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Preface

This book presents a complete review of water science and responds
systematically to “what is water” right from the evolution of the theory
of molecular structure of water to its verification by experimental results
of infrared spectra of absorption, measurement of energy spectrum of
vibration, success in self-assembly of water molecules, and numerical
simulation of structure of water. The new theory exhibits that water is
composed of free water molecules and their clusters with different weights
and configurations including linear and ring chains, which are formed by
virtue of various hydrogen bonds. Thus, water is not a uniform but non-
uniform liquid. Just so, water has a great number of singular and anomalous
properties, which involves the anomalies of mechanical, thermodynamic,
electromagnetic, optic and quantum features as well as rheology and flow
properties. These anomalous properties also provided the experimental
evidence for the new theory. On the other hand, there are various non-linear
excitations of KdV, Kink. non-propagated solitary waves, vortex movement
and turbulence in water. The behaviors of the non-linear excitations
are discussed and their corresponding theories are described in detail.
At the same time, water can be magnetized in a magnetic field only when
the correct method of magnetization is used. The properties and magnetism
of magnetized water are thus gained and confirmed, and a corresponding
theory of magnetization, which shows that water can be magnetized in a
magnetic field, is given and built. The wide applications of magnetized water
in biology/medicine, industry and agriculture are presented simultaneously.
Certainly, a complete book on water science cannot forget to mention the
close relation of water with life and life activity. In the final chapter, we
annotate, explain and elucidate in detail the relation of water with life
and life activity, namely, without water there would be no life, life activity,
proliferation and development of cell, blood flow, forms of three-dimensional
structures of biomacromolecules of protein, DNA or enzymes. Therefore,
water with life and life activity are closely related to each other.

v
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vi Water: Molecular Structure and Properties

The Book

Water is the most extraordinary liquid that is transparent, odorless,
tasteless and ubiquitous. Water molecule (H2O) is the second most common
molecule in the Universe (behind hydrogen, H2), and is composed of the
two most common reactive elements, the hydrogen and oxygen atoms.
Therefore, the water molecule is a very small or a light molecule. Although
water has only the simple structure, it is most widely used. We drink it,
wash and swim in it, and cook with it; without it, we would die within a few
days. Droughts cause famines and floods cause death and disease. Liquid
water has importance as a solvent, a solute, a reactant and a biomolecule,
structuring proteins, nucleic acids, cells and controlling our consciousness.
In the meanwhile, water makes up over about half of us and the most
abundant solid material and fundamental to start formation. There is a
hundred times as many water molecules in our bodies as the sum of all
the other molecules. Life cannot evolve or continue, or in other words,
everything is nothing without water. Thus, we say that water plays a
central role in many of the human activities. However, we nearly always
overlook deep researches in the structure and properties of water and the
special relationship it has with our lives. As a matter of fact, water has
a complicated structure of molecules and a large number of singular and
anomalous properties, which are not completely clear and known up to
now, even though these problems have been investigated for over several
hundreds of years. Therefore, it is necessary to summarize, review and
develop our knowledge of water science further.

In retrospect, we have studied the molecular structure of water and
its properties for more than 10 years, publishing plenty of articles at home
and abroad. This book is a summary and review of our research results, in
which a great number of results obtained by other scientists in last hundred
years are included and commented.

In summary, this book provides answer to “what is water?” It is
composed of three parts. The first part presents (Chapter 1) the new
theory of molecular structure of water and its experimental evidences and
confirmations. The second part summarizes and describes the physical
properties, especially anomalous and flow features of water, which affirm
that water has wide and various applications in industry, agriculture,
medicine, science research and everyday life. The behaviors of nonlinear
excitation as well as the peculiarities of interaction of water with an
externally applied magnetic field and the theory of water magnetization,
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Preface vii

in which all of non-linear physics phenomena occurred in modern science,
were all shown in water, but cannot be matched by other substances, i.e.,
we have not discovered any other substances that have so many dynamic
characteristics of novel properties up to now. The third part elucidates the
relation of water with life and life activities, and explains that “there are
no life and life activities without water. The three parts associate and link
each other to build and constitute a complete book in water science.

The author would like to acknowledge the National “973” project of
China for financial support (Grant No: 212011CB503701).

Pang Xiao Feng
University of Electronic Science and Technology of China

Chengdu, China
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Chapter 1

Molecular Structures of Water and Its Features

This chapter answers the question “what is water?”. Through wide
researches, we confirm that water is not a uniform liquid composed only
of free water molecules, but a non-uniform liquid, which is composed of
free water molecules, linear and ring hydrogen-bonded chains and clusters
of water molecules with different configurations and weights. A basic
feature of its structure is that the non-uniformity of composition varies
slowly with changing temperature of water, rather than remaining constant.
The proposed new structure of water is confirmed by the experiments of
infrared spectra of absorption, the experimental results of energy-spectrum
of vibration and self-assembly and numerical simulation of its molecules as
well as complicated phase diagram, which are systematically studied and
described in detail in this chapter. The singular and anomalous properties
of water arising due to its complicated molecular structure will be discussed
in Chapters 2, 3 and 4, respectively.

