the often called “association models”) and the three
ones shown in Fig. 4 are among the best available (but many more such
“association models” provide similar results). These models, based on
statistical thermodynamics, can represent very well (various thermody-
namic properties for) hydrogen bonding systems, as they incorporate a
pre-defined hydrogen bonding structure. In the case of water, all three
models shown in Fig. 4 make use of an association scheme which corre-
sponds to the (traditionally accepted to be correct) tetrahedral structure.
None of the models can represent the minimum in hydrocarbon solubil-
ity at low temperatures, unless temperature-dependent parameters are
used. Wu and Prausnitz [15] attribute this problem to so-called entropy-
induced hydrophobic effect, according to which the extent of hydrogen
bonding in a water-hydrocarbon mixture is larger than in pure water.
These authors mention that the inability of even the most advanced as-
sociation theories to account for this effect is the origin of the poor
representation of the phase behavior at low temperatures where this
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phenomenon is more pronounced. We will discuss the -much debated-
hydrophobic effect later in this review.

Moreover, as recently shown [16], none of these advanced thermo-
dynamic models represent any of the anomalous properties of pure wa-
ter either e.g. maximum of density or maximum of speed of sound or
minimum of heat capacity with respect to temperature.

Actually, there are many more association models, some of them
accounting for extra effects like dipolar interactions and hydrogen-
bonding co-operativity but even these models have very limited suc-
cess in representing water’s anomalous properties (for pure water or
mixtures), see Ref. [16] for a recent discussion. In some cases [17] as-
sociation models have been developed accounting simultaneously with
extra terms for dipolar interactions and hydrogen bonding effects of wa-
ter, but again this has not been very successful, especially for phase
equilibria for mixtures. In other cases, some of the association models
[18] with suitable parameterization can be shown to represent some
of the anomalous properties of water e.g. the heat capacity minimum,
with the remaining anomalous properties not been captured. Captur-
ing several anomalous properties of water at the same time with the
same thermodynamic model and parameters appear to be something
that is not yet accomplished. However, we should mention at this stage
the very extensive and recent work of Bennett Marshall published in a
series of recent publications [19-26]. In these works, Marshall has ex-
tended the Wertheim perturbation theory (of the SAFT model) in various
ways (second order contributions, co-operativity, changes in the funda-
mentals, etc.). He has applied the diverse approaches to water (as well
as water-alkanes phase equilibria) including special emphasis on water
anomalous properties. None of the approaches represent all properties
and anomalous behaviors of water but some of the approaches can cap-
ture, at least qualitatively, several of the anomalous behaviors especially
for the heat capacity and the isothermal compressibility. Some can also
represent well the monomer fraction data, discussed next. None of the
approaches can capture the minimum in the hydrocarbon solubility. All
these very recent studies by Marshall consider diverse approaches and
have not been consolidated yet, neither has it been determined what is
the best approach, but these are promising results.

Association models like those shown in Fig. 4 include explicit terms
and parameters for the hydrogen bonding. Many of these models are re-
viewed in literature [8,11-13]. One of the parameters included in these
models is the association energy. For water, an experimental value has
been reported [28] equal to 1813 K. Quantum chemistry calculations
give a similar value [29] (1649 K). Kontogeorgis and Folas [8] present
(Table 13.2 of the book) association values for water for almost 30 as-
sociation models with various choices for association schemes. The re-
ported association values in the various models are, in almost all cases,
in the range 1200-2200 K. Overall the agreement is rather satisfactory
considering that the association parameter of these models is fitted to-
gether with the remaining parameters of the models to experimental
data for other properties (vapor pressure and liquid density). Most of
the approaches in literature employ either the so-called three-site or
four-site (tetrahedral) association scheme, and a consensus appears that
the latter (four-site) is the best when a wider range of properties is con-
sidered, including mixture phase behavior. This is the standard or con-
ventional point of view, which is in agreement with many experimental
and simulation studies [30-39], which indicate numbers around 3.5-3.6
hydrogen bonds per water molecule. Although this issue is not entirely
settled as yet, so much evidence would indicate that some consensus ap-
pears to have been reached. This is not entirely the case. Several of these
references e.g. [34-37] provide extensive data for the number of hydro-
gen bonds per water molecule as summarized from a wide range of liter-
ature sources, including direct measurements (NMR, X-ray diffraction,
IR, etc.) and molecular simulation. The agreement is that the degree of
hydrogen bonding decreases with increasing temperature, but on the
actual values, even at room temperature, there are large disagreements.
We see a range between 2 and 4 for the degree of hydrogen bonding at
room temperature, with values around 3.3-3.5 proposed by many (this
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Table 1
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Hydrogen bonding degrees and numbers of hydrogen bonds according to the studies of Kalinichev,
Gorbaty and co-workers [39,40]. The degree of hydrogen bonding is calculated from the equation pro-
vided by these authors which describes diverse data in the region 280-800K: y = (—8.68 - 10~)T +0.851
The number of hydrogen bonds per water molecule ny is related to the degree of hydrogen bonding
via: 4y = ny . Finally, number of hydrogen bonds and SAFT-theory “site” fractions are connected as
follows: ny; 5 = 4(1 — X ,). The limiting values of all parameters are included for comparison purposes.

Temperature °C/K

Degree of hydrogen bonding [39,40]

Number of hydrogen bonds  Site fraction X,

0 (273K) 0.614
20 (298K) 0.592
100 (373K) 0.527
373 (647 K) 0.289
1
0

2.456 0.386
2.368 0.408
2.108 0.473
1.156 0.711
4 0
0 1

is the standard view) e.g. the group of Saykaly and co-workers. Many
others show hydrogen bonding number values around 2.2, such as those
proposed by the groups of Nilsson-Pettersson and others pioneering the
two-state water picture, which we discuss in the next section. Both in
Refs. [36,38] is proposed the hypothesis that if we look alone at the
strong hydrogen bonds, then the actual numbers are closer to those pro-
posed by Nilsson-Pettersson, but, as mentioned, there is no consensus on
this topic as yet. As can be understood, the number of hydrogen bonds
is closely related to the actual structure of water molecules and how this
changes with temperature, pressure and other parameters. We return to
this in Section 2.2, where we discuss the two-state theory.

At this stage it is of particular importance to mention the works of
Andrey Kalinichev and Yury Gorbaty, two pioneers in the field. Some of
their works are presented in Refs. [39-44]. They have carried out exten-
sive experimental and simulation studies for water, where they mostly
focused on supercritical water but they do present hydrogen bonding
data also for liquid water. They have presented and interpreted their
data as degrees of hydrogen bonding, number of hydrogen bonding,
monomer fractions and cluster distributions. Table 1 includes data ob-
tained or inspired from their studies. They have emphasized, on one
hand, that hydrogen bonds do not disappear even for supercritical wa-
ter (despite conclusions from previous studies, see discussion in [45]),
but their degrees of hydrogen bonding, even at liquid water, are rather
low. Of particular relevance, Gorbaty and Demianets [41] mention that
we have about 2.4 molecules at distance 2.8 A and 2 molecules at 3.3 A
i.e. 0.6 of total number of molecules in liquid water can be simultane-
ously involved in strong hydrogen bonds. At 3.3 A they say that features
of hydrogen bonds are essentially lost. In this sense, they use the con-
cept of strong hydrogen bonds, as discussed earlier, although they have
not particularly pursued this line of research in subsequent studies. For
example in Ref. [43] they refer to liquid water over the whole pressure-
range having 3.2 hydrogen bonds, without special discussion of strong
and weak hydrogen bonds.

Returning to the results shown in Fig. 4, there are several unsettling
issues. The first one is that we cannot identify the best theory. The three
association models shown in Fig. 4 treat hydrogen bonding in very sim-
ilar ways but the remaining part of the models (physical forces, etc.)
are very different and these models are based on different physical prin-
ciples (perturbation, quasi-chemical). We have noticed that when such
models are developed in the same/similar ways (same number of ad-
justable parameters, association schemes - input data, etc.), then very
small differences are seen between the various approaches, at least when
we focus on non-polymeric/non-electrolyte mixtures and only phase be-
havior. Thus, “fundamentally different” models perform very similarly
in very many cases including water-alkanes and one wonders “where is
the theory?” Or even worse “is there any theory at all?”, if we wish to
take a more critical point of view. As a good friend and colleague, the
late Michael L. Michelsen once said to the first author: “... which should
be a severe warning that our gains are due to the additional flexibility! A
number of fundamentally different models are equally good. Since they

cannot all be right, this is somewhat scary, as it indicates that flexibility,
not fundamentals, are the cause!”

Another point of caution is that most of these models neglect the
dipole-dipole interactions of water molecules and only account for the
hydrogen bonding. This is partially understood. Hydrogen bonding is
a stronger and more long-range interaction compared to dipole-dipole
interactions. But the problem is more complex. Attempts with some
of these models to account for both dipolar interactions and hydrogen
bonding in aqueous systems have not been very successful, as shown by
Kleiner and Sadowski [17]. It has been necessary for these researchers to
effectively “turn-off” the polar term of water when using such advanced
theories e.g. for modeling water-acetone and similar complex systems.
Other aqueous systems with acids like acetic acid or benzoic acid are
very complex and we are far from being able to understand how we can
accurately represent their phase behavior. Once again, while discussing
such problems with professor Michelsen, his view was that much of the
success of even the most advanced thermodynamic models can be at-
tributed to good parameterization and an overall successful represen-
tation of the underlying physics but it is not clear how much “deeper
understanding” these models can provide.

In connection to what just said, a final point of caution, often con-
sidered a curse of thermodynamics, is the adjustable parameters. The
results shown in Fig. 4 are with temperature-independent parameters
and very similar results are obtained even in the entirely predictive
form, i.e. without using any adjustable parameters. This is a fair com-
parison, maintaining some rigor and theory, and in this way no solu-
bility minimum is captured, as can be seen, so this special character-
istic of water-hydrocarbon liquid-liquid equilibria is not reproduced. If
a temperature-dependent interaction parameter is used, the minimum
can be captured, as can be seen in Fig. 5 for one of the models. The
other models will perform similarly. It has also been shown [46] that
advanced composition- and temperature-dependent mixing rules imple-
mented in thermodynamic models also can “force” a representation of
the minimum of the hydrocarbon solubility in water. This is no miracle
(although it is a good result), and it does not add too much in the theo-
retical validation and assessment of the models. Capturing the anomaly
of the solubility minimum in a predictive way remains an issue!

Another property which most thermodynamic models have difficulty
in capturing is the monomer fraction, which can be obtained from spec-
troscopic measurements e.g. IR or NMR. This is seen in Fig. 6 where the
three models mentioned before are compared against the data of Luck
[28], molecular simulation data [47] and the dielectric constant theory
by Maribo-Mogensen et al. [48]. It is tempting to conclude that Luck’s
data are wrong as all models/other data/theories disagree.

Liang et al. [27] showed that there is some scatter in experimen-
tal water monomer fraction data from literature (1980-1997) from dif-
ferent sources and experimental methods (both IR and X-ray scatter-
ing) but there is qualitatively acceptable agreement. Recent monomer
fraction data from Mallamace et al. [49] (see discussion by Liang et al.
[27]) show even higher monomer fractions for water (fewer hydrogen-
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Fig. 5. Liquid-liquid equilibria of water-hexane with the CPA thermodynamic
model using a temperature dependent interaction parameter. The other models
shown in Fig. 4 are expected to show the same behavior using temperature-
dependent interaction parameters. We can see that the minimum solubility of
the hydrocarbon in water is accurately reproduced, but at the cost of using ad-
justable parameters.
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Fig. 6. Free site fraction (free OH groups) of saturated water as a function of
temperature using thermodynamic models (CPA, PC-SAFT, NRHB), experimen-
tal data, a new theory and recent molecular simulation data. Water is assumed
to have a tetrahedral structure with all models. All theories predict more hy-
drogen bonding than the experimental data. Modified from Liang et al. [27].
Reproduced with permission from [27]. Copyright 2016 Elsevier.

bonded water molecules) compared to Luck and the other sources, in-
dicating thus that there is even further disagreement compared to the
thermodynamic models. There are more modeling studies in literature
using Luck’s experimental data as comparison [34,35,50-55], with vary-
ing degrees of success. The role of monomer fraction data in helping
or validating association models is discussed in some of these studies
[34,55]. In some cases, models were shown to provide good agree-
ment against Luck’s data for water at the cost of obtaining accurate
representation of other properties such as vapor pressures, liquid densi-
ties and most importantly phase behavior for mixtures [56]. It is espe-
cially the latter that is the most significant problem. Indeed, as shown
in literature [54,56], the “best” model parameters for representing the
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experimental monomer fraction data for water result to poor representa-
tion of liquid-liquid equilibria for water-alkanes, in other words we can-
not represent the data and properties shown in both Figs. 4 and 6 with
the same advanced thermodynamic model, assuming the four-site (tetra-
hedral) structure for water. We have arrived to the same conclusion
with all three models shown in Figs. 4 and 6, and with others, under the
same conditions. Recent efforts to include “additional” effects in some
of the association models e.g. account explicitly and separately for the
dipolar interactions and hydrogen bonding of water or water’s hydrogen
bonding co-operativity have not been more successful in representing si-
multaneously both monomer fraction data of water and phase behavior
(liquid-liquid equilibria) with alkanes (with the exception of the very
recent works of Marshall [19-26] which show some promise but need
much more work and investigation).

We should, however, emphasize that those advanced association the-
ories available today in modern thermodynamics perform overall very
well in representing the phase behavior of even complex and multicom-
ponent aqueous systems, containing a wide range of other compounds
[8,11-13]. It is when we look at the “details” that the problems become
apparent. And by “details”, we mean a simultaneous representation of
the phase behavior and the extraordinary anomalous properties of water
like the density maximum, the heat capacity minimum, the maximum
of speed of sound, and of course also the hydrogen bonding degree, as
represented by the monomer fraction data.

A common characteristic of these association theories is that when a
specific association scheme is assumed e.g. “tetrahedral”, then the mod-
els do predict a distribution of clusters e.g. for water in monomers, one-,
two-, three- and four-bonded (tetrahedral) ones. The models have not
been extensively tested against cluster distribution data from simula-
tion and other studies [49,57,58], where water molecules in a mixture
may consist of monomers, dimers, trimers, and tetrahedral or, in other
studies, where water molecules data are provided simply as monomers,
tetrahedral and partially hydrogen bonding molecules. These distribu-
tions depend strongly on temperature and are not identical in the var-
ious studies. Moreover, in many of these studies, the majority of water
molecules are not in tetrahedral structure, unless we are at very low
temperatures, as discussed further in Section 2.2, and this would be in
disagreement with the dominant tetrahedral structure typically assumed
for water in association theories.

In conclusion, we observe a lack of consensus on how water should
be modelled, what is the correct hydrogen bonding structure and even,
as mentioned, uncertainty on water’s degree of hydrogen bonding at var-
ious temperatures. A recent discussion on all these aspects is provided
in Ref. [16].

On the other hand, the understanding of water anomalous prop-
erties can be crucial also in practical applications. As Marcia Bar-
bosa [59] explained, for example, the so-called ”diffusion” anomaly
(easier mobility of water molecules when there are many) can re-
sult in designing better desalination processes. This can be done us-
ing nanotubes where water molecules flow faster, while salt does
not like nanotubes, thus nanotubes can be used as filter for clean-
ing water (or aquaporins). And this is a major application related
to the better understanding of water properties. “Provide access to
clean water” has been identified by the US Academy of Engineering
(http://www.engineeringchallenges.org/cms/challenges.aspx) as one
of the 14 challenges of engineering in the 21st century.

2.2. The water structure and the two-state theory

Despite the above reservations on the quality and interpretation of
water’s monomer fraction data, results like those shown in Figs. 4 and
6 and others can make us wonder whether there is something more fun-
damentally wrong with all association theories. Could it be that the pre-
dominant in the classical sense tetrahedral structure of water, input to
our theories, is not the answer? Indeed, what is the correct water struc-
ture and how it is linked to theories has been a debate for 100 years as
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Pettersson et al. [60] have written in a recent review. For almost a cen-
tury, there have been discussions on whether or not liquid water consists
of a structured and a non- or less-structured phase. Already in 1892, Wil-
helm Rontgen theorized that water is actually a two-state system consist-
ing of a bi-phasic liquid [61]. And several others, over the years, have
indicated that water molecules exist in two or more “structures” and
with a distribution of diverse hydrogen-bonding formations (e.g. Still-
inger [57] in his Science paper — mostly 2 and 3 sites and Franck [58],
also Henry Armstrong in 1920s [62], Oleg Samoilov in 1940s [63] and
Wilse Robinson et al. in 2000 [64]). In 1970 Franck [58] meant that
the two-state model for water is the answer to many of its anomalous
properties. He provided three approaches to explain the maximum of
density, but he concluded that the two distinguishable species theory
(low-energy and high-energy, as he called them) provides an explana-
tion for both the density anomaly and the remarkably high heat capacity
of water. He emphasizes that the two states have sizable density differ-
ences (several tenths of a gram/cm?) and he concludes: “when all of the
data are taken into account, therefore, the balance of probability seems
to have swung to the side of the two-species concept”. Both in Frank’s
paper [58] and several other studies [65-68] are extensive discussions
of the much studied Raman spectra of water. The Raman spectra of wa-
ter have been studied extensively in literature and over wide ranges of
temperature and pressure. There is little doubt, see e.g. Ref. [65], that
the Raman spectra of water have a complex structure with very broad
peaks and shapes which can be approximated with four or five Guassian-
shaped constituents (two main and 2-3 minor ones), and it is rather sur-
prising that the exact number of peaks is not precisely known. Still, as
shown in many studies [66-68] where water Raman spectra are plotted
over a wide temperature range, an isosbectic point appears (where the
spectra at different temperatures intersect at a single point). The pres-
ence of such a point supports (without entirely proving) the two-state
water model.

So, there was plentiful evidence of the two-state water hypothesis
during the 20th century. Nevertheless, most of these earlier studies ap-
pear to have been forgotten in the meantime.

But it is indeed the group led by the two researchers mentioned in the
start of this section (Pettersson and Nilsson) and others [69] who have
revolutionized over the recent years the idea that water is best described
as a two-state model where most molecules are in the form of rings or
chains [60,70-73], and only a smaller portion is tetrahedral. According
to them, water is a two-state liquid, having so-called low-density (LDL)
and high-density regions (HDL), and actually most of water molecules
are in the form of rings or chains (HDL) and only a smaller percent-
age (15-20% depending on temperature) in tetrahedral form (LDL). A
more detailed proposal for the structure of high-density and low-density
water has been recently proposed by Camisasca et al. [74]. The HDL
structure, according to these authors, implies water molecules forming
chains, while in their proposed LDL structure, water molecules have a
tetrahedral hydrogen bonding and they are organized in fused dodeca-
hedra.

In the recent years, mechanistic equation of state models using sim-
ple entropic considerations and the two-state concept have been pro-
posed for water by Holten-Anisimov [75-77] and used also by others
[78,79]. These models are shown to reproduce many of the anomalous
properties of pure water (using a rather large number of adjustable pa-
rameters). These equations of state also represent the LDL water fraction
as function of temperature in qualitative agreement to the data from
Pettersson-Nilsson and co-workers as well as earlier LDL data by Malla-
mace et al. [49]. It is important to note that the Holten-Anisimov model
does not assume any specific water structure for the two implied struc-
tures. We discuss further the Holten-Anisimov model in Section 2.3.

Nilsson, Pettersson and co-workers have also demonstrated the tran-
sition between the two liquid states of water, a phenomenon which
could be responsible for a second critical point in water [71,73]. Nilsson
and Pettersson have stated that water is, in essence, a mixture of two
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liquids in a complex relationship, and they have used a wide range of
advanced spectroscopic techniques. In Washington Post (2017; article
by Ben Guarino) they have stated: ”You won’t notice it with a cup of
tea, but liquid water can flip between high and low densities”. And in
the same context they said “if we hypothetically do such a simple thing
as to pour the different types of liquid water into a cup, there would be
a huge effect. The two liquids would separate as oil and water with an
interface in-between. The difference in density is 25%, which is huge”.
This illustrates very well the presence of the two rather different states
in water. The same group of authors [80] have presented experimental
evidence that the extreme differences seen in the hydrogen bonding en-
vironment in the deeply super-cooled region remain in bulk water even
at conditions ranging from ambient up to close to the boiling point. They
conclude that, based on their experimental data, the density difference
contrast seen in Small-angle X-ray scattering is due to fluctuations be-
tween tetrahedral-like and hydrogen-bonded distorted structures related
to, respectively, low and high density water. The same authors [81] es-
timate a 2:1 ratio between distorted and tetrahedral species at room
temperature.

Other research groups (e.g. Woutersen et al. [82]) had earlier pro-
vided additional evidence for two-component water structure using fem-
tosecond IR spectroscopy, and there is further recent experimental ob-
servation of the liquid-liquid transition in bulk supercooled water under
pressure by Nilsson and co-workers [73]. Some groups [64] have also
explained some properties of water, like the anomalous temperature de-
pendency of the refractive index (with a maximum around 0 °C), using
a two-state description of water.

The two-state theory has been popularized in the press [83], but it is
still a heavily debated topic with numerous papers in Nature and Science
during the 21st century focusing on this, as can be seen by the references
cited so far (see also [84], and by researchers who seriously contest
this theory [85,86]). While the Pettersson and Nilsson’s theory is based
on a very wide range of data from diverse advanced spectroscopic and
diffraction methods it is far from accepted by all. Saykally and others
[85,86] have criticized Pettersson and Nilsson that their interpretation
of data is not correct and water is indeed largely a tetrahedral molecule.
Saykally has even stated about Pettersson and Nilsson that “if they are
correct, they will win the Nobel prize, but I do not think they are” [87]. Time
will show who is right and who is wrong!

Philip Ball has rather recently (March 2018) stated that “evidence
mounts that water exists in two liquids forms” [88] (while he was more
skeptical about the two-state water some 10 years earlier [3]), and more
evidence continuously appears for the “two-state theory” e.g. by Shi
and Tanaka [89]. It does seem, however, that the interpretation of the
same/similar spectroscopic and X-ray data by different groups on the
structure of water can be done in more than one ways, leading to differ-
ent conclusions! Somewhat similarly, as seemingly physically different
theories can all describe water thermodynamics and hydrogen bond-
ing, as seen in Figs. 4 and 6. Moreover, Poole and Stanley reported in
some excitement [83] that so much recent evidence seems to support
the existence of water’s second critical (liquid-liquid) point, which they
“proclaimed” 25 years ago [90].

We can also mention that, in the previously mentioned thermody-
namic studies [75,78] by different groups, thermodynamic arguments
appear to support the two-state model, even in a somewhat artificial
way.

Moreover, a many years molecular simulation debate appears to
be won by Professor Pablo Debenedetti’s group and the “two-state
water model” [91,92], but it is still a heavily debated topic, as pre-
viously mentioned, and it does not seem that the final words on
water’s (two-state) structure have been written. Pablo Debenedetti
suspected the existence of the second critical point of water for more
than 20 years now [93], but despite diverse evidence he was not
convinced. His team’s impressive July 2020 manuscript in Science
[92] provides even more evidence. In addition to the original Ref. [92],
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interesting accounts of this breakthrough study are provided elsewhere
(https://www.sciencedaily.com/releases/2020/07/200716144719.htm;
https://www.chemistryworld.com/news/computational-study-supp
orts-theory-that-water-has-a-second-critical-point/4012153.article).

In this recent work, Debenedetti and co-workers have used two com-
putational methods and two highly realistic and successful computer
models of water, the TIP4P/2005 and TIP4P/Ice. Both predict a liquid-
liquid critical point in the region Tc=172-188 K and Pc=1739-1861 bar
(depending on the model). Thus, the recent results confirm the liquid-
liquid critical point predicted with another water model (ST2) in the
group’s earlier study. The simulations are very time consuming and, as
cited in the above references, even with today’s powerful research com-
puters, the simulations took roughly 1.5 years of computation time. The
web-references cited above provide also interesting comments on this
recent work by some of the pioneers in the field (C. Austen Angell, Pe-
ter Poole and Anders Nilsson). Of course, the final proof will need to
come from experiments, but these are indeed notoriously difficult in
the so-called “no-man’s land” due to extremely low temperatures in-
volved which make liquid water very difficult to sustain. In addition to
Saykally and co-workers, there are more researchers [94,95] who are
not convinced about the two-state theory and have stated that water’s
properties do not indicate two-state behavior, or as Teixeira puts it [95]:
“From the large amount of data available, it can be said that liquid wa-
ter is a homogeneous liquids at all temperatures and pressures”. The
two-state hypothesis and how experimental data should be interpreted
is a topic continuously debated these days [96].

Water’s peculiarities do not stop in the aforementioned anomalous
physico-chemical properties and the diverse discussions on the possible
dual structure. Recent studies indicate separate behavior e.g. on the re-
activities for the so-called ortho and para isomers of water [97,98] or a
very low dielectric constant when water is in confined media [99].

This has been a very short review of a very extensive topic with
rich recent literature. The anomalous properties of water have been dis-
cussed in detail in relation to its structure and dynamics in a number
of excellent studies (Errington and Debenedetti [100], Debenedetti and
Stanley [101], Debenedetti [6], Mallamace et al. [4], Mallamace et al.
[5], Nilsson and Pettersson [102], Gallo et al. [103]; Palmer et al.[104])
and the interested reader is referred to these papers for more extensive
discussions.

2.3. Another view on the Holten-Anisimov two-state equation of state

The Holten-Anisimov equation of state has been often mentioned as
a method providing evidence for the two-state theory. We believe, there-
fore, that it is worthwhile presenting this approach and discuss both the
successes and limitations associated with this two-state equation of state
specially designed for pure water.

2.3.1. The model in brief

First, we outline very briefly the two-state equation of state model
from Anisimov group, originally presented in 2014 [77], although there
are various versions from the same group [77,75,105,106]. All models
are similar in the sense that a chemical equilibrium between the two hy-
pothesized states of water is assumed. The various variants differ mostly
on empirical expressions of some properties. The two-state model of
2014 [77] differs from the others as it has many adjustable parameters
(77), but at the same time more properties have been investigated and
at wider T-P regions is covered with this model. The model was devel-
oped to be applied for cold and supercooled water (temperatures up to
approximately 23 °C).

While details are presented in the original publications, for our pur-
poses in this review it suffices to say that in the two-state model of
Anisimov, pure liquid water is a mixture of two interconvertible states
A and B and the mole fraction of each state is controlled by the chemical
‘reaction’. These two states could correspond to different arrangements
of the hydrogen-bonded network, but details of the hydrogen bonding
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are not included in the original formulation of the model. The main dif-
ferences in these states reside in their thermodynamic properties. It is
considered that A and B form a non-ideal solution, with all non-idealities
expressed by a simple “entropic term”. When a chemical equilibrium
equations are written, the equilibrium (LDL) fraction can be calculated
as function of temperature and pressure. Various thermodynamic prop-
erties can be calculated from derivatives of the Gibbs energy and can be
obtained at various T/P.

For the development of this equation of state the authors [77] con-
sidered experimental data from different sources in order to adjust the
parameters of the model; the model has 77 adjustable parameters. The
thermodynamic properties that were considered for the fitting include
density, isothermal compressibility, thermal expansivity, isobaric heat
capacity and speed of sound (5 properties in total). The data that were
used extended from the homogeneous ice nucleation line up to the tem-
perature of 300K and the pressure of 400 MPa. There are data for water
beyond this region and the model can also be extrapolated beyond this
region, but the accuracy of the model at this region has not been tested
extensively by the authors in the original publication [77]. Outside this
validity range, the authors showed a few comparisons for density and
speed of sound. The model proved to be highly accurate for most of
the data with a maximum absolute deviation of 2%. For the model the
location of the liquid-liquid critical point needs to be defined.

For the location of the Liquid-Liquid Critical Point (LLCP), they used
initially the one from Holten and Anisimov [75] and then it was slightly
re-adjusted to fit the experimental data.

A key aspect of this model is the estimation of the phase coexistence
line. Along the phase coexistence line, both states have the same mole
fraction. The same is true for the LLCP. As mentioned previously, above
the phase coexistence line there is the A-rich phase and below there
is the B-rich phase. Before traversing the LLCP, the two states can be
separated macroscopically. After the critical point there is a single phase
region where there could be two states structures at the microscopic
level. The model always considers water to be a mixture of the two
states (i.e. there is no region where water is pure A or pure B in the
model).

As mentioned, there are multiple two-state models published from
the Anisimov group. We hereafter outline some of them and discuss
some key characteristics and differences. The ones that are going to be
discussed are: a) the scaled equation published by Fuentevilla and Anisi-
mov [105] based on Landau’s theory of phase transition b) the two state
model by Bertrand and Anisimov [106] where they included a chemical
equilibrium between the two states and c¢) the two-state model of Holten
and Anisimov [75]. Their later works [76,77] have a very similar frame-
work where they also consider a non-ideal solution of two states and
they assumed that the fraction of each state is controlled by a chemi-
cal equillibrium. A short summary of some two-state models created by
Anisimov is shown in Table 2.

We present some more information about these variations of the two-
state equation of state. In 2006, Fuentevilla and Anisimov [105] devel-
oped a two-state scaled equation of state in order to describe and predict
cold and supercooled water’s thermodynamic properties. This study was
the first model developed by Anisimov’s group and it was mostly based
on Landau’s phase transition theory. The thermodynamic potential can
be expressed as a function of two scaling fields (Landau expansion).
The field-dependent thermodynamic potential in this case is the Gibbs
energy of the hypothesized mixture. For the scaling fields they used
empirical expressions that depend on temperature and pressure. For the
values of phase transition coefficients and parameters of the model, they
have considered estimates from Mishima [107] and values published by
Anisimov and Sengers [108]. Essentially the model had 2 adjustable pa-
rameters, one of them being the pressure of the LLCP. They were fitted
to thermodynamic properties (isothermal compressibility, thermal ex-
pansivity, isobaric heat capacity). Overall, the model showed excellent
results for the regions it was tested. The estimated location of the LLCP
is at 27 MPa and 232K.
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Table 2
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Summary of some two-state models created by Anisimov’s group. LLCP stands for the liquid-liquid critical point.

Authors N poram. Properties considered Estimated LLCP Comments
Fuentevilla and 2 a,, kr, cp 232K, Scaled equation
Anisimov [105] 27 MPa First two-state model by
Anisimov
Bertrand and Anisimov [106] ~6 ps a,, kp, 227.4K, Introduction of chemical
cp 27.5 MPa ‘reaction’
Holten and Anisimov [75] ~21 ps aykr, 227K, Chemical ‘reaction’
Cp, U 13 MPa
Holten et al. [77] 77 ps aykr, 228.2K, Chemical ‘reaction’
Cp, U 0 MPa More data considered
Notes: A) N, refers to the number of adjustable parameters in the two-state model B) The column ‘Properties considered’ refers to the properties

considered in the parameter optimization step.

In 2011, Bertrand and Anisimov [106] proposed another two-state
model where they introduced a chemical ‘reaction’ between the two hy-
pothetical states following the works by Ponyatovskii and Moynihan. In
contrast to Moynihan, they considered that the two states of water form
a non-ideal athermal solution. Under this assumption the liquid-liquid
transition is entropy-driven (instead of energy-driven). The formulation
is based on the Gibbs energy of the solution and the Landau theory.
They also show the case of the lattice gas model which is used to de-
scribe liquid-gas phase transition along with differences in the formu-
lation with the liquid-liquid phase transition. Similarly to Fuentevilla
and Anisimov [105], Bertrand and Anisimov [106] were able to limit
the number of adjustable parameters by adopting values from Anisimov
and Sengers [108]. As a result they had approximately 6 adjustable pa-
rameters (including the location of the LLCP) which were fitted to den-
sity, isothermal compressibility, thermal expansivity and isobaric heat
capacity. The model is able to describe these properties with exceptional
accuracy. The estimated location of the LLCP in this study is 27.5 MPa
and 227.4K.

In 2012, Holten and Anisimov [75] introduced 2 two-state model
similar to the on published by Bertrand and Anismov. They introduced
a mean-field and a crossover equation of state, although the published
parameter sets and results refer to the crossover equation of state. Here
they also assumed a chemical equilibrium between the two states and
that they form an athermal solution (entropy-driven phase transition).
In this work, they have empirical expressions for the chemical equilib-
rium constant and the Gibbs energy of the one state. The adjustable
parameters have been fitted to experimental data of density p, isother-
mal compressibility k;, thermal expansivity ap, isobaric heat capacity
c¢p and speed of sound u. It is worth noting that they also considered data
of high-density and low-density amorphous ice since they have assumed
that the liquid-liquid transition should be connected to the phase tran-
sition between these two different forms of ice. The experimental data
cover the range of 140K to 310K and of 0.1 MPa to 400 MPa. The data
used in this study covered a wider range of temperatures and pressures
compared to the previous ones. The phase transition curve predicted by
the model is adjusted to match the estimations of Mishima [109], where
they claim that it should have the same curvature as the homogeneous
ice nucleation line. In total, the model has approximately 21 adjustable
parameters and shows exceptional results for the examined properties.
The estimated location of the LLCP in this study is 227 K and 13 MPa.

In all of these two-state models, water is assumed to have a second
critical point (a liquid-liquid critical point) at the supercooled region.
The critical point proposed in these studies resides at much lower pres-
sure compared to those predicted by computer simulations. For instance,
Holten and Anisimov [75] consider the LLCP to reside at 0 MPa and
223K, while studies on the TIP4P/2005 model estimate it to be at 193K
and 135MPa. The models are mostly phenomenological and latest ver-
sions [77] have a considerable number of adjustable parameters (more
than 20). All of these thermodynamic models lack microscopic details of
the two states. The models are extremely accurate at describing water’s
properties in the cold and supercooled region (up to 300K), but their

accuracy at higher temperatures has not been reported. Finally, these
models were used to describe a single phase transition at a time and in
this case a liquid-liquid phase transition and thus they are not able to
describe the vapor phase in their current from.

In this work, the results from the model of Holten, Sengers and Anisi-
mov [77] of 2014 will be presented and analyzed. We typically refer to
it as two-state model (2014) [77] in order to differentiate it from the
model of Holten and Anisimov [75] (from 2012) which was published
in Sci. Reports. This publication is extremely detailed containing exten-
sive information on the framework, on the experimental data that were
used for the fitting of parameters and on the model’s performance. These
factors can positively contribute to a proper analysis and study of the
model. We will present results for stable liquid water, one of the ma-
jor areas of interest even though this is outside the validity range of the
model. We will include a few estimations for supercooled water in order
to further discuss the two-state hypothesis.

2.3.2. Comparison of LDL fractions

The LDL fractions i.e. essentially the tetrahedral fraction of water
molecules can be estimated from the two-state model and is also avail-
able from spectroscopic measurements. Some of these data are summa-
rized in Table 3. There are also the spectroscopic data from Mallamace
et al. [49].

LDL fractions from various versions of the two-state models and di-
verse experimental data and molecular simulation studies are compared
graphically in Fig. 7. The caption provides information on the sources
of the different data and model calculations.

There is a qualitative agreement between data and mod-
els/computational results, but considerable differences in the actual val-
ues. In all cases, LDL decreases very much with increasing temperature.
Despite the differences of the estimates, all seem to have similar sigmoid
trends with the exception of the various spectroscopy data which come
from different authors and they are scarce.

Pathak et al. [110] and Russo and Tanaka [78] based their esti-
mations on molecular simulations and they used the same method for
identifying the LDL structure. The only difference was in the molecular
model where Pathak et al. used ST2 model and Russo and Tanaka used
TIP5P. It should be mentioned that Pathak et al. [110] indicate that true
LDL fractions should be much lower compared to their estimates from
ST2 based on experimental estimates of tetrahedrality.

Moore and Molinero [111] found local structures in the mW model
for water (molecular simulations) by trying to identify tetrahedral struc-
tures. Caupin and Anisimov [76] used another two-state model, also
from Anisimov’s group and the results are close to those from 2014 two-
state model. Overall, computational studies suggest that water is at all
times a mixture of the two different structures because of the asymp-
tots, but the data of Mallamace et al. [49] suggest that LDL is (almost)
non-existent after ~300K. Mallamace et al. [49] published more LDL
fraction data at even lower temperatures, but these were based from
Raman spectroscopy on low-density amorphous ice.
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Table 3
LDL fractions from spectroscopy experiments.

Conditions LDL (tetrahedral) fraction Technique and author

298K 0.1 MPa 20% + 20% X-ray absorption Wernet et al. [70]
363K, 0.1 MPa 15% + 15% X-ray absorption Wernet et al. [70]
293K, 0.1 MPa 33.2% Raman spectroscopy, Sun [112]
280K, 0.1 MPa  34.5% X-ray emission, Tokushima et al. [81]
297K,0.1 MPa 33.3% X-ray emission, Tokushima et al. [81]
335, 0.1 MPa 27.7% X-ray emission, Tokushima et al. [81]

Notes: a) For Tokushima et al. [81] we have calculated these fractions based on
their ratios of distorted/tetrahedral at these conditions b) Sun [112] did not pub-
lish uncertainties and Tokushima et al. [81] published uncertainties for the ratio
distorted/tetrahedral. Their estimates should have a maximum accuracy of + 10%.
c) It is likley that there are more data available with lower uncertainty values. d)
There are also spectroscopic measurements from Mallamace et al. [49] (which are

not shown in this table, but they are discussed in Fig. 7.
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Fig. 7. Comparison of LDL fraction from different sources at 1 bar (0.1 MPa).
Solid lines are results from computational studies, while symbols are estimates
from experiments. Russo and Tanaka [78] estimated the LDL fraction of TIP5P
water model and Pathak et al. [110] estimated the LDL fraction of ST2 water
models. Russo and Tanaka [78] and Pathak et al. [110] used the same method
for estimating the LDL fraction which was presented by Russo and Tanaka [78].
Moore and Molinero [111] estimated LDL on the mW water model. The yellow
line indicates results from the model created by Caupin and Anisimov [76].
Mallamace et al. [49] used Fourier Transformation Infrared spectroscopy (FTIR)
on confined water for 183-303K and Raman spectroscopy on bulk water for
253-373 K. Spectroscopy estimations (diamonds) are from different authors and
they are summarized in Table 3.

A comparison of the various approaches at a higher pressure
(100 MPa) is shown in Fig. 8. Fewer data/estimates of LDL exist at high
pressure but significant differences can still be seen, despite similarities
in trends, also between the two versions of the two-state theory [76,77].
Finally, in Fig. 9 LDL fraction as calculated from the two-state model is
shown for various temperatures and pressure. We observe that an in-
crease on pressure seems to decrease the LDL fraction. This indicates
that higher pressure forces molecules to be closer together promoting
the formation of the HDL form. Similar results have also been shown by
Russo and Tanaka [78] and Pathak et al. [110]. At high temperatures
(above 360K) the LDL fractions at each pressure have nearly the same
values and are close to zero.

2.3.3. Characteristic results and discussion
We have performed calculations using the two-state model by Holten
et al. [77] (2014) for a wide range of properties and conditions in or-
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Fig. 8. Comparison of LDL fraction from different sources at 100 MPa. Solid
lines are results from computational studies, while symbols are estimates from
experiments. Russo and Tanaka [78] estimated the LDL fraction of TIP4P/2005
water model and Pathak et al. [110] estimated the LDL fraction of ST2 water
models. Russo and Tanaka [78] and Pathak et al. [110] used the same method
for estimating the LDL fraction which was presented by Russo and Tanaka [78].
Yellow line shows results of the two-state model created by Caupin and Anisimov
[76].
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Fig. 9. LDL fraction isobars calculated from the two-state model (2014) [77].
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Fig. 10. Density isobars of liquid water. Solid lines are results from the two-
state model [77] and symbols represent results from the IAPWS-95 formulation.
Dotted line is the line 7 = 300K and indicates the limit of validity range of
the two-state model [77]. Below this temperature, results are the same as the
published ones. Beyond this temperature, the results are the model’s predictions
since they did not consider data beyond 300 K.

der to evaluate the model’s applicability, also beyond the range used
in parameter estimation. The code provided by the authors has been
used. We have considered data for stable liquid water and not for super-
cooled water, which has been studied extensively in the original pub-
lication (where no results were shown beyond 300K, considered to be
the validity range according to the authors). The calculated results are
compared to estimates from the NIST Chembook, which is using an em-
pirical model (the IAPWS-95, which is developed based on a multitude
of experimental data). Even though it has proven excellent at describing
experimental data, there were certain regions where data were lacking.
This will be relevant in the further discussion.

Calculated results of the two-state model are shown in Figs. 10-12 for
three properties. We do not show but we have also considered isother-
mal compressibility, thermal expansivity and isochoric heat capacity
isobars. Similar conclusions are obtained as for the properties shown
here.

We observe that in all cases the model is exceptionally accurate at
describing all properties within its validity range (up to 300 K), while de-
viations are seen at higher temperatures, especially beyond about 350 K.
At higher temperatures the curvature of the lines shifts significantly pro-
viding unrealistic results and this happens for all 6 properties consid-
ered. We cannot say whether the model could produce more accurate
results beyond 350K by including these data in the fit. The two-state
model considers only liquid-liquid transition and not vapor-liquid. This
is probably one of the reasons why we observe unrealistic results at high
temperatures.

In this section, we have briefly presented some results of the two-
state model for water developed by Holten et al. [77] in 2014. There
are multiple variations created by Anisimov’s group, but all share some
common characteristics e.g. a chemical equilibrium is considered be-
tween the two hypothesized states of water and that the two states form
a non-ideal solution. The model is semi-empirical and it does not con-
sider explicitly any microscopic details (i.e. structure, van-der Waals
forces, hydrogen bonds, etc.). The different variants have some differ-
ences in the final expressions and in the parameters. The two-state model
(2014) has 77 adjustable parameters, which are significantly more com-
pared to other studies, but at the same time more properties and over
wider regions were considered for its development. In addition, all of
these two-state models have been developed for cold and supercooled
liquid water and the published results did not exceed 300 K. The model
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Fig. 11. Isobaric heat capacity isobars of liquid water. Solid lines are results
from the two-state model [77] and symbols represent results from the IAPWS-95
formulation. Dotted line is the line 7 = 300K and indicates the limit of validity
range of the two-state model [77]. Below this temperature, results are the same
as the published ones. Beyond this temperature, the results are the model’s pre-
dictions since they did not consider data beyond 300 K. At high pressures and
low temperatures Isobaric heat capacity data were scarce during the develop-
ment of IAPWS-95. New data from Troncoso [113] are closer to the results of
the two-state model.
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Fig. 12. Speed of sound isobars of liquid water. Solid lines are results from the
two-state model [77] and symbols represent results from the IAPWS-95 formu-
lation. Dotted line is the line 7 = 300K and indicates the limit of validity range
of the two-state model [77]. Below this temperature, results are the same as the
published ones. Beyond this temperature, the results are the model’s predictions
since they did not consider data beyond 300 K.

at these conditions is reported to show exceptional accuracy, while it is
also able to capture water’s anomalies. The fact that the two-state pic-
ture can reproduce water’s anomalies is an indication that the two-state
might indeed be the true origin of water’s anomalies. It is worth noting
though that the model is incapable of calculating properties of the vapor
phase.

Since the two-state model lacks microscopic detail, some authors
have used it in combination with molecular simulations. Some quite
noteworthy studies are the ones by Russo and Tanaka [78] and Shi
et al. [114] where they applied a similar two-state model, but they
did not fit the parameters to thermodynamic properties. They [78,114]
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fitted the parameters to the LDL fraction and the structure and they were
able to predict density anomalies. Shi et al. [114] were also able to pre-
dict dynamic anomalies of water with a two-state model. These results
provide also evidence that the two-state hypothesis is valid.

One interesting aspect of the two-state model is its ability to esti-
mate LDL fractions, which are important for the two-state theory. By
comparing estimations from the various versions of two-state models,
molecular simulations and spectroscopy, we can conclude that there is
no clear agreement on the LDL fractions. However, all LDL fraction data
exhibit similar trends with a sigmoid-like dependence. The exceptional
decrease of the LDL population is consistent with the idea of the strong
fluctuations between the two states.

The two-state model (2014) was applied for cold and hot liquid water
(outside the validity range of the model) in order to test its performance
when extrapolated. The two-state model can show exceptional results
up to ~ 350 K, but after this point the model shows unrealistic results
for all the properties investigated in this study. This fact along with the
model’s limitations shows that there is clear room for improvement.

Finally, it is possible to evaluate the importance of the interaction
parameter and the non-ideality role in the model. We have performed
the calculations but these results are not shown here. However, we can
state that by considering an ideal solution, the LDL fraction changed
considerably and the density maximum was no longer described by the
model. This suggests that non-ideality is crucial at least for the consid-
ered conditions. Shi et al. [114] mention that the interaction parameter
can be considered negligible at conditions away from the LLCP. The con-
ditions investigated in this section for the non-ideality were close to the
LLCP. Thus the two results may agree, but more investigations would
be needed to have a clearer picture.

3. Water interactions with other molecules and the hydrophobic
effect

We have discussed in the previous section water molecules, alone or
as clusters in complex structures. In Section 4 we will also briefly ad-
dress the possible effect of impurities. It is of importance, in an effort
of achieving a better understanding of water properties, to study the
interactions of water with other compounds and the associated, if any,
changes to water’s structure due to these interactions. We have decided
to illustrate this via two examples; the effect of hydrophobic compounds
and the interaction of water with ions. Some insights from surface sci-
ence are provided first.

3.1. Input from surface science

A combined input from thermodynamics — molecular theory and sur-
face science can provide some further information related to the contri-
bution of various forces and hydrogen bonding in water.

From the theory of intermolecular forces and using the van der Waals
(vdW) expressions, we can calculate for water that, at 0 °C, 81% of the
vdW interactions are due to the polar forces and 15% due to disper-
sion forces [8,115,126] (with the remaining being the smaller induction
forces). The percentages change to about 25% for the dispersion forces
at room temperature. For the equally polar ammonia (with 1.47 D dipole
moment), the polar contribution is 51% and the dispersion 43% [8,126].
And for the much more polar acetone (with 2.87 D dipole moment), the
polar forces contribute 67% and the dispersion 27%. It is clear that the
polar contribution of water is significant. The reason being a combined
effect of the dipole moment and the polarizability values.

It would be interesting to investigate the contributions of the vari-
ous intermolecular forces to the surface tension of water, which as men-
tioned has a particularly high value. This can be done indirectly via
“component” theories for surface and interfacial tension, e.g. those pro-
posed earlier by Fowkes and Owens-Wendt and in the more recent years
by Good and co-workers and Panayiotou. The references of these meth-
ods are provided in the textbook by Kontogeorgis and Kiil [115]. Table 4
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presents some pertinent results. There is some consensus that the disper-
sion contribution to surface tension is about 30%, in agreement to the
van der Waals theory of intermolecular forces. There is less consensus
on how the hydrogen bonding of water should be represented.

We notice that some authors have considered unequal acid/base con-
tributions for water, presumably in agreement with Kamlet-Taft solva-
tochromic parameters. Others, however, like in the case of the original
values by van Oss-Good and the recent method of Panayiotou maintain
that water’s acid and base effects should be balanced. It is interesting
that there is a disagreement on such a fundamental issue. The perfor-
mance of the methods for actual applications (liquid-liquid interfaces,
wetting and adhesion, etc.) will depend on contributions from other
compounds, and other data like contact angle and values for solids, thus
the issue of the exact contributions of water’s acid/base effects to the
surface tension remains largely unresolved.

All these conflicting views about water structure indicate that our
understanding of water is lacking. We summarize some recent views
next.

3.2. The hydrophobic effect

An important phenomenon, which is much debated [116,117], asso-
ciated with the interaction of water with non-polar solutes e.g. alkanes
or other hydrocarbons, is the so-called hydrophobic effect. As well as
the related hydrophobic interaction. Experimental data show, as can be
seen in Table 5, that this is an entropic phenomenon. As Israelachvili
[118] (and others) explain, non-polar solute molecules (if not too large)
can pack around water, without giving up any of their hydrogen bond-
ing sites, thus forming some type of clathrate cage. Thus, we have this
negative entropy in the process as the existing water structure is dis-
rupted and a new, more ordered, structure is created surrounding the
water molecules. As can be seen in Table 5, at least at room tempera-
ture, the entropy decrease contributes a lot to this interaction e.g. 85%
for water-butane, while in the case of water-benzene approaches 100%.

It has been shown by many e.g. [119-122] that the Gibbs energy
of dissolution of hydrocarbons in water or free energy of solvation is
roughly temperature independent and actually can be given [119,123]
as linear function of the chain length or hydrogen atoms. This has per-
mitted Gill and Wadso [119] to develop a simple equation (of state)
for the hydrophobic effect. Wu and Prausnitz [121] have also shown
that the hydrophobic effect is primarily a local phenomenon and that
the hydrophobic interaction, which is short-ranged, may be represented
by a semi-empirical force field and in a pairwise additive manner. Ac-
cording to the same authors, the hydration of a hydrophobic molecule
occurs primarily within a single layer of water molecules and thus the
hydrophobic attraction is short-ranged and disappears beyond the over-
lap of the solvation shells.

On the other hand, as shown by some researchers [120,123,124] the
temperature dependency of the enthalpic and entropic contributions to
the solvation are very pronounced and in opposite directions, thus tend-
ing to cancel out when the Gibbs energy is calculated. At low temper-
atures, the Gibbs energy is dominated by the entropic effects and at
high temperatures by the enthalpic part. It is the large values of the
heat capacity changes, see Table 5, which are the reason for these large
temperature variations of the enthalpy and entropy terms.

It has been indeed stated [9,116,117] that one of the most central
characteristics of the hydrophobicity is this temperature dependency
which comes from the interplay of the enthalpic and entropic contri-
butions. And it might provide some insight on the fact that around
room temperature, see Table 5, the enthalpy change is close to zero,
the entropic term dominates and we typically observe a minimum of
the hydrocarbon solubility in water. Based on these observations, sev-
eral researchers have proposed some explanations [119,120,123] for the
solubility minimum (shown in Figs. 4 and 5), although these explana-
tions are not identical and there are some fundamental disagreements
on the exact structuring of water around non-polar solutes. The clathrate
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Table 4
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The surface energy components of water according to various interfacial tension theories. In all cases the total surface energy of water is 72.8 mN/m at
20 °C. All values in the table are in mN/m. For the values and more information, see Kontogeorgis and Kiil, 2016 [115]. The Kamlet-Taft solvatochromic
parameters of water are 1.17 (acid) and 0.18 (base). For the references of these methods see the textbook by Kontogeorgis and Kiil (2016) [115].

Acid(polar for Hansen Base(hydrogen bonding for

Theory for surface and interfacial tension Dispersion or van der Waals Specific or acid-base method) Hansen method)
Fowkes/Owens-Wendt 21.8 51.0 - -

Hansen 21.85 50.94 23.26 27.68

Van Oss-Good, original 21.8 51.0 25.5 25.5

Van Oss-Good with Della Volpe-Siboni, 21.8 51.0 65.0 10.0

1997

Van Oss-Good with Della Volpe-Siboni, 26.2 46.6 48.5 11.2

2000

Lee

Panayiotou PSP method 15.71 (dispersion)+5.42 51.7 25.84 25.84

(polarity) =21.13

Table 5

Change in standard molar Gibbs Energy (AG =
AH —TAS), enthalpy and entropy for the trans-
fer of hydrocarbons from their pure fluids into wa-
ter at 25 °C. All values are reported in kJ/mol
and they are taken from various literature sources
[8,115,117,126]. The AC, values are in J/K mol.

Hydrocarbon AG AH TAS AC,
Ethane 16.3 -10.5 -26.8 150
Propane 20.5 -7.1 -27.6

n-butane 24.7 -3.3 -28.0 272
n-pentane 28.6 -2.0 -26.6 400
cyclohexane 28.1 -0.1 -28.2 360
n-hexane 32.4 0 -32.4 440
Benzene 19.2 2.1 -17.1 225
Toluene 22.6 1.7 -20.9 263
Ethylbenzene 26.2 2.02 -24.2 318
Propylbenzene 28.8 2.3 -26.5 391

model, is supported by some [118,120] but not by others [3,123,125].
For example, von Stockar [123] states that it is an error to say that
restructuring of water in the hydration layer around non-polar solutes
makes solubility low. According to von Stockar [123] the opposite is
true i.e. restructuring water upon introducing non-polar solutes should
actually lower the Gibbs energy change which could be the reason for
the increasing solubility of hydrocarbons in water at temperatures lower
than room temperature (whereas, we assume, he means that at higher
temperatures the structuring is less pronounced and the solubility de-
creases).

In any case, there is a widespread belief [126] that the water
molecules —in presence of a hydrophobic solute- have a higher degree of
local order than that in pure liquid water, which results to the decrease
of the entropy.

Kronberg [120] has recently presented an alternative explanation for
the hydrophobic effect and the associated poor solubility of hydrocar-
bons in water, which partially also explains why the minimum of the
alkane solubility in water is almost universal. In his approach, there
are two contributions to the transfer of hydrocarbons into water; cav-
ity formation by water molecules (requiring a large positive energy)
and then water structuring i.e. relaxation of water molecules around
the hydrocarbon into a more ordered state. He believes that his inter-
pretation is in better agreement with recent spectroscopic data, that
water molecules in the hydrophobic solvation shell do not exhibit in-
creased tetrahedral ordering compared to the bulk. He believes that it
is the hydrogen bonding dynamics that is different. Moreover, he states
that whereas the cavity contribution dominates, the temperature depen-
dency is determined fully by the water structuring in the vicinity of the
hydrophobic molecule.

Finally, the work by van Oss and Good [127] should be mentioned.
These authors developed an expression between the contact surface ar-
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eas, the interfacial tension and the solubility. From experimental data of
the two latter properties for water-alkanes, they were able to estimate,
on average, a contact area for water of about 0.343 nm?, corresponding
to about three water molecules combined. This value agrees approx-
imately to the number of water molecules estimated to be hydrogen-
bonded to each other at any given moment at room temperature. Such
considerations have been also used when discussing the microscopic ba-
sis for the hydrophobic effect. The various quantities (Gibbs energy, en-
thalpy, entropy and heat capacity) are proportional to the solute surface
area, thus hydrophobicity is also considered to be proportional to the
number of water molecules in the first solvation shell.

3.3. Interaction of water with ions

The presence of water with electrolytes is so frequent that there are
numerous applications in chemical, biochemical industries, geothermal,
etc. For example, in the area of petroleum engineering, a concept with
the characteristic name “SmartWater” includes how injection of water of
different salinity or other chemical modifications can improve oil recov-
ery. This is a most interesting practical application, still hampered from
the necessity of understanding the water-ion-oil-solid surfaces (rock) in-
teractions.

Returning to the physics of the water-ion systems, as shown by von
Stockar [123] and many others, the ion hydration (typically happening
when ions are in water) consists first of a structured hydration layer
around the ion (size of many molecular diameters) and a more chaotic
transition layer in-between the hydration layer and bulk water.

The traditional picture is that several ions (small and/or multivalent)
promote the water structure (structure promoters), with decreasing en-
tropy and increasing viscosity, while large/monovalent ions are water
structure breakers.

The topic of the effect of ions on water structure is much debated.

We can start with the effect of salt concentration on the dielectric
constant of water. The dielectric constant (relative permittivity) of wa-
ter decreases a lot with both increasing temperature and increasing salt
concentration, as can be seen in Fig. 13. This implies that phenomena
such as ion pairing and partial dissociation may become significant at
high temperatures, concentrated solutions or in presence of organic sol-
vents, and should be considered in models for electrolyte solutions.

The physical picture is, however, somewhat more complex, as the
mechanisms for reduction of water’s relative permittivity with salts is
due to two phenomena [129-131]. First of all, the non-equilibrium orig-
inated kinetic depolarization often accounting for 25-75% of the de-
crease of dielectric constant with concentration and the thermodynam-
ically oriented ion solvation. For this reason, it has been stated that, in
principle, only the latter should be considered in thermodynamic mod-
eling, thus a less pronounced decrease of dielectric constant with salt
concentration than the experimental one should be incorporated in mod-
eling tools. As the formation of hydration shells around ions cause the
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Fig. 13. Relative permittivity of aqueous NaCl solutions at different tempera-
tures. The experimental data are taken from Buchner et al. (1999) [128]. The
lines are guide to the eye.

static permittivity to decrease, then the ”dielectric saturation” can be
modeled using ion-solvent association, as shown by Maribo-Mogensen
etal. [131].

Let us now return to the effect of ions on water structure in general.

Omta et al., [132] concluded, using femtosecond pump-probe spec-
troscopy, that the presence of ions does not lead to an enhancement or
a breakdown of the hydrogen-bond network in liquid water outside the
first solvation shells of the ions. According to these authors, the increase
in viscosity upon adding ions to liquid water can be fully explained based
on the rigid nature of the solvation structure formed by the ion and its
first solvation shell. Zhang and Cremer [133] share a similar viewpoint
and they mention that ions do not affect the bulk water properties and
that there is plenty of evidence for that!

On the other hand, Tielrooij et al. [134] presented a combined tetra-
hertz and femtosecond infrared spectroscopy study of water dynam-
ics around different ions. They conclude that the effect of ions and
counter-ions on water can be strongly independent and non-additive
and in certain cases extends well beyond the first solvation shell of wa-
ter molecules directly surrounding the ion. On the same lines, Leber-
man and Soper [135] find that ions induce a change in structure of
water equivalent to the application of high pressures, and that the size
of this effect is ion-specific. They believe that ionic concentrations of a
few moles per liter have an effect equivalent to that of a few thousands
atmospheres in pressure. They also state that these changes could be
understood in terms of the partial molar volumes of ions compared to
those of water molecules.

Bilde and co-workers [136] have measured osmotic coefficients for
aqueous salt solutions using Raman spectroscopy and they were able to
obtain good agreement of their measurements with the thermodynam-
ically and independently derived determined values only when water
structure change is accounted for (together with electrolyte dissocia-
tion). They concluded that the effect of water structure and accounting
for it are crucial at higher concentrations. Moreover, the characteris-
tic minimum in the osmotic coefficient values for aqueous salt solu-
tions with respect to concentration can be predicted when the depen-
dence/changes of the structure of water is considered. They conclude
that the percentage of hydrogen bonds of water increases with salt con-
centration and, thus, they see a clear change of water structure in pres-
ence of ions.

Nilsson and Pettersson [102], in one of their two-state theory arti-
cles, mention that adding NaCl in water has been shown to affect water
structure similar to increased pressure, that is by reducing tetrahedral-
ity. Gallo et al. [103], mention that in aqueous NaCl solutions, the heat
capacity and density anomalies are still present in dilute solutions, but
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at higher concentrations of NaCl the heat capacity anomaly disappears.
But they add that this fact does not contradict the possibility of a liquid-
liquid transition in supercooled aqueous solutions of NaCl, which comes
from the liquid-liquid transition in pure water. Moreover, the recent ex-
perimental works by de Ninno and co-workers [137,140] with various
spectroscopic methods and for several electrolyte solutions appear also
to support the two-fluid structure of liquid water.

4. The anomalous properties of water — controversial topics
4.1. More peculiarities and anomalous properties of water

In addition to the well-established anomalous properties of water dis-
cussed in Section 2, there are several more controversial properties or
concepts related to water’s properties and structure which we briefly ad-
dress here. These range from well-established phenomena where expla-
nations are controversial, to claims of phenomena that are themselves
controversial, because the evidence and interpretation are in dispute. In
a scale of increasing “weirdness” we could propose the following classi-
fication:

1. Central anomalies in mainstream chemistry-thermodynamics, as
above (Section 2).

2. The water bridge, the exclusion zone and some other phenomena
(Mpemba effect, Kansius effect, electromagnetic interactions with
solutions)

3. Structured water, water polymers, liquid crystal phase, QED coher-
ent domains (these are theories, mainly proposed to explain phe-
nomena in point (2))

4. Water memory, imprinting chemical structures on water, homeo-
pathic effects (effects for which there is substantial research but re-
main highly controversial)

5. Psi effects, mental interactions with water, directed intentions af-
fecting water states (non-physical effects that are claimed to show
up in some experiments)

These controversies have become a notable part of water research.
The second group of topics (2) is now, as considered by some, within the
orbit of mainstream scientific research (although this is only admitted
quite recently). These are now subject of extensive ongoing research.
(3) are speculative concepts advanced as explanations for various wa-
ter properties, such as the EZ phenomenon (2). These are scientific hy-
potheses. We review proposed explanations for the exclusion zone (EZ)
in detail, including comparison of theories (3) with the more conven-
tional diffusiophoresis/chemotaxis theories (2). All topics in (2) have
important ongoing recent research.

On the top of this list is the already mentioned so-called exclusion
zone (EZ) phenomenon and theory proposed by Pollack [2]. Exclusion
zones form in water close (<0.5mm) to certain solid surfaces. Despite
clear evidence of its existence (Henniker [141]), the EZ theory is con-
troversial. Pollack’s theory is criticized [142] and the EZ phenomenon
explained by some using the mechanism of diffusiophoresis [143,144],
while others have tried to explain it using quantum mechanics (De Ninno
[145]). Pollack and co-workers proclaim the existence of highly struc-
tured water close to hydrophilic surfaces, which “excludes” other com-
pounds from approaching the solid surface for very long distances (in the
order of micro-meter and even mm) and even more that water behaves
as a battery due to charge separation (EZ being negatively charged). The
theory violates classical approaches in colloid science like the DLVO the-
ory and implies that there is evidence that water does not behave like a
continuum, but in some cases assumes a more ordered phase, which is
directly involved in biochemical processes. According to Pollack [2] his
theory can explain many of water’s anomalous properties. We are dis-
cussing Pollack’s theory in detail in Section 5, reporting both new data
and a wider range of explanations for the occurrence of the exclusion
zone.
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While there is a lot of speculation here, the influence of solids/solid
surfaces on water properties still poses a lot of questions. Let us con-
sider for example the influence of solids on the viscosity of water. While
results from atomic force microscopy and from molecular simulation in-
dicate that only a few nanometers of water is tightly bound to a solid,
studies of friction between plates covered with water indicate that the
effective viscosity in water is higher than in free water in a layer up
to 100 nm thick [146,147]. In line with this later observation, studies
by low field nuclear magnetic resonance indicate that a several 10th of
nanometer thick layer of water is magnetically bound to the solid. The
effect on friction has been ascribed to countercurrents in the electric
double layer opposing the mechanical movement, but whether this is
the case is not entirely clear. Similar questions arise due to the apparent
low elasticity of water close to solids.

Moreover, since living organisms contain up to 99% water by
molecule, any change in the state of water may also influence the bio-
chemical and physiological processes. Methods and technologies for af-
fecting the structure of water towards the more ordered state have been
reported and the effects of the structured water on living systems are
quite diverse — ranging from increased crop yields to inhibition of bac-
teria [148,149]. While there have been many reports of the effect of
structured water on bacterial biofilm production and plant growth, there
is in reality lack of proof of the above, and the link to water structure is
not understood at all.

Phenomena like the water bridges (the so-called water thread exper-
iment [150]) under high voltage have not yet found good explanations
either. The water bridge is also a rather controversial topic, especially
its connection to the exclusion zone (EZ), but it has been the topic of
intense scientific studies [151,152]. We will discuss further the water
bridge experiment in more detail in Section 4.2, where new measure-
ments will be reported.

Another line of investigation are electromagnetic water treatments,
using “devices” claiming to achieve limescale reduction via special wa-
ter structuring, or being useful for reduction of biofilms, and aiding
in plant growth, animal health, concrete production, etc. Many such
devices are on the market, for two or three decades, and have found
widespread applications [158-160]. The underlying mechanisms are not
known, but are generally claimed to involve some physical change of
water, e.g. using low-energy ultrasound or electromagnetic fields. There
is a lot of criticism about these devices and the lack of experimental
proof of the claimed results as well as lack of explanations for the in-
volved mechanisms [161,162] but many results are kept confidential for
competitive advantage, while some patents exist [163].

Observations have been presented of long-lasting physical effects
(over hours or days) resulting from certain types of water treatments,
most notably effects of weak EM or magnetic fields on zeta potentials
and related electrical properties of colloid solutions. This phenomenon
was investigated by several groups in the 1990’s [164-167]. While the
phenomenon is not explained, the reported effects are not found in pure
water but in colloidal mixtures or solutions, which contain charged par-
ticles and large solute molecules and bubbles, etc. This is less radical
than the idea that such EM treatments can change the state of pure wa-
ter. The effects have been found to be specific to certain EM modulated
frequency bands, and certain types of solutes, and while mechanisms are
still not well understood, there are partial explanations and applications
as mentioned above.

The list of controversial phenomena associated with water is long,
including highly debated and controversial studies about water’s mem-
ory (initiated by Jacques Benveniste and co-workers [153,154], but
later continued by others including the much cited paper by L. Rey
[155,156]) and the associations to homeopathy [157].

The literature, scientific and not, is very rich in articles and debates
on the above. Jacques Benveniste died in 2004 at age of 69 and obitu-
aries presenting his life and work from different angles have been pub-
lished [168,169]. In [169], Nobel-prize winner Brian Josephson says “it
could be that as we come to understand more about the properties of wa-
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ter, we’ll learn about the conditions required to reproduce the findings
of Benveniste”.

Associated with water memory is the work of the Nobel-prize winner
Luc Montagnier on DNA waves and water [170], but this is also criti-
cized much in the same way. Elsevier publishes a peer-review journal
called Homeopathy and numerous articles linking homeopathy to water
structure are published there, for some characteristic ones see [171-
176].

Associated to the above is the fact that we often do not have “pure
water” and water has the tendency to absorb almost everything and the
role of impurities is notorious in water research. These impurities may
have played a role in “discoveries” like polywater [177-181] (a presum-
ably polymer-like water) and the water memory where water appears to
remember the effect of molecules it has been in contact with. In particu-
lar, for polywater, similarities between the infrared spectra of polywater
and sweat [180] or other impurities [179,181] has indicated that such
experiments were, from one side, not reliable and could not be repro-
duced and from the other side that water’s ability to absorb can often
lead to erroneous (but interesting) conclusions. Prominent researchers
like Ellis R. Lippincot and co-workers were originally favored about the
polywater concept [177] as new unique stable water polymer structure,
but shortly after [178] they too have been aware of the serious con-
tamination issues which prohibited them for reproducing the previously
reported Raman spectra and they were looking for alternative explana-
tions. Still, it does appear that the polywater story somewhat reappears
in the work of Pollack and co-workers during this century which will be
presented and discussed later in this manuscript (Section 5).

On the other hand, the four references cited in [173-176] from
Homeopathy provide diverse views on the topic of water memory, four
very passionate articles, each with own characteristics. Yolene Thomas
article, previous co-worker of Benveniste is the most favorable about
water memory, while the three others are more critical. These latter
three papers emphasize that no such material as pure water exists and
the effect of impurities e.g. glass tubes and dissolved silica can be a good
explanation for the water memory, or even presence of other molecules
or dissolved gasses although, according to Elia et al. [175], impurities
have an effect but do not provide the full explanation. The effect of
shaking can be significant, says M. Chaplin but he also mentions that in
the absence of other materials and surfaces, the hydrogen bonding pat-
tern surrounding a solute does not persist when the solute is removed
and similar notions can be found in Jose Texeira’s paper [176], possibly
the most critical among these four manuscripts [173-176]. Elia et al.
[175] are more favorable and believe that many years of experiments
have proved the water memory due to structuring and non-equilibrium
status, as they say ”within the solutions are molecular clusters of water
molecules with hydrogen bonds far from equilibrium conditions”.

The role of water’s structure in connection to Benveniste’s exper-
iment is controversial, to say the list. Philip Ball in his 2011 Talk to
the Royal Society of Chemistry maintains that “Benveniste’s idea sadly
makes no sense. If Hydrogen Bonds are lasting only a picosecond before
they break and reform, how on earth is the shape going to be main-
tained?”

According to Martin F. Chaplin (London South Bank U.) in one of the
aforementioned papers [173]:

”Although individual molecules of water cannot retain any memory
of past hydrogen bonding for periods of more than a fraction of sec-
ond, the behavior of water clusters can be entirely different.... Water
clusters are proven entities; their size and lifetime dependent on their
physical and chemical environment. Liquid water is made up from a
mixture of such clusters forming, changing and disappearing”.

See also [253] for interesting claims about water clusters. It is clear
that there is no consensus on the topic.

Another related peculiar aspect associated sometimes with water
structure is found in gas hydrates, which are solid, ice-like structures
formed from small molecules like methane and water at conditions of
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high pressure and low temperature. For example natural gas at 200 bar
forms solid hydrates with water at 25°C. It is widely accepted [182-
184] that it is easier (faster) to make hydrates from water that has pre-
viously been in hydrate form than directly from fresh water. By this is
meant that if you place gas and water under pressure and cycle the
temperature up and down to melt and reform hydrates, each subse-
quent temperature cycle downwards will form hydrates more quickly.
This phenomenon is termed “memory water” by some researchers in
this field and is used as an experimental technique to run experiments
more quickly. Yet, why it happens and what the possible implications in
the understanding of water structure are, nobody knows exactly. Others
have contested whether this phenomenon has anything to do to with
such “water memory” effects and claim it may be due to the persistence
of tiny hydrate particles not detectable through traditional means (pres-
sure and heat measurements). This has not been verified and the debate
continues.

Finally, we mention the peculiar effect of salts on water structure as
claimed in Louis Rey’s controversial work [155,156] (one of the papers
published in the esteemed journal Physica A). These claims are based
on thermoluminescence experiments of ultra-high diluted salt solutions.
This work is often associated to water memory and homeopathy, and is
thus much criticized. In Rey’s studies, ultra-dilute salt solutions have
been irradiated with X- and gamma-rays and then warmed up and the
stored energy is released. It was found that despite the extreme dilutions
(no salt molecules left), the emitted light was specific of the original salts
dissolved. Vigorous mechanical stirring has been applied together with
the extreme dilutions. As separate peaks of glow have been observed
for water, it has been concluded that the structure of pure water hy-
drogen bonding must be very different from the very dilute solutions
and that salt suppresses the hydrogen bonding structure. To the best of
our knowledge, these experiments have not been repeated or verified
by other researchers.

4.2. An experimental investigation of the floating water bridge

We have already mentioned the water bridge and its alledged con-
nection to water structure and maybe also the exclusion zone (theory).
We have decided to investigate the phenomenon in more detail and for
this reason we have carried out a detailed experimental investigation of
the well-known and much discussed phenomenon of the floating water
bridge [185] but we have also extended the study to other liquids as
well, in an attempt to establish whether the phenomenon characterizes
water alone.

The floating water bridge phenomenon [185] concerns the sponta-
neous formation of a water ‘thread’ connection between two beakers
filled with deionized water, when a voltage of around 15,000-30,000
Vs, is applied across them. This is usually done by placing electrodes in
the water, but this is not necessary, only the electric field is required,
which can be applied by two plates. It was first reported in 1893 by
Sir William George Armstrong, and although not difficult to replicate in
the laboratory, the phenomenon is still not fully described by a complete
theory [186]. The significance of such a theory, lies in the explanation
of water behavior in the mesoscopic scale, which is the scale of interest
for the human physiology [187]. Several experimental activities have
been published, attracting the interest of modern water science commu-
nity. The provided information of these works include: density gradients
within the bridge [185], OH stretch vibrational changes from infrared
measurements [188], stopped mass flow though the water bridge un-
der reduced gravity conditions [189], birefringence and anisotropy ob-
served by neutron and polarized light scattering respectively [190,191],
tracking of particles moving on the bridge’s surface, as well as measure-
ments of the horizontal force applied by the bridge on the beakers [186].
Although not fully described at a theoretical level, artificial watery chan-
nels find applications in the desalination of water [192], development
of nanofluidics lab-on-a-chip devices [193,194], as well as drug delivery
[195].
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While bridges formed with water are of most interest, the same phe-
nomenon occurs with other liquids, and general mechanisms are evi-
dent. Experimentally, observations can be made of various types of phys-
ical variables (Voltage/EM field, current, ionization, bridge dimensions,
shape and topology, bridge motions, electrical currents, mass currents,
heat flow, temperature, surface particle motions, mass resonance, dis-
charge events, light absorption, emission, refraction and reflection) and
we can relate them to a number of properties of liquids (permittivity, po-
larity, electrical conductivity, ionic dissociation, acidity, mass density,
viscosity, thermal conductivity, heat capacity, surface tension, refractive
index).

Theories and models can relate many of these in increasing detail
now. Refs. [185-195] and others mentioned above provide studies of
many of these aspects, along with attempts to explain features, such as
the stability and shape of the structure, and the electrical surface inter-
action. But there is still no single accepted explanation, or fully settled
description. The primary interaction is through the strong electric field
along the surface of the bridge. This is very complex at an atomic level,
but can be analyzed in classical approximations. This results in a com-
plex dynamic mechanism, of spiraling particle motions and currents. No
one could predict this structure from theory yet. But steady progress is
being made in explaining various details of the mechanism.

In the remaining of this section, we note features we observed in an
experimental reproduction of the water bridge phenomenon. Details on
materials and methods are not shown in this review but can be provided
by contacting the corresponding author. We have attempted to examine
the phenomenon at its extremes and replicated the water bridge at var-
ious conditions. First, it can be fairly well determined that the water
bridge can take place when the electrodes are outside of the water. In
Fig. 14 and the accompanied video an already established water bridge
is tested by moving the electrodes out of the bulk water, whereas in
the second video, the bridge is generated with the electrodes out of the
beakers from the beginning.

These videos show that electrical connection to the bulk water does
not contribute to the phenomenon, which only requires the electric field
and the water surface.

We have also able to demonstrate a vertical bridge (also reported
in [195]), Video link: https://youtu.be/z2Lmf6r1sOg, and a so-called
‘waving’ bridge. A waving pattern of varying wavelength A, occurred
on the body of the water-bridge as it is demonstrated in the video link:
https://youtu.be/_6huUJaiSzA. The ‘waving’ took place in a specific dis-
tance between the beakers, and the water level was way below the
beakers lip. There is this moment when the waving bridge is destabi-
lized but choses to stabilize again instead of collapsing due to gravity.

We were able to form dynamic water columns
(https://youtu.be/XWNiualLKx4s) as well as two water bridges un-
der some conditions. Moreover, it has been possible to generate and
stabilize an air bubble inside the body of the water bridge, with the
assistance of the pipette. The water continues to flow from one beaker
to another, following the path of the bubble’s watery surface. The
stability of the configuration is tested with water dripping on the top of
the bubble, see Fig. 15 and associated video.

We also used a thermal camera for observing the water bridge, see
Fig. 16 and associated video. As it is shown, the heat flow is cap-
tured, with the maximum temperature observed on the main body of
the bridge.

4.2.1. Liquid bridges beyond water

This is not a phenomenon unique to water. The liquid bridge forma-
tion has also been reproduced with other polar liquids, solutions of low
conductivity, as well as colloidal suspensions, but it appears that non-
polar dielectric liquids cannot form the bridge [196]. The key properties
towards a liquid bridge formation seem to be low electric conductivity,
high relative permittivity as well as a permanent dipole moment of the
molecules, and the phenomenon appears possible with any liquid having
these properties [197].


https://www.youtu.be/z2Lmf6r1sOg
https://www.youtu.be/_6huUJaiSzA
https://www.youtu.be/XWNiuaLKx4s

G.M. Kontogeorgis, A. Holster, N. Kottaki et al.

Chemical Thermodynamics and Thermal Analysis 6 (2022) 100053

Fig. 14. Moving the electrodes (left). Video link: https://youtu.be/TuXwelfa nO.

https://youtu.be/WB2Sf50YDVQ.

Fig. 15. Stabilized Air Bubble. Video link:
https://www.youtu.be/KYh7fPagik0.
Fig. 16. Thermal = Camera on  the  bridge. Video  link:

https://youtu.be/_7b9wWAWKPQKk.

According to the references, the experimental procedure applied for
the bridges’ formation has been the same as with the case of deionized
water. So an attempt to reproduce the experiment with Glycerol 99,5%
Sigma Aldrich ® was performed in order to justify the similarity of the
conditions (for the materials used see the Materials and Methods sec-
tion). Originally, the first attempt has led to the formation of a thick
glycerol film between the beakers after the application of high voltage
(almost 30kV). During the application of the high voltage, there has
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Generating the bridge with the electrodes out (right). Video link:

Fig. 17. Glycerol bridge.

been a clear mass transfer from the cathode beaker to the anode one,
through the film. The film was maintained for around one minute be-
fore collapsing. In order to reproduce a bridge formation instead of a
film, the glycerol levels should be lower from the spouts, and the ‘bridg-
ing’ was assisted with a pipette. The Glycerol bridge is demonstrated in
Fig. 17.

For less viscous liquids which we have tested (Ethanol 96% vol Sigma
Aldrich ® and Acetone 99.8% Sigma Aldrich ®) as well as the alcohols
methanol, 1-propanol and 2-propanol (mentioned in literature, [135]),
similar bridges have been obtained and the reproducibility of these
bridges was easier compared to the Glycerol case.

The surface tensions of water and glycerol are high (72 and
63 mN/m), but those of the alcohols and acetone are much lower (21—
23 mN/m). The same can be said about the relative permittivity (79.5
and 42.5 for water and glycerol) but about 20-24 for all alcohols and
acetone (except for methanol for which it is equal to 33.8). The con-
ductivity (in microS cm™1) is very similar (around 0.05-0.06) for water,
glycerol and 2-propanol but much lower for acetone (0.005) and the
three other alcohols (0.0014-0.009). From these numbers it does ap-
pear a bit difficult to relate the creation of water (polar fluid) bridge to
any particular characteristics of the liquids. It appears that the relative
permittivity is the most crucial factor as liquids with particularly low
relative permittivity (e.g. hydrocarbons with values less than 5) do not
appear to form bridges.

4.2.2. Bridge under the microscope and further discussions
A miniature version of the water-bridge experiment has been con-
structed, so that the floating water bridge could be placed under the


https://www.youtu.be/TuXwe1fa_n0
https://www.youtu.be/WB2Sf50YDVQ
https://youtu.be/KYh7fPagik0
https://www.youtu.be/_7b9wAWkPQk

G.M. Kontogeorgis, A. Holster, N. Kottaki et al.

Fig. 18. Water Bridge under the microscope. Thorlabs ® Software used for the
filming.

microscope. Thus, using polarized light, birefringence can be observed
if present. The setup is established, and tested with regards to the volt-
age application on the microscope parts. A picture from the water bridge
in position is shown in Fig. 18.

Polarometric investigation of the water bridge has been previously
reported in other works as well [151,186]. In these studies, no micro-
scope was used, but the bridge was positioned between crossed linear
polarizers instead. The observations included bright zones at the lon-
gitudinal sides of the cylindrical bridge. The results were discussed re-
garding the origin of the observation. The bright zones were attributed
to either birefringence in the outer layer, or to scattered light from
micro-bubbles or density gradients that are present transversely to the
water bridge [150,186]. An interesting discussion arises around the
bright zones’ interpretation. If indeed birefringence is present, that in-
dicates the presence of a structure. Although the microbubbles’ hypoth-
esis seems convenient because it can also explain the density gradients
[198], it is not impossible for birefringence to occur, in the presence
of an electric field according to the Pockel’s effect. The aforementioned
effect describes how birefringence can emerge or change, inside an op-
tical medium when an electrical field is applied [199]. Similar to the
Pockel’s effect, the Kerr effect is also mentioned as a possible reason for
the bright zones in the water bridge [186]. Further literature review re-
vealed that, these characteristic bright zones under polarized light are
also observed in alcoholic liquid bridges as well [200].

So it could be said that the same physics describing the bright zones
in the aqueous bridge, could also apply for the case of the alcohol bridges
[200]. It seems that the bright zones are not an intrinsic water property,
as for example Pollack suggests [2] by linking the characteristic bright
zones of the water bridge to the EZ (exclusion zones).

According to Wikipedia [150], the phenomenon of water bridge
needs to be studied further but the scientific community agrees that
surface polarization at the water surface when a high tangent electrical
field is applied is responsible for the extraordinary stability of the sys-
tem. The same source mentioned that links to special water structure
and the Exclusion Zone remain unproven to this date.

According to Skinner et al. [198], who performed diverse experi-
ments (2D X-ray scattering) and molecular simulations, the bulk struc-
ture of water within the floating bridge appears to be isotropic and the
same as ordinary water at the same temperature. This contradicts other
measurements which suggest preferred orientation of water molecules
along the electric field within the bridge.

In conclusion, these experiments provide useful insights in the water
bridge phenomenon. They may provide some useful input on water’s
structure under exposure of an external electric field.

It is important to distinguish between intrinsic water properties and
general properties of the liquids forming electro-hydrodynamic liquid
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bridges. The phenomenon reveals information about water, but since it
applies to several liquids, it is not a special property of water alone.

We have not been able to determine answers to critical ques-
tions, about the stability mechanism, the adequacy of the leaky di-
electric/Taylor cone model, the physical processes behind the spiraling
charge and spiraling mass flows, the annulus structure, or the role of
quantum mechanical effects that have sometimes been claimed as nec-
essary for the explanation. While experimental studies are converging
on the phenomenon, there are several different theoretical proposals for
the underlying mechanisms. So this is an ongoing area of exciting and
open research. For sure the phenomenon reveals information about the
water as well, but is it adequate to disclose its peculiar properties? This
is yet to be determined.

While the water bridge and water memory appear first as somewhat
isolated phenomena, as we investigate these subjects, we become aware
that all the water phenomena have common mechanisms and themes.
Phenomena in different areas provide checks of the consistency of our
fundamental models of water. We now move on to a phenomenon that
has drawn a lot of attention in recent years, the exclusion zone. Attempts
to explain this have confronted water theory more profoundly, and led
to proposals for a radical revision of water theory.

5. The exclusion zone (EZ) theory - review, new experiments and
proposals for the explanation of EZ

5.1. The Pollack theory for the exclusion zone (EZ) — the big picture

One of the most heated debates in the scientific community in
connection to water is the presence of the so-called Exclusion Zone
(EZ) near hydrophilic surfaces; whether it exists, how it is formed and
whether/how it is related to water.

The EZ theory is pioneered by professor Gerald Pollack and co-
workers who also proposed the mechanism for its formation based on
some form of structured liquid-crystal water, referred to as the fourth
phase of water. The book of Pollack [2] presents an overview of the
theory and results until 2013. In this review we summarize also more
recent developments.

The first paper was published in 2003 [201] where it was men-
tioned that “The solutes (polystyrene microspheres) were excluded from
zones on the order of 100 um from the (polyvinyl alcohol) gel surface”. The
authors stated that the EZ remained for weeks (thus not a temporary
phenomenon), and that the migration velocity of the microspheres was
observed to be approximately 1.5 ym/s, fast enough to imply that diffu-
sion was not a limiting factor. Moreover, a chemically cross-linked gel
was used and it was concluded that the EZ was not formed due to poly-
mer strands projected from the gel into the surroundings fluid, neither
due to shrinkage of the gel. A convincing argument was that the EZ was
not a characteristic of the specific gel but that other polymers tested
(polyHEMA and polyacrylamide) also generated exclusion zone of the
magnitude of approximately 100 ym, but there were also exceptions (a
copolymer (polyacrylamide with a vinyl derivative of malachite green)
generated no exclusion zone).

The 2003 article [201] offered three explanations for the observed
phenomena (electrostatic charges — repulsion between gel and micro-
spheres, chemical pH gradients and water structuring). It was shown
that the width of the exclusion zone depended on pH, and when NaCl
was added to solution the exclusion zone decreased, however much than
predicted by the DLVO theory (see discussion in Section 5.3). These and
other considerations made the authors to reject the first two explana-
tions and concluded that the most plausible explanation should be the
occurrence of some water structuring close to the solid surfaces.

Even though the structuring of water is a phenomenon recognized
to exist near hydrophilic surfaces, Pollack and co-workers mentioned
that this is typically considered to be in a very small layer. Yet, they
also presented that a few earlier papers have opened for the possibil-
ity that this structured layer could extend further and this is important
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Table 6
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Comparison between bulk water and EZ-water according to Pollack and co-workers.

Property Bulk water vs. EZ water

Comments

Light absorption

(UV/visible light)

Infrared absorption

IR emission

Magnetic Resonance Imaging
Viscosity

Optical features

Polarizing microscopy

Charge EZ has negative charge

Big difference. 270 nm peak for EZ water

Bulk and EZ water structures differ

EZ more ordered and crystalline than bulk water
Chemical difference between EZ & bulk water

EZ water viscosity is higher

10% higher refractive index for EZ water

Water in EZ (much) more ordered than bulk water

No peak for bulk water

Different IR absorption in bulk and EZ water
EZ molecules are more stable
More restriction in EZ water molecules

EZ water denser than bulk water
Huge ordered phase (thousands/1 million water
molecules)

as if structured water should account for the exclusion zone it need to
be made of millions of layers of water molecules. Of particular interest
is the review of Henniker from 1949 [141] which summarizes experi-
mental data from 174 published articles. The conclusion from the Hen-
niker review is that the surface layer in liquids, including water) is not a
monomolecular layer, but a zone in which orientation (etc. structuring)
of the molecules extends hundreds and up to thousands of angstroms,
which goes against the accepted DLVO theory.

Several observations in the 2003 manuscript [201] (solvent particle
size influences the exclusion of the particles; constant velocity of the
microspheres moving away from gel indicating a steady and constant
growing “force”) made the authors consider that the built-up of layers
of structured water could explain the EZ creation. More evidence for this
hypothesis and more experimental results were provided in the 2006 pa-
per [202] from Pollack’s group. In the 2006 paper [202] more materials
are shown to form “extended” EZ (gels, optic fibers, monolayers, Nafion)
but some don’t (stainless steel).

It was also demonstrated that EZ (close to polyacrylic acid) does not
have the same electric potential as the bulk water. According to Pollack
and co-workers, this sustained potential gradient within the exclusion
zone indicates that the exclusion zone consists of molecules in a stable
structure, largely free of mobile charge carriers.

Pollack et al. also performed an analysis of the exclusion zone (close
to Nafion-117) using a UV-Vis spectrum setup. They measured [202-
205] the absorbance at various distances from the nafion-117 surface
and they noticed that there is a significant difference in absorbance, as
one gets closer to the Nafion-117 lined surface. The peak absorbance
lies around a wavelength of 270 nm. This indicates that the water near
nafion-117 differs to a great extent from that of bulk water. Moreover, as
the peak absorbance differs from that of Nafion-117 (being at a wave-
length of 196 nm), this indicates that the observed absorbance is not
caused by Nafion-117 particles diffusing out into water. Pollack in his
book [2] discusses this further, and interprets this property as evidence
for a liquid crystal state of water, in particular for the hexagonal-lattice
model which he proposed for the molecular structure of EZ water. No
other independent experimental studies confirming these results have
been reported.

If confirmed, the 270 nm peak could be considered one of the most
convincing evidence that EZ may be associated with some special wa-
ter structure. There have been more experiments from Pollack’s group
which appear to support the structured water hypothesis. For example,
Pollack and co-workers performed IR and NMR measurements of EZ and
compared to bulk water. They do see some differences, further indicat-
ing that the EZ water structure differs from bulk water. Similar con-
clusions obtained also from other measurements e.g. density, viscosity,
and optical properties. Table 6 summarizes the differences between the
structured interfacial (so-called EZ) water and bulk water, as observed
by Pollack and co-workers which summarize these systematic experi-
mental studies. Very few of these results have been verified by inde-
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pendent experiments, and the very important UV absorption at 270 nm
claimed for EZ water, and also for melting ice has not been replicated
by any independent experiments, to the best of our knowledge, neither
is reported in standard UV databases. Moreover, Musa et al. [147] have
not been able to find any difference of the viscosity and density of water
in the EZ and the bulk water.

Anyhow, taken at face value, these experimental results show that, as
Pollack suggested, the water in the EZ zone is of a gel-like crystal struc-
ture, which is supported by experiments showing that EZ water have
different physical characteristics than bulk water, and that these char-
acteristics point to a more rigid structure. Moreover, the results imply
that exclusion zones can form in the vicinity to a variety of materials and
that these exclusion zones possess significantly different physical prop-
erties than that of “normal” water and that several of these physical
properties indicate that the exclusion zone water is more rigid, crystal-
like, in structure. However, an exclusion zone of 100 ym would have to
be built up of approximately 300,000 (structured) water molecules, a
number that exceeds all accepted surface chemistry theory e.g. DLVO.
These and other factors have led to significant debates about the EZ
theory of structured water which we present in Section 5.3, after the
presentation of our own measurements of EZ close to Nafion surfaces in
the next section.

5.2. New measurements of the EZ in Nafion 117

We performed experiments for investigating the possible EZ in
Nafion 117. A ball of Nafion was cut in half, and soaked for 10 min
in demineralized water. The ball was then placed in a petri dish, and
covered with a solution of demineralized water and polystyrene micro-
spheres (1 ym diameter). Fig. 19 shows the Nafion half ball in the top
right corner, and the water with microspheres in the bottom left part of
the pictures, after 30, 90 and 230 s. As can be seen the EZ zone formed,
pushing the microspheres out of the zone. Fig. 20 shows the size of the
EZ layer as a function of time.

We performed the same experiment (with the same size of
polystyrene microspheres) using both Nafion and a sheet of glass. We
have observed that the EZ zone formed next to the Nafion but not next
to the sheet of glass. All experiments have been repeated several times
with the same result.

Finally, once the formation of EZ has been established, we have stud-
ied the phenomenon for Nafion 117 and polystyrene microspheres over
extended periods. The results are shown in Figs. 21 and 22. In order
to appropriately document the results, pictures were taken during the
experiments. On all pictures the size of the EZ zone was measured and
plotted against time as seen Fig. 22.

We should mention that EZ sizes of the same orders of magnitude
(200-400 micro-meter) have been presented for Nafion by other re-
searchers as well [143,206]. In particular, Esplandiu et al. [206] in a
recent article studied also the effect of salts on EZ and found that salts
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30 seconds 230 seconds
Fig. 19. The formation of an EZ (exclusion zone) in the proximity of a Nafion half ball, resting at the bottom of a petri dish. The dots are microspheres in water
covering the half ball.
Nafion generation of EZ zone Fig. 20. The size of the EZ layer against time. The EZ instantly
. . . started to generate and reached a maximum at approximately
in water with microspheres 350 ym.
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Fig. 21. The formation of an exclusion zone in the proximity of a round Nafion slice. The round Nafion slice is seen at the top of the pictures. The clean zone grows
over time, and the “impurities”, consisting of polystyrene microspheres, are seen to have moved away from the Nafion surface.

(NaCl) decrease the EZ considerably e.g. at equilibrium from 350 ym
(no salt) to about 100 ym (1073 M NaCl).

5.3. Controversial aspects and debates about the EZ theory

Pollack’s experimental investigations, the establishment of EZ for a
wide range of surfaces (gels, Nafion, some biological samples) and his
hypothesis for the EZ are interesting.

Possibly the most controversial aspect of the theory is the charge
separation in water when it is close to hydrophilic surfaces, looking
like water battery from which we can potentially take energy. Those,
most typically negative charges, correlate with the length of EZ. Pollack
claims that water stores energy in two modes: order and charge sepa-
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ration (battery-like) and that the positive ions (hydronium) which are
generated are very important and drive many phenomena.

Pollack believes that there is clear evidence for proton buildup from
EZ and not from other sources and that very low pH (1-2) is found in
the beyond EZ zone, but he admits that these measurements are diffi-
cult. He believes that EZ charge separation resembles the first step of
photosynthesis and that the energy needed to drive the water battery
comes mainly from infrared radiation.

In brief, the water battery is charged by IR radiation (from e.g. the
sun or other heat sources) which enhances EZ and it can produce elec-
trical current. The phenomenon is reversible and if this energy/light is
removed, EZ returns to its original size. According to Pollack, some of
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this energy in water can be harvested using the excluding nature of EZ
for cleaning water (filtration processes for getting drinking water from
contaminated water [207]) as well as developing water desalination de-
vices (as salt is also excluded). He also mentioned numerous applications
of EZ water in biology as well. He claims that water can produce useful
energy but admits that the amount of energy is small so far. Whether
this electromagnetic energy which builds the potential energy in water
can be harvested for doing work in quantifiable amounts remains to be
seen!

His Book [2] presents, moreover, numerous indications on how this
theory can provide explanation for several of water anomalous prop-
erties (high heat capacity and surface tension, density maximum,...)
but also for other phenomena (why ice is slippery and ice creation, life
in ocean depths, Brownian motion, how boiling and evaporation work,
catalysis, capillary action, water interplay with salts, etc.). We will get
back to these later in this section.

More specifically, the theoretical basis — explanation of the EZ is,
according to Pollack, a buildup of many layers of structured water par-
allel to surface and that the EZ growth is nucleated and is progressed
layer by layer. He claims that there is a special “gel/solid” type structure
of EZ layer(s) consisting of multiple water-type structures (negatively
charged). Pollack hypothetizes a water structure in the EZ zone of the
type H30,. Thus, a hexagonal structure, H:0=3:2 (not 2:1), therefore —1
net charge per unit hexagon. In his view, EZ-water looks also like ice but
is more fluidic, less structured and negatively charged and it excludes
because it is very thick/dense; the hexagonal openings in the structure
are very small (only protons and like are small enough to penetrate). He
also comments that nature likes hexamer/hexagonal structures and that
water hexamers have been identified by many research groups next to
many surfaces e.g. metals, proteins, graphene, quartz and in supercooled
water.

All these look interesting indeed, some of it maybe even a bit “science
fiction” to some extent, but most of the above claims have not been
verified by independent researchers. There is no widespread accept of
Pollack’s theory, at any level and there is harsh critique of some of the
statements. Especially Pollack’s article in Langmuir ”Can water store
charge”? [208] has created a firestorm with letters to Langmuir, replies
and more..., forcing prof. David G. Whitten, editor-in-chief of Langmuir
to state that the paper passed through peer review. More on these will
follow next.

The authors of this manuscript consider the work of professor Pollack
to be of interest but we wish to present a number of issues which are
considered troublesome and present difficulties in the appreciation of
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Fig. 22. The exclusion zone length as it develops over
time. The zone developed immediately reaching a max-
imum after a few minutes of about 250 ym equal to a
quarter millimeter.

80 90

the theory or understanding its generality. We illustrate some of these
issues in the coming sub-sections.

5.3.1. Interesting results and serious issues

According to Pollack [2], EZs are huge zones of hundreds of micro-
meter (mm order size, millions of water layers), they occur on numerous
hydrophilic surfaces (gel, zinc, nafion, silicon, monolayers, bio-surfaces
like muscles), “everything” is excluded from the EZ zones (small and
big molecules not just microspheres), there are no "trivial” explanations
(contaminations, etc.) and there are dozen labs which have confirmed
EZ existence. We were not able to identify the “dozen labs” which have
confirmed its existence for numerous surfaces, according to the 2013
book [2]. But like some other researchers [143,144] we have confirmed
the EZ presence for the very hydrophilic polymer Nafion. Videos of the
EZ formation, visualized using polystyrene balls with high-speed mi-
croscopy, are now commonly available (see experimental section). This
confirms the fundamental property of exclusion. However many other
properties are more difficult to measure, and are more controversial.
However it remains to be seen how general the phenomenon is i.e. for
how many surfaces we can observe EZ generation.

Pollack mentions that EZs exist for hydrophilic but not usually hy-
drophobic surfaces (without explaining this difference in behavior).
Moreover, he does not define how hydrophilic the surfaces should be in
order to give rise to EZ. The contact angle is a measure of hydrophilic-
ity, but we are not provided explanations on exactly which hydrophilic
surfaces would give rise to EZs and how we can test this. Stainless steel
and glass apparently do not give EZs, and it is not clear why this is the
case. So, the generality of the EZ is one important issue.

Precise factors responsible for the formation of EZ are unknown. This
means EZ is not predictable from any theories yet. However some the-
ories can model EZ generation. Pollack does not claim EZ can be pre-
dicted by hydrophilicity. Although it may be unpredictable, EZ may be
explained in different ways by different theories (see Section 5.4).

So far, it has been observed by numerous researchers only for Nafion,
but is claimed to form for several other surfaces, including other poly-
mers or gels, and even metals. However there appear to be very a limited
number of independent studies either supporting or rejecting EZ forma-
tion, outside water-Nafion experiments.

Another important issue related to the EZ is to what extent it is asso-
ciated (exclusively) with water. Pollack presents a theory for structured
water as an explanation, but he also stresses several times in his book
[2] (see [209,210]) that other polar liquids also exhibit EZs.

Liquids like ethanol, methanol, isopropanol, acetic acid and even
the polar but not associating DMSO were shown to produce EZs. This
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Table 7
Similarities and differences between DLVO theory and Pollack’s theory.

Chemical Thermodynamics and Thermal Analysis 6 (2022) 100053

DLVO Pollack/EZ

Comments

Stern/diffuse = Double layer + Electroneutral
solution

Debye length — nm order

Both negative and positive surfaces, the latter rare

Separated charges e.g.

Surface charge of mV range

Attractive van der Waals forces
in the EZ theory

EZ (-) and protons (typical case)
EZ length — micrometer order or bigger
Negative EZs more common, positive exist but rare

Surface charge of mV range
(often around 150-200 mV)
vdW forces not mentioned

In EZ theory particles are sensitive to material
surface far apart

Both decrease with salt concentration

In DLVO explanation based on cations being
smaller than anions

Both depend similarly on distance from surface

DLVO: V=V,+ Vg

Attractive forces due to charge separation

Presence of third medium can make vdW forces
repulsive and electrostatic forces attractive

Principle 4 — "Like likes like via a medium of
opposite charge” appears similar to DLVO

means that EZ is not (and neither was the water bridge) a characteristic
property of water alone. Water has unique properties, anomalous prop-
erties, that ethanol or acetic acid do not have, but if all these molecules
create EZs, what does it really mean? What are the explanations? And
if we accept a special water structure for the EZs associated with wa-
ter, should we do the same for other non-water molecules responsible
for EZs? Are there special structures there or other mechanisms? These
questions have not been answered.

We should, however, mention that EZs (reported under the same
conditions as for water) are smaller for these other polar molecules e.g.
(in ym) 102 for methanol, 30-50 for ethanol, acetic acid, isopropanol
and DMSO (compared to 220 ym for water). Moreover, DMSO EZ cre-
ation was the slowest. These results indicate that EZ creation is not a
“privileged” or anomalous property of water, but that other molecules
also show it. Pollack and co-workers comment that “it appears that wa-
ter is less unique than anticipated, at least in terms of exclusion-zone
formation” and “how exactly these zones (of these other liquids) differ
structurally remains to be elucidated”. We can mention that Henniker
[141] in that earlier review had also mentioned extended zones also of
other polar liquids (than water) close to several surfaces. These papers
of Pollack on EZ for other polar liquids are 10 years old, but to our
knowledge no extra information has been presented on whether these
other polar liquids present special structures close to EZ.

5.3.2. EZ and the DLVO theory

An important and broader discussion point in Pollack’s book [2] is
the contrast between the EZ theory and the DLVO theory. DLVO is a
cornerstone theory of colloid chemistry, typically taught in all courses
and presented in books about colloids and interfaces, and it describes
stability in colloid systems. In Pollack’s book is often mentioned how
different are these two theories (EZ and DLVO), but how different are
they? Table 7 summarizes their important similarities and differences,
as we understand them.

Moreover, unlike DLVO (where the thickness can be calculated via
the Debye length), the EZ size depends, according to Pollack, on multi-
ple factors such as surface chemistry, surface roughness, pH of the bulk
water, ambient radiant energy and maybe even the atmospheric charge.

As Table 7 indicates, the two theories have many similarities e.g.
most surfaces and EZs/diffuse layers in DLVO are negative (and posi-
tive surfaces and EZs are more rare). But it is claimed that the negative
EZ can grow up to a meter and can keep growing, under certain condi-
tions and this is a serious difference. The same can be said for the surface
potential — distance curves in EZ and DLVO theories. We see such curves
in both cases but the scales in EZ are orders of magnitude higher com-
pared to DLVO. The size difference between EZ and the double layer
length is huge from 5000 to 200.000 ratios (based on 100/200 ym for
EZ & 20/1 nm for the double layer).

Finally, we should mention that the “like likes like” principle of Pol-
lack does agree well with the DLVO theory. We have DLVO equations
for van der Waals forces (often attractive) which can become repulsive
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in the presence of a third medium and especially (typically) repulsive
electrostatic forces between particles of same charge which can become
attractive in the presence of a third medium of another charge. More-
over, in the “classical solution chemistry” the principle “like dissolves
like” i.e. the similar molecules form homogeneous solution is also rather
well known.

5.3.3. Salts and EZ

As alast note, it is relevant to mention briefly about the effect of salts
on EZ, topic extensively discussed by Pollack in his book. What he has
observed is that high salt concentrations reduces the size of EZ, which
would agree with the DLVO theory (salt concentration decreases the De-
bye thickness). Pollack goes further and he believes that this decrease of
EZ size means also a decrease of the oxygen level and, for example, EZ
zones in sea are expected to be disordered / discontinuous networks but
still thick and their presence contributes to the stiffness of the water’s
surface. Moreover, according to Pollack, there are high oxygen levels
due to presence of high EZ zones at the upper sea zone level (where salt
level is low). Pollack presents several (not entirely convincing) expla-
nations, based on the salt effect on EZ, for the mixing problem between
waters with different salt content (or fresh and sea water) as well as for
the phenomenon of osmosis.

Staying on the topic of electrolytes, Pollack and co-workers
[203] have also performed a single EZ-related spectroscopic study of
aqueous solutions of salts (and other chemicals; sugars and amino-acids)
in absence of any hydrophilic surface. They found a 270 nm UV absorp-
tion peak in all cases, but with different intensities. They conclude that
the aqueous region around these solutes resembles the aqueous zone
close to hydrophilic surfaces, due to the phenomenon of water ordering
around e.g. salts or ions (see also Section 3.2). They used this work to
exclude that organic contaminants play some role in the creation of the
270nm peak. In terms of intensity, LiCl had by far the strongest peak,
followed by NaCl, and KCl had the lowest peak. LiCl showed also a very
large fluorescence peak (around 480-490 nm), while NaCl and KCl also
gave peaks around the same area, but the intensities were weaker.

Note the preparation of these compounds was quite extreme, with
baking in high temperature ovens, etc.

Li+ and Na+ are well known as structure-making ions, with Li+ being
much stronger. On the other hand, K+ and Cl- are considered to be
structure-breaking ions. Marcus [36] reports water structural entropies
(in J/K mol) between —70 and —80 (for Li+) and —20 and —30 (for
Na+). The values for K+ are between +20 and +40 and for Cl- around
+20. Similar observations are mentioned by Frank and Wen [212], that
ions like Li+ which are small (or multiply-charged ions like Mg2*) may
induce additional structure (entropy loss) of some sort beyond the first
water layer. Finally, De Ninno and Francesco [137], in their FTIR study
of the isosbestic point in aqueous electrolyte solutions confirmed the
order of Li+, Na+ and K+ mentioned above. They concluded that the
isosbestic point order coincides with the Hofmeister series and also the
effect of ions on the water network.
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The line of all these observations are in agreement with those by
Pollack and co-workers.

Pollack attempts to explain many of water’s special or anomalous
properties using his own concept of EZ (with the structured water lay-
ers), combined with the associated role of charge and electrostatic phe-
nomena. The effort is interesting but there are issues. He mentions that
the reason explaining the observation of several small living creatures
(mosquitos, lizards, etc.) walking on water is not so much water’s high
surface energy but the many EZ layers present on the surface of water
in contact with air. But is this answer complete ? As Pollack mentions
that ethanol and other polar compounds also give rise to EZ, why don’t
we see such “walking phenomena” for other fluids as well? Ethanol has
a much lower surface tension but are the EZ layers much smaller also?
Pollack admits not to have studied ethanol and other polar compounds
EZs very systematically.

According to Pollack, water’s very high heat capacity is because wa-
ter must absorb more than the expected energy in order to increase the
temperature by a fixed amount because some of the radiant energy goes
to build structure! This is interesting, but do we see “structures” for
other polar compounds which have much lower heat capacities? Again,
the non-uniqueness of EZ for water is an issue.

Pollack attempts also to provide an explanation for the famous den-
sity maximum of water based on the fact that the density order follows:
EZ water > bulk water > ice (which floats) and that the overall density
depends on how much of each phase resides in the container. He states
that there is massive freezing near 0 °C, but some ice may begin forming
a few degrees higher (2-4 °C) and that at 4 °C we have the minimum
volume and thus the highest density. The explanation appears rather
speculative and not very convincing.

5.3.4. General debate about Pollack’s “structured water” theory

Pollack’s theory — explanation for the exclusion zone is based on
the existence of a special structured water phase close to (certain) hy-
drophilic surfaces. Water clusters are being reported often in literature
e.g. in [205,206] but there is not much accept.

Pollack’s work has not been noticed extensively by the “standard”
(mainstream) scientific community, with the first two papers from 2003
[201] and 2006 [202] having received (24/11/2020) 129 and 223 cita-
tions respectively, all the rest EZ-related articles have, each, fewer than
100 citations. There are many extensive reviews about interaction of wa-
ter on solid surfaces [216,217] e.g. the Henderson review [216] is from
2002, and the one from Bjorneholm et al. [217] is from 2016. The latter
review contains over 300 references, it is called “Water at interfaces”
and it does not mention Pollack, the EZ (with or without connection to
water) or even the paper of Henniker [141] which contains plenty of in-
formation on extensive layers of water close to a wide range of surfaces.
These omissions are surprising.

Both the original papers of Pollack [201,202] and subsequent papers
about water and its capability to store charge [208] have met critique
and there have been discussions in literature, even from Pollack’s col-
leagues in his own university, such as J.M. Schurr [218,219]. It is impor-
tant to emphasize that in most of the critiques, the main issue is not so
much whether EZs are created for certain systems — surfaces, but mostly
whether the exclusion effect is related to water and its structure.

Pollack has replied, however, both on the water-storing-charge com-
ment [208] and also against the theory of macromolecular chemotaxis
[220] as a method to justify the exclusion zone.

Nevertheless, the critique against the “structured water hypothesis”
for the EZ formation continues and intensifies e.g. from Elton and co-
workers [221,223]. Elton was keeping a blog on the EZ and various
mechanisms but his investigations were recently published in the afore-
mentioned manuscripts. He does not deny the existence of EZ, on the
contrary he and his colleagues mention that by now there are several in-
dependent groups which have verified the EZ creation for a few surfaces
(though exactly for which surfaces we have EZ and what can be excluded
needs further investigation). For example Spencer et al. [223] failed to
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detect EZ on any material other than Nafion. Thus, while Pollack and
co-workers detected EZs in many metals, Spencer et al. [223] failed to
do so. Moreover, Li and Pollack [224] observe EZs in many hydrogels
including agarose and gelatin but Spencer [225] in his MSc thesis ex-
plicitly mentioned those two hydrogels among the examples of materials
showing no EZ. So, the generality of the EZ is one serious issue, as there
appear clear difficulties in obtaining EZ by independent researchers for
materials other than Nafion, at least based on the studies published so
far.

Moreover, according to Spencer et al. [223] the detected birefrin-
gence is not related to EZ and is not an indication of crystalline order-
ing of the water molecules. The same is more or less stated by Elton et
al. [221,222], who also criticize experiments by others who have mea-
sured increased refractive index of water close to the surface of Elton
et al. [221,222] mention that neutron radiography experiments do not
support the notion of a higher density phase. We do see some issues with
the Spencer et al. [223] experiments, but the work is of course highly
relevant being one of the few independent studies seriously looking at
EZ phenomena.

Moreover, in one of their earlier studies, Musa et al. [144] reported
EZ measurements close to Nafion and emphasize the importance of the
phenomenon but their measurements show no difference in the viscosity
or density of water in the EZ zone and outside of it.

What Elton and colleagues insist is that there are many other more
plausible theories for the EZ creation and in their recent manuscript
[221] they discuss several of them: diffusiophoresis (long range chemo-
taxis, ion diffusion and exchange from the material into water), repul-
sive van der Waals forces, and others e.g. microbubble contamination,
nanobubbles in water or dissolved gasses or contamination of plastic
nanospheres. They state that the van der Waals repulsion may be useful
as explanation for EZ zones in metals.

They conclude that the EZ phenomena may have many applications
in engineering such as microfluidics and filtration as well as biology and
that their better understanding is crucial and should be pursued. From
their manuscripts [221-223], it is clear that Elton and co-workers do
not accept that the “structured water hypothesis” is a valid explanation
of the EZ formation. The same conclusion is seen from the recent study
of Esplandiu et al. [206] who mention that EZ formation is due to in-
terplay of the electric field with the zeta potential of the solute and can
be affected by changing ion diffusion coefficients or adding salts. They
clearly state that the EZ formation, in their view, does not stem from
water structuring effects at the Nafion interface. Other research groups
[226-228] are somewhat more positive, although they do not find differ-
ences in the EZ generated in Nafion/water interfaces with different types
of water (spring water, water treated with magnetic vortexer, etc.). It
is, however, of interest to observe that Elton and co-workers admit that
phenomena like the expansion of EZ with light, the exclusion of salt and
the anomalous flow require further explanation [221,222].

About 14 years have passed since the 2006 paper on “long-range
impact of hydrophilic surfaces” and 7 years since the 2013 book by Pol-
lack [2] where he presents in detail the proposed water structure for the
EZ. Professor Pollack and co-workers have continuously published evi-
dence for EZ on more surfaces, insisting always on the water structure
hypothesis, providing further evidence based on spectroscopic, viscosity
and other measurements, but they also published diverse applications
of EZ in connection to health, food and biology e.g. Refs. [226-231] but
also some applications of EZ related to natural and similar phenom-
ena like gels and persisting water droplets on water surfaces [232-233].
One of the most recent works from Pollack group [224] in a top journal
demonstrates in detail and convincingly with extensive experiments a
surface-induced flow observed for 5 different hydrogels, all exhibiting
significant EZs. The authors show that such flow and EZs are not shown
for hydrophobic surfaces. They conclude that this surface-induced flow
is quite different from pressure-driven flow and has important and spe-
cial features: infrared energy increases flow velocity and narrower tun-
nels generated faster flow. Li and Pollack [224] link in most cases this
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surface-induced flow to EZ but they also admit that the detailed nature
of the hydrogel-water interaction remains an outstanding question in
the field. The structured water theory is somewhat underplayed in this
recent study [224].

Professor Pollack’s book, recently translated into German, is an
interesting reading, it has been positively reviewed by several peo-
ple (e.g. H.H. Bauer, 2014, J. Scientific Exploration, 28(2), 390-394).
Professor Pollack is continuously being invited, even in important
events (https://bioe.uw.edu/gerald-pollack-to-join-nobel-laureates-to-
present-seminar-before-uks-house-of-lords/), and he has given TED and
other talks related to EZ and its interpretation as a special structured
water phase. He insists on his theory but, as mentioned above, sev-
eral alternative explanations for the EZ have been proposed. Relatively
few researchers outside Pollack’s own group are convinced that the
EZ is due to some structured water phase, among those supporting
a structured-water hypothesis is de Ninno and co-workers [145,137-
140,234,235]. She and others from the “Italian school” have put for-
ward the QED (quantum electrodynamics) explanation of EZ, presented
in Section 5.4.2. They do find good reasoning between the water struc-
tured hypothesis and QED. However, the latter is not widely accepted
by the mainstream community either and Philip Ball writes in Nature
News (2004) about the “quantum-coherent domains™: “... proposed in a
paper (Del Giudice et al. [236]) that now seems to be invoked whenever
water’s weirdness is at issue” (he repeated similar concerns in July 2013
in his article “DNA Waves don’t wash, published in Chemistry World).
In the latter paper he considers the “coherent domains” to be “a quan-
tum putty to be shaped to order, not a theory to be tested. They haven’t
yet been clearly detected, nor have they convincingly explained a sin-
gle problem in chemical physics”. Such strong statements have been, as
might have been expected, answered by de Ninno and co-workers.

With such debates about the various EZ explanations, we felt that
this topic deserved extra attention and a detailed discussion is presented
in the next section, of the role the various mechanisms may have in
explaining EZ.

5.4. EZ explanations and discussions

There have been several key explanatory mechanisms proposed for
EZ. We will now provide a more detailed discussion of the EZ mech-
anisms proposed, some of which have been mentioned earlier in the
manuscript. The three main views are summarized and discussed first,
followed by a more extensive discussion.

1. The structured water view, advanced by Pollack and others, is based,
as mentioned, on a long-range structure induced in the water. This
implies that EZ water is in a non-equilibrium state, sustaining a
thermodynamic process, with absorption of light (primarily infra-red)
driving charge separation, converting heat energy to electrical po-
tential energy. Pollack and others propose that energy is stored in
novel water bonding structures, resulting in charge separation. Propos-
als include Pollack’s hexameric water polymer, leading subsequently
to the Segarra-Marti et al. [237-239] hypothesis of a water dimer
(with a double pair of stacked hexagonal rings), which they show
to be viable alternative through advanced ab initio modeling. These
and other ‘structured water’ proposals support the view of EZ as a
distinct liquid crystal phase of water, between ice and bulk water. As
mentioned, the structured water view is a somewhat radical depar-
ture from the ‘traditional’ point of view of water in chemistry e.g. as
defined by the famous DLVO theory.

2. The conventional chemotaxis view, going back to the 1970s, is that
the exclusionary force is due to chemical-potential gradients acting
on a purely local molecular level. Exclusion effects are explained
by essentially local classical electromagnetic forces and interactions
among molecules. The classic proposal is diffusiophoresis. This expla-
nation was considered by Derraguin in the 1970’s, in the context of
specific examples of EZ in biological context, but he rejected it. Sup-
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porters of this explanation also typically see it as making other ex-
planations redundant, and reject the idea that any significant ‘water
structure’ can form beyond a few molecular layers of the interface,
and reject the idea of a ‘liquid crystal’ state of water of any mag-
nitude. The chemotaxis (diffusiophoresis mechanism) view has good
theoretical credentials in the wider context, and at a first glance it
is not clear whether it is sufficient to explain all the properties of EZ
water and whereas it can explain some transport features convinc-
ingly, it may be a part of the full mechanism.

3. The third view is QED (quantum electrodynamics, including ‘coher-
ence domain’ and ‘photonic crystal’ theories). This theory proclaims
that EZ water depends on non-local quantum field effects. This the-
ory predicts coordination of properties of bulk molecules or atoms
over large distances, reflecting quantum entanglement. This type of
analysis appears to originate with Elia and Del Guidice as far back
as the 1980s [236], and has been developed significantly in recent
years, with a growing publication list, and application to the hydro-
static water bridge and other electric field effects in water. These
proposals draw on a relativistic quantum effects.

The QED theory is perhaps the most intriguing, among all EZ propos-
als, but it has theoretical foundations. If correct, it means these simple
liquid environments display macroscopic quantum entanglement effects,
at room temperature. It implies that certain macro-structures (in EZ and
the water bridge) are formed and stabilised though non-local quantum
effects, and have properties that cannot be explained classically. A dis-
play of quantum entanglement effects in such a system would be very
interesting.

The chemotaxis supporters argue that this theory provides a convinc-
ing explanation for the exclusionary force or transport mechanism. This
has been analyzed in increasing detail recently, primarily for the case
of water-Nafion EZ. They have developed useful and quite successful
analytic models. However other theorists argue that chemotaxis is not
adequate to explain the full range of observed properties of the exclusion
zones, across the full range of water and other liquids, and surface mate-
rials that have been observed. They question whether electro-chemical
gradients required are present in all cases of the phenomenon, as well
as questioning the limitations of chemotaxis to explain properties other
than exclusion.

Structured water supporters, especially the Pollack group, have pur-
sued a range of experiments to try to test and establish anomalous prop-
erties of anisotropy, absorbance, density, viscosity, charge, etc., that
chemotaxis or the conventional DLVO theory should not predict or ex-
plain.

The QED theory of “coherence zones” is perhaps the most intriguing
alternative. If correct, it means quantum field effects are significant in
the chaotic liquid environment of water at room temperature.

Despite considerable research over the last two decades there is still
no common agreement on the explanation. In our view, none of these
three types of explanatory mechanisms has been ruled out. Moreover,
although they may be perceived as competing hypotheses, they may all
play a role, and are not necessarily self-exclusive. As it is not entirely
evident which of the three approaches (or other or any combination
thereof) is the more plausible one, all three views merit more discussion
and all three theories are discussed and compared in the remaining of
this section.

5.4.1. EZ structured water hypothesis

Is there a special ‘EZ structure’ formed in the water? There is still
no commonly agreed resolution to this question. Given the range of EZ
properties that have been studied, it might be thought that the choice
should be more evident (and to some researchers it may be). But most
properties do not point directly to any unique explanation, or resolve the
critical choice of theories. Rather, there is a patchwork of explanatory
features.
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We consider that the 270 nm absorption property is the most definite
feature that seems to show quite directly that there is something in the
EZ water that interacts strongly with UV light, something that must be
different in structural or material composition to bulk water. The Pol-
lack experiments show its concentration being reduced across the EZ
region. We believe that this provides strong direct empirical support for
some version of structured water, given the only thing present to pro-
duce the structure is water, in some unexpected molecular or structural
arrangement. This structure might be explainable in terms of ordinary
molecular theory applied to a novel water polymer, or may in turn re-
quire some quantum field effects.

We first summarize some conclusions about the hypothesis of some
kind of crystalline water structure present in EZ. Pollack [2] advanced a
model of EZ water structure as hexameric sheets, similar to ice, but with
offset layers, and a major disequilibrium: on a large scale, it forms the
chemical ratio: H30,~ with H* excluded. This hexameric lattice struc-
ture is an attractive concept, but some quite basic calculations show that
his original lattice is unstable. Even just one double-lattice sheet extend-
ing across the Nafion surface represents a massive charge displacement
and massive local electric fields. Others have reached similar conclu-
sions. Nonetheless it is a good creative scientific intuition, and there is
something very important behind the intuition. Neils Bohr’s initial mod-
els for quantifying atomic electron orbitals in the 1910’s were not ulti-
mately stable either, but revealed a fundamental insight that ultimately
proved to be correct.

There is some support for Pollack’s water model from the work of
Chatzidimtriou-Dreismann and co-workers [31,32] who have, experi-
mentally under certain conditions, advocated a water structure of H; 50,
which bears some similarities to Pollack’s negatively charged model
(-0.5 instead of —1 net charge).

However, even more importantly, Pollack’s hexamer model led to
the impressive study by Segarra-Martf at al. [237-239], who conducted
ab initio modeling of smaller water polymer structures, and found what
looks like an ideal candidate: a stable molecule, comprised of two pairs
of stacked hexagonal rings slightly offset. This represents a disequilib-
rium: Hyg0,02~ and 2H*. The first point is that this is theoretically sta-
ble. This is surprising. The second point, which they consider critical
evidence, it that this molecule is predicted to have a distinct UV ab-
sorbance peak at 271 nm, consistent with Pollack’s experiments. They
comment that this peak has been revealed to be a unique characteris-
tic of structured water in solutions of many different substances (salts,
amino acids, sugars), similarly to the feature recorded in the EZ by using
Nafion 117 solution/film. All experimental studies related to the 270 nm
absorption peak refer to Pollack and we have not been able to identify
independent experimental studies, outside of Pollack’s group, verifying
this result.

We have performed some simple calculations that confirm that low
molar concentrations (107°) of this proposed dimer are indeed consis-
tent with both the UV absorption coefficients found by Pollack, and with
measured electric field strengths or estimated charge separation. It ap-
pears to be a realistic proposition that this novel water polymer is in
solution in EZ. These results and possible presence of a water polymer
appear to support a structured water model. This is a surprising and sig-
nificant result and it is necessary to investigate how this water polymer
molecule could be generated by Nafion and other surfaces, through the
combination of the surface geometry, electric potential, and incident
radiation (required to sustain the EZ). This is presently unknown.

We consider the work of Segarra-Marti at al. [237-239] to be a very
significant and well-documented theoretical study which offers some
validation of a structured water model different to Pollack’s but with
some clear similarities and a theoretical demonstration of the associa-
tion of the characteristic UV peak to a specific water structure. Some-
what surprisingly, Elton et al. [221,222] in their recent reviews refer to
this review as invalidating Pollack’s theory (finding that the structure
proposed of “bulk-type water aggregates” is unstable).
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Anyhow, there are several additional issues we should like to raise.
This proposal also suggests a link between hexagonal ice structure and
this proposed “EZ water molecule”, and supports interest in the So et
al. [204] experiments claiming that melting ice produces this molecule
in a transitional state of melt water. The evidence for this seems much
more tenuous to us. The processes of ice freezing and melting is a related
question of interest too, and there is the suggestion that the hexamer ice
crystals lead to formation of the proposed hexamer water dimer, but the
evidence is not clear to us. The particular challenge to this explanation,
however, is that it is based on a special property of water molecules (al-
lowing water to form negatively charged supra-molecules); yet EZ also
forms in other liquids; so do all these liquids allow the formation of sim-
ilar large negatively charged molecules? It remains to connect the prop-
erties of EZ water, especially the exclusionary ‘force’, to the presence
of the water polymer molecules. This same generic mechanism suppos-
edly applies in other liquids. This indicates it is not specific to the type of
charged molecule present, but depends for its possibility only on generic
properties, such as dielectric constant, polarity, conductivity.

The next idea from this is that EZ properties are not just a di-
rect result of the specific charged molecules (induced in a low con-
centration), but of a structural organization induced in the liquid on
a larger scale. Such large-scale behavior is commonly observed in
some situations (e.g. colloids, cells) where charged bodies in suspension
can form long-range structural patterns, sometimes resembling crystal
structures. In water, this is subsequently connected to the question of
large ‘water clusters’, and the role of H-bonded networks, i.e. struc-
tures formed from weak ionic bonds. This opens another area of in-
terest, which is the production of larger-scale structures from a mi-
croscopic disequilibrium, as represented in this case by the microscopic
charge separation. This is dealt with in non-equilibrium thermodynam-
ics, dissipative systems, chaos theory, etc. It is not dealt with in ordi-
nary close-to-equilibrium thermodynamics, and the normal model of
liquid water as a thermodynamic equilibrium does not provide ade-
quate concepts to analyze this. Sceptical objections that ‘structured
water’ is ruled out by simple thermodynamic theory are not entirely
convincing.

In this view, the EZ water system appears to be a little steady-state
non-equilibrium thermodynamic system, with distinct structures and self-
organizing or stabilizing behavior. It appears as a stable irreversible pro-
cess, in a dynamic disequilibrium, sustained by a small energy flow (IR
absorption). This makes it an interesting system for thermodynamics.
Water is not traditionally considered in this way, i.e. as hosting an irre-
versible process, generating structure. This change of viewpoint is one
of Pollack’s fundamental themes. But it still remains to understand in
detail how this proposed ‘thermodynamic cycle’ of EZ water works. It
depends on the production and dissolution of structures that we can
barely detect.

How the structured water excludes particles is not explained in detail.
But to summarize, at this stage, we think Pollack’s original ‘water poly-
mer’ proposal, appealing to a direct physical exclusion of particles by
an extended hexameric lattice, has to be rejected, and may be replaced
with the Hsg0,,%~ water dimer as the basis for a secondary structure,
creating overall static charge distribution. Note this secondary structure
requires a dynamic energy flow to sustain it. It supposedly absorbs IR
radiation to power up charge separation, and presumably leaks this en-
ergy at boundary interactions (at the EZ interfaces).

In any case, this view is the first main theoretical support for the
idea of EZ as a liquid crystal state. ‘Liquid crystal’ behavior results in
anisotropic structures, and these have been measured in EZ water, us-
ing various spectroscopy/NMR methods. These results are the main ex-
perimental evidence for the view of EZ water as a ‘liquid crystal’ state.
They do represent a consistent pattern of behavior, and there does seem
to be a viable theoretical mechanism to support this, in the form of the
“water dimer” hypotheses. This provides a detailed means of connecting
the “structured water” theory and “liquid crystal” theory with empirical
observations.
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In conclusion, there is no settled answer. We consider that a critical
step is the experimental verification by the scientific community of the
key spectroscopic prediction, the 270 nm absorption peak including the
associated variations of absorbance with distance.

There is, however, the issue of the EZ formation of other (than wa-
ter) polar liquids close to certain solid surfaces. Such observations may
render the connection of the peculiar water polymer, Hg0,2", to the
exclusion zone as rather accidental. The former is a curiosity of water
chemistry; the latter may be a generic phenomenon, common in sev-
eral substances (which still need to be confirmed). If there is a common
mechanism, and EZ in water requires a thermodynamic cycle, then pre-
sumably EZ in other liquids does too, and thus requires some kind of irre-
versible dynamics, analogous to those inferred for of our water polymer,
to support this. But the production of some analogy to the HygO9y% in
other liquids seems somewhat unlikely. This emphasises the key issue,
that the EZ water explanation in terms of ‘structured water’ seems rather
too complex to apply generically to other liquids.

What it suggests to us instead is that there are two distinct processes:
the exclusionary force that clears the EZ of particles, which operates in
many liquids to create the macroscopic exclusion zone; and then sec-
ondary structural properties specifically induced in water (or possibly
other liquids) by this primary separation. This suggests a primary role
for the chemotaxis mechanism, discussed later in this section.

Returning now to the 270 nm absorption feature often referred to
as established fact by leading EZ researchers, this is not recognised
in conventional chemistry literature, or in standard UV spectroscopy
databases, as far as we know. It is indeed a primary property that di-
rectly indicates that there is some specific substance or structure generated in
the EZ water, which is not present in bulk water. But there appears to be
only one actual experimental study done to measure the UV absorption
effect in both EZ and ice [202,203]. Although there are two main papers
on the EZ absorption, they are based on only set of experiments.

Considering its importance in the overall concept of theory and link
to structured water and the fact that these experiments have not been
independently (outside Pollack’s group) replicated, we considered the
replication of the UV experiments reported by Pollack [202,203], which
at first glance could be considered rather straightforward as UV spec-
troscopy is a rather well-known experimental method. Despite signifi-
cant efforts, we have not been able to identify clearly the 270 nm peak
when considering Nafion as surface. This was unfortunate, of course, as
this absorption feature is referred to by most leading proponents of struc-
tured water and quantum entanglement theories, and it is often taken
as decisive evidence that there is something in the EZ water. Whether
the non-reproduction is due to some contamination is not clear to us,
as yet. The Pollack et al. experiments are reported carefully, but until
successful replication is obtained, the possibility remains that some con-
tamination occurred of water samples with some chemical that absorbs
at 270 nm. It is well known that common organic molecules, specifically
some amino acids and proteins, have high absorbance in this range. Tiny
amounts, also present as microscopic dust motes in the air, can have sig-
nificant effects. It is discouraging that these UV measurements have not
been replicated in literature by any other research group.

5.4.2. Chemotaxis: the diffusiophoresis hypothesis

This hypothesis represents the main traditional line of explanation of
the exclusionary force, and is argued by some to make structured water
explanations redundant. Hence evaluating this as the main alternative
explanation is important.

This theory is first presented in two studies [143,144] from a re-
search team from the University of Eindhoven and it provides a different,
compared to Pollack’s structured water, explanation for the observed
exclusion zone phenomena. They proposed that the exclusion zone for-
mation is driven by a combination of ion exchange, ion diffusion and
diffusiophoresis. The first two processes are common known processes
whilst the last is not. Diffusiophoresis is the generation of flow in colloid
suspensions due to concentration gradients of other substances.
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When the diffusiophoresis phenomena are coupled up with the
cation exchange in Nafion-117, the foundations for the formations of an
exclusion zone are in place. To test their hypothesis the Dutch research
team investigated the formation of exclusion zones in the vicinity to
Nafion-117. The selected “solutes” were polystyrene microspheres with
a diameter of 1 yum. They were able to generate the large EZ reported
by Pollack.

The researchers then constructed, from coupled partial diffusion
equations, a mathematical model that can predict the formation of the
exclusion zone based on diffusiophoresis variables and the solute con-
centration and solute species. From their mathematical model, they
could predict the EZ as a function of time in agreement with their experi-
mental data (and at different salts and salt concentrations). EZ decreases
with increasing salt concentration and is highest for LiCl solution. They
summarized their conclusions as follows: “This so-called exclusion zone
(EZ) formation occurs near surfaces such as hydrogels, polymers, or biolog-
ical tissues. It was recently shown that the underlying physical mechanism
leading to this long-range repulsion is a combination of ion-exchange at the
interface, diffusion of ions, and diffusiophoresis of colloids in the resulting
ion concentration gradient”.

We should at this stage mention a related work by Pollack and co-
workers [213] which discusses the dynamic development of exclusion
zones on cellulosic surfaces, which, unlike Nafion-117, display no ion
exchange properties at all. The authors considered three compounds
(cellophane and cellulose acetate with 0.94 or 2.51° of substitution)
and investigated their capability to form exclusion zones near their sur-
faces. The solute used in all the experiments was 2 ym diameter sulfated-
polystyrene microspheres. An exclusion zone appeared in all three ex-
periments and a comparison experiment, where Nafion-117 was used,
was also conducted. The exclusion zone formation, for all four experi-
ments, is smaller than for Nafion, but still clearly visible (around 50—
150 ym depending on the compound, after one hour where the creation
of EZ seem to have been stabilized).

It was observed that the two properties responsible for the differ-
ences in exclusion zone width are the relative roughness of the surface of
the given materials and the hydrophilicity of the material, as it appears
that the exclusion zone formation is a consequence of the interactions
between the hydrophilic functional groups, in the polymer, and the sur-
rounding water. They also noticed that the cellulosic polymers need to
swell (in water) before they can form the exclusion zone. This is inter-
esting as one could expect that a potential exclusion zone would appear
while the swelling takes place (if exchange of material is postulated).

In summary from these studies by Pollack, exclusion zones can form
in the vicinity to non-ion exchange material and that the width of the
exclusion zone depends on functional groups in surface material and
the relative roughness of that surface. We should again repeat that these
investigations — verifications of EZ for non-Nafion surfaces have not been
so far reproduced by other researchers outside Pollack’s group.

In conclusion, we can mention that Diffusiophoresis helps explain the
exclusion, but not the other special properties of EZ water (if indeed they
are present). Diffusiophoresis is a generic mechanism (like diffusion or
osmosis are generic), and we believe it should operate in interfacial lay-
ers to transport colloids or large molecules. But even if it can explain
all EZ transport forces, it is not a complete explanation of all the EZ
water properties (if they are confirmed). It does not explain the 270 nm
absorbance in water particular (assuming it exists). It also does not ac-
count for properties like altered density, refractive index, IR absorbance,
UV fluorescence, etc. These appear to be properties that are dynamically
established as a result of exclusion. If these properties will be completely
confirmed, it may be difficult for diffusiophoresis to stand as the sole EZ
explanation.

The real possibility arises that these are special properties of water,
not generic to EZ as such, but enabled by the conditions set up in EZ wa-
ter. In this case, diffusiophoresis might well be the primary mechanism
for creating EZ, and the creation of ‘structured water’ may be enabled in
this special environment. This question cannot be decisively settled on
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present evidence, and this illustrates the uncertainty in the explanation.
As mentioned, the diffusiophoresis may explain exclusion mechanisms;
but it does not explain the peculiar “liquid crystal” properties claimed
of EZ water, again assuming such properties exist.

Again this emphasises that these structural properties claimed of EZ
water may not be the cause of the exclusionary force at all, but a re-
sult of an exclusion zone that forms in water through another means. In
any case, diffusiophoresis does not seem to help answer the key ques-
tions about the properties claimed for the EZ water, which must be in-
vestigated in their own right. There are also other theoretical reasons
to question the adequacy of a diffusiophoresis mechanism. Note it is a
short-range, classical mechanism, which results in long-range order, but
some leading researchers have argued for distinctly long-range mecha-
nisms, as discussed by de Florea et al. [143] who mention a wider range
of hypotheses for the EZ formation, e.g. the emergence of excited coher-
ent vibration modes of molecules in the membrane or the surrounding
water that could create large dipole oscillations [241], long-range forces
originating from electromagnetic vibration [242] and the very similar
to diffusiophoresis chemotaxis hypothesis [218,219].

5.4.3. The QED theory

In this third hypothesis, a quantum field effect is responsible for EZ
water. The QED theory appears as interesting or intriguing, if not more,
than the water polymer proposal. Among those supporting a structured-
water hypothesis are de Ninno and co-workers [145,137-140,234,235].
She and others from the “Italian school” have advanced the QED (quan-
tum electrodynamics) explanation of EZ. However, this is not widely
accepted and is contested by those supporting the chemotaxis hypothe-
sis.

First, let us clarify what is meant by a quantum effect in this context.
All molecular-scale interactions are quantum. Even the simple transmis-
sion, reflection and absorption of light in a medium is a quantum effect.
But although everything in the molecular-atomic world is intrinsically
quantum mechanical, local interactions are normally quasi-classical,
and do not illustrate effects of entanglement, superfluidity, superconduc-
tivity. These effects essentially involve non-local coordination of complex
quantum phase relations across large systems and significant distances (e.g.
> 10nm). This is what we refer to as distinctly quantum field effects (as
opposed to simply the first quantisation of EM forces). These normally
take highly sophisticated experiments to produce and measure.

Classical quantum mechanics is good for most molecular-scale in-
teractions, but some phenomena, such as the Casimir effect and van der
Waals forces involve quantum field effects. This is treated in relativistic
quantum electrodynamics (QED), not in ordinary quantum mechanics
(QM) that we normally use in atomic theory (Schrédinger equations).
This concept started from Giuliano Preparata’s novel analysis of QED in
1988 [249], best presented in his 1995 book [250]. The important pa-
pers by del Giudice, Preparata and Vitello [243,244] apply it to water.
This has been investigated and supported as an explanation for EZ by
many researchers over the years, e.g. see Elia et al. [234,235], Bunkin et
al. [248], Yinnon and Yinnon [246], Wexler et al. [247], and Yinnon et
al. [245]. These studies include EZ experiments, modeling and analysis.
Their conclusions support the existence of QED coherence domains, or
some variants. This also supports the concept of EZ as structured water.
Bunkin et al. [248] infer a photonic crystal effect, which is a differ-
ent kind of quantum effect. They believe that this can explain the light
transmittance in the EZ and the reported associated phenomena in the
literature such as the UV peak intensity.

The research groups mentioned previously for several years now also
claim to produce a solid form of water at room temperature. Bizarre as this
sounds, they appear to have strong evidence and it has been illustrated
in some of Pollack’s presentations. They have applied the QED theory to
several phenomena, including EZ properties, coherence domains, water
clusters, and the water bridge. We consider that this is a coordinated
effort of competent researchers, combining experimental studies with
theoretical analysis.
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Nevertheless, these studies have been ignored by a large part of sci-
entific community, as can be seen in critical reviews by Ball (Nature
News, 2004), and others e.g. Yuvan and Bier [251], Bier and Pravica
[252] and Elton et al. [221,222]. The reasons for ignoring this theory
are not entirely evident.

Still we admit that the problem of evaluating this theory is consider-
able. It calls on QED quantification of the EM field. The essential QED
analysis behind this appears to be valid but it is difficult to visualize
what the effects are in a realistic physical way. And while these kinds
of effects are certainly real in general (Cassimir effect), the magnitude
of the effect on water claimed in this case seems surprisingly large.

5.4.4. Combining the theories

We suggest it is quite possible that all three proposed mechanisms
play a role in EZ. The QED/coherence domain theory appears to be
consistent with water structure and the chemotaxis mechanism. The
QED/coherence domain explanation and the water dimer proposal ap-
pear mutually supportive, as also discussed in literature [145,243].
Indeed, the proposed dimer would play a real and essential role in
the QED/coherence domain mechanism and this is supported by re-
cent works by Ninno, Germano and co-workers [234,235]. They discuss
the range of topics raised here, including spectroscopic and other ex-
perimental evidence, QED coherence domain theory, the evidence for
two (or three) distinct water molecule populations (but not chemotaxis
mechanisms). Of particular interest, Elia et al. [235] had recently dis-
cussed the Segarra-Marti et al. [237-239] water dimer model, and how
it supports the coherence domain theory. Both researchers refer to the
270 nm absorbance of EZ and melting ice as key established evidence.

EZ creation may involve several mechanisms. There may be a generic
diffusiophoresis mechanism, that produces an exclusion zone in many liq-
uids, with no further structural features. But in water, some kind of
structure is generated, enhancing the EZ size, and contributing addi-
tional properties. The Nafion-water EZ grows much larger than other
liquid EZs. This picture is significantly different from structured water
theories, which take the formation of water structure as the primary
driver for EZ creation. The key problems with the structured water ex-
planation are (a) how does it work in other liquids? Why would these
other liquids duplicate these very peculiar water structure properties?
And (b) why wouldn’t diffusiophoresis come into play in this process?
Especially in the early part of the exclusion process?

6. Discussion and concluding remarks

The discussion about water may seem complex and full of controver-
sies. But this is not new. Ancient greeks and others considered water to
be a “fundamental element” of its own value and only during the 19th
century (1858) it became clear that water is a substance consisting of
O and H, with the exact structure as we know it today being accepted
after an important conference in Germany in 1858. But even then it was
thought that water was a linear molecule. That this was not the case
and there is a 105° angle became clear around 1920. So, it took many
centuries to arrive to a more or less correct idea of what water is. Thus,
it should not be considered too surprising that the discussion contin-
ues, especially in connection to its structure and applications, during
the whole of 20th century and within the 21st.

Thus, in the preface of the special volume about water in Chemical
Reviews, 2016 ("Water — The Most Anomalous Liquid”) L. Pettersson,
R. Henchman, A. Nilsson write [60]:

”One of the most essentials questions to address for a microscopic
understanding of water is what are the structure and the dynamics
of the hydrogen bonding network in water that give rise to all these
unique properties? This question has been discussed intensively for
over 100 years and has not yet been solved.”
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The present review manuscript addressed various aspects of the in-
terplay between water’s structure, properties and application concludes
with some personal observations.

We have followed the two-state studies by, among others, Pettersson
and Nilsson, and we are impressed by the detailed and very promising
results obtained, more than just indications that water is a two-state
liquid. We have noted that diverse experimental methods used so far
cannot as yet provide a definite answer, and neither can molecular simu-
lation models, but there is increasing evidence for a liquid-liquid critical
point of water, especially from the work Debenedetti and co-workers.

The comment made the aforementioned Preface [60] by Pettersson
and Nilsson may still be valid:

”"However the interpretation of the experimental results in terms of
the structure and the picture of the liquid water is strongly debated.
Both Saykally and co-workers and Hamalainen and co-workers ex-
amined the intensity of XAS peaks and suggested only minor distor-
tions from the tetrahedral structure”.

We have been involved over 25 years in the thermodynamic analy-
sis, development and validation of advanced association thermodynamic
models for water and we have first-hand experienced the inadequacy of
even the most advanced thermodynamic models to represent the anoma-
lous properties of water, despite obtaining a good overall representation
of phase behavior of many aqueous systems.

We appreciate that there is no definite proof for the two-state the-
ory including the second critical point of water, but we have also seen
limited incorporation of the two-state concept in thermodynamics and
none - to our knowledge- in the context of the advanced association
theories. An issue which we hope will be addressed in the future.

Moreover, it has been unfortunate that spectroscopic data for the hy-
drogen bonding of water are rather rare, agreement between sources is
not very good and we see both disagreements with advanced thermody-
namic models and difficulties in the interpretation of the data and the
results.

We have noticed recently discovered “anomalies” such as the unusu-
ally low dielectric constant of water in confinement and the ortho- and
para water isomers, which are affected differently by an electric field
and may affect differently chemical reactions. As with many other top-
ics related to water, journalists have commented in different directions.
For example, journalists from the Danish press asked “What if alterna-
tive people discover different behaviors between para-water and ortho-
water?” and “Will we get products with e.g. para-water in the market
claimed to have healing effects, as it reacts faster?”.

(https://ing.dk/artikel/kender-du-kemiske-forskel-mellem-
ensrettet-modsatrettet-vand-212525 -Article is in Danish)

And this brings us to the “even more” usual properties or applications
of water we have seen. In addition to historical references to polywater
and water memory, we have presented new experiments and discussions
for both the water bridge and the exclusion zone, the latter pioneered
by professor Pollack and co-workers. Both phenomena are confirmed
by experiments but whether the explanation is directly or indirectly
connected to water is still debated. This debate is not always entirely
balanced. We noticed a significant discredit of prof. Pollack’s work in
Chemical & Engineering News 14.12.2009 article with statements like
”claiming macrostructures of water that extend pas the picosecond do-
main is absurd”, "this is the cold fusion of physical chemistry” and a
comment by Prof. Pavel Jungwirth (Academy of Sciences, Czech Re-
public):

”The primary problem with Pollack’s research is that it employs
macroscopic experiments to draw conclusions about water structure.
Instead, microscopic tools such as spectroscopy and molecular simu-
lations are the proper tools for investigating the molecular structure
of water”.

(https://cen.acs.org/articles/87/i50/Watering-Down-Science.html)
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But, in our view, there is nothing wrong with doing “macroscopic”
experiments, or drawing conclusions from general observations.

In the meantime, we note that neither molecular simulations nor
spectroscopic methods have provided a definite answer and the very
wide range of techniques used by many researchers (conventional IR
and Raman spectroscopy, X-ray photoelectron spectroscopy, X-ray ab-
sorption spectroscopy (XAS), X-ray emission spectroscopy (XES), X-ray
Raman spectroscopy, Resonant inelastic X-ray scattering, Small Angle
X-ray scattering (SAXS), Femtosecond pump-probe spectroscopy, 2D &
3D IR spectroscopy and 2D Raman-THz spectroscopy) are of course use-
ful, but the scientific community is still debating how the experimental
data should be interpreted.

We cannot be sure but as “well-defined” water systems are rare in
many experimental methods, “impurities” of diverse type may have
played a role in many of the observations, including EZ, polywater and
water memory experiments. After all, as we discussed, even the effect
of well-defined compounds (e.g. hydrocarbons and salts) on water is
complex and the hydrophobic effect nature and effect of ions on water
structure (beyond its first solvation layer) continue to be debated.

To the above controversies we should add further (even more) in-
tense debates related to the link of water (if indeed any) to homeopathy
(via water memory), athletic performance and healthy life, and the no-
tion that the source of water can have very significant effects on human
health. Even well-established scientists have promoted such notions e.g.
the late professor Mu-Shik Jhon, who has claimed the importance of the
so-called hexagonal water, as a water structure of particular positive
characteristics for health, etc. In that context, he promoted the use of
water with structure-making ions like Calcium, etc., as they convert —
he claims- water to hexagonal water, while other ions like Potassium
destroy the hexagonal structuring of water.

We do not see such arguments having found any widespread accept
in the scientific community, but we cannot be sure they can be entirely
dismissed. After all, water’s constitution due to e.g. minerals is differ-
ent depending on the source. Looking at the hydrochemical constitu-
tion of water in Europe from the European Geological survey, we see
in fresh water differences of pH: 6.1-9.8 and electrical conductivity: 3—
1700 mS/m and similar large differences in mineral — bottled water.

Another area of significant debate is how water is affected by diverse
electromagnetic fields. We have been in contact with entrepreneurs in
Denmark who have developed devices claiming some structuring of wa-
ter e.g. PowerPack, AMTech, Lagur and other devices. We have seen
clear evidence of performance of these devices in some practical appli-
cations e.g. in removing limescale. We have done and continue to do
engineering studies with them e.g.

(https://www.cere.dtu.dk/research-and-projects/framework-
research-projects/electro-magnetic-processing-of-fuel-and-water-in-
processes-in-the-maritime-industry; https://www.cere.dtu.dk/research-
and-projects/specific-research-projects/karakalk)

However, we should state that, with the exception of Lagur and Vi-
Aqua, and possibly a few other products, where patents are available
or careful performance testing has been done, there is generally lim-
ited information, in the form of patents, publications or other scientific
information about most of these so-called “structured water” devices.
Limited information on how water is structured and whether these phe-
nomena can be reproduced, under which conditions, and how they can
be explained.

This is regrettable, but in as much as it is a black-box approach,
we do not agree with statements which we have seen in literature
(e.g. by Seren Keiding in https://videnskab.dk/25-soforklaringer/vand-
vand-og-atter-vand and others [240]) that e.g. Grander water, presence
of extensive water clusters and similar statements belong to Irving Lang-
muir’s “pathological science field” and thus they should not be trusted
or studied. We hope that a detailed scientific investigation can one day
take place for some of these proposed devices claiming “structured wa-
ter” with practical applications. Such claims and associated devices and
their effects should either be scientifically verified or discarded. To the
best of our knowledge, this has not happened as yet.


https://www.ing.dk/artikel/kender-du-kemiske-forskel-mellem-ensrettet-modsatrettet-vand-212525
https://www.cen.acs.org/articles/87/i50/Watering-Down-Science.html
https://www.cere.dtu.dk/research-and-projects/framework-research-projects/electro-magnetic-processing-of-fuel-and-water-in-processes-in-the-maritime-industry
https://www.cere.dtu.dk/research-and-projects/specific-research-projects/karakalk
https://www.videnskab.dk/25-soforklaringer/vand-vand-og-atter-vand
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In conclusion, we find it rather regrettable that the discussions on
the above phenomena about water structure, properties and applica-
tions are limited typically in “specialized” conferences, where mostly
attendees agreeing with each other rather than in conferences where
all views, no matter how far they may be, are debated. We close this
review manuscript with a statement by professor Sgren Keiding (trans-
lated from the Danish journal AKTUEL NATURVIDENSKAB, 2016, nr. 3)
about another aspect which may play an important role in future water
studies:

”Research in the last 200 years have given numerous suggestions
for new ”structures” of water: polywater, rings of water molecules,
high density and low density water, homeopathic water and the ”4th
phase”. None of these both the serious and more colourful sugges-
tions to new structures of water have seriously moved our under-
standing of water forward. Maybe we could learn more about water
molecules if instead we became better in the study of dynamics, how
water molecules move in between each other and not always search
for the determining structure”.

Finally, we would like to summarize our views, our personal reflections
about this review.

It is a review about water structure, properties and (some) applica-
tions written for a rather general audience. It may appear long but this
is vast topic and the details are in the references. We have made a choice
of topics, not everything is covered. Water science has developed enor-
mously over the recent years, and in diverse disciplines e.g. chemistry,
physics and biology. The biological aspects are not covered here. We
wanted to have a balance between controversial aspects in —what some
call- the “mainstream” science (Sections 2 and 3), emphasis on anoma-
lous properties, link to thermodynamics and two-state theory and the
less well-accepted areas discussed in Sections 4 and 5, with emphasis
on water bridge and exclusion zone phenomena. Most of the claims,
both in sections 2&3 and 4&5, have not been proven as yet. We have
summarized mostly literature studies in this review, presenting also our
views, but also included some of our own investigations. We do not at-
tempt to convince anybody but present an unbiased discussion, as we
understand it, about the difficult topic of water structure and proper-
ties from various angles. Our emphasis is to cover topics and angles
very rarely seen together in reviews of water. We have attempted to
differentiate experimental evidence from theories, whenever this was
possible. In the case of exclusion zone, we summarized in some detail
three mechanisms, all of which may play a role in explaining experimen-
tal observations. This remains to be seen whether it is true, along with
several of the other hypotheses and claims reviewed in this work, espe-
cially for the two-state water theory. While the emphasis in this review
in on water structure-properties interplay, some applications are also
mentioned. An improved understanding of water structure and prop-
erties will be of pivotal importance in both science and engineering.
It is also for this reason we would like to cover a wider range of as-
pects of water science and technology. The communities as presented in
Sections 2-5 appear as almost not talking to each other, despite both
working on this very important topic. Whether our manuscript can con-
tribute a bit in bridging this gap remains to be seen, but we do recognize
it may be difficult.
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