1.1. The New Theory of Molecular Structure in Water
and Experimental Evidences

1.1.1. The Structure of Water Molecule and Its

Polarization Feature

As it is known, water molecule is composed of two hydrogen atoms and
one oxygen atom. This structure came from the experiments of Cavendish
and Lavoisier in the 1780s, who established that water is composed of
hydrogen and oxygen. Even though their data were sufficient to prove
that two volumes of hydrogen can combine with one volume of oxygen,
they did not point out clearly the structure of water molecule, which was
left to Gay-Lussac and Humboldt to make this discovery in 1805. Dumas,
in 1842, found that the ratio of the combining weights of hydrogen and
oxygen in water is nearly 2 to 16 [1]. A lot of people studied molecular

1
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structure of water, but it is not clear as yet [2–10]. Clearly, the electronic
structure of water molecules can be denoted by 1sO2.00 2sO1.82 2pxO1.50
2pzO1.12 2pyO2.00 1sH10.78 1sH20.78 [11], however it appears that the
2s orbital may be effectively unhybridized with the bond angle expanded
from the expected angle of 90◦ due to steric and ionic repulsions between
the partially-positively charged hydrogen atoms (as proposed by Pauling
over 50 years ago [12]). Therefore, the molecular orbitals of water appears
as (1a1)2(2a1)2(1b2)2(3a1)2(1b1)2. Shown opposite is the electrostatic
potential associated with the water structure. Although the lone pairs
of electrons do not appear to give distinctly directed electron density
in isolated molecules, there are minima in the electrostatic potential
approximately in the expected positions.

Water molecules are V-shaped with molecular formula H2O, which is
symmetric (point group C2ν) with two mirror planes of symmetry and
a two-fold rotation axis. The hydrogen atoms may possess parallel or
antiparallel nuclear spin [10–12]. In the structure, the approximately 16-fold
difference in mass between the light atoms (H) and a relatively heavy atom
(O) is the reason behind its ease of rotation and the significant relative
movements of the hydrogen nuclei, which are in constant and significant
relative movements. This confirms that the structure of water molecule is
usually permanent.

In the liquid state, in spite of 80% of the electrons being concerned
with bonding, the three atoms do not stay together as the hydrogen
atoms are constantly exchanging between water molecules due to proto-
nation/deprotonation processes. Both acids and bases can catalyze this
exchange and even when at its slowest (at pH 7), the average time for the
atoms in an H2O molecule to stay together is only about a millisecond.
The water molecule is often described as having four, approximately
tetrahedrally arranged, sp3-hybridized electron pairs in the liquid state, two
of which are associated with hydrogen atoms leaving the two remaining lone
pairs. In a perfect tetrahedral arrangement the bond–bond, bond–lone pair
and lone pair–lone pair angles would all be 109.47◦ and such tetrahedral
bonding patterns are found in condensed phases such as hexagonal ice.
However, Grabowski [13] found from the study of the hydrogen bonding
strength in water by ab initio method that ab initio calculations on
isolated molecules cannot confirm the presence of significantly directed
electron density where lone pairs are expected, where the negative charge
is more evenly smeared out along the line between where these lone
pairs would have been expected, and lies closer to the center of the
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O-atom than the centers of positive charge on the hydrogen atoms.
Therefore, there is no apparent consensus of opinion [14] for the descriptions
of substantial sp3-hybridized lone pairs in the isolated water molecule,
perhaps an sp2-hybridized structure (plus a pz orbital) is possible. This
rationalizes the formation of trigonal hydrogen bonding (almost planar)
that can be found around some restricted sites in the hydration of proteins
and where the numbers of hydrogen bond donors and acceptors are
unequal.

Parameters using ab initio calculations are shown right. For an
isolated H16

2 O, H17
2 O or H18

2 O molecule, the exact calculated O–H length
is 0.0957854 and the H–O–H angle is 104.500◦ (D16

2 O, 0.0957835 nm,
104.490◦) [15], [O–H length is 0.0991nm and H–O–H angle is 105.5◦ [16]].
But diffraction studies of various combinations O–H length 0.101nm, O–D
length 0.098nm [17]; O–H length 0.0990nm, O–D length 0.0985nm [18];
O–D length 0.0970nm, D–O–D angle 106◦ [19] suggest slightly greater
values, which are caused by the hydrogen bonding weakening the covalent
bonding and reducing the repulsion between the electron orbitals. These
bond lengths and angles are likely to change, due to polarization shifts,
in different hydrogen-bonded environments and when the water molecules
are bound to solutes and ions. Commonly used molecular models use O–H
lengths between 0.0957nm and 0.100nm and H–O–H angles of 104.52◦

to 109.5◦. The charge distribution depends significantly on the atomic
geometry and the method for its calculation but is likely to be about −0.7e
on the O-atom (with the equal but opposite positive charge equally divided
between the H-atoms) for the isolated molecule [20]. Yet, the experimental
values for gaseous water molecule are O–H length 0.095718nm, H–O–H
angle 104.474◦ [21], which are not maintained in liquid water.

The mean van der Waals diameter of water molecule was 0.282nm,
which is identical with that of isoelectronic neon [22, 23]. Molecular model
values and intermediate peak radial distribution data indicate however that
it is somewhat greater (∼0.32nm) [23]. The molecule is clearly not spherical,
however, with about a ±5% variation in van der Waals diameter dependent
on the axis chosen; approximately tetrahedrally placed slight indentations
being apparently opposite to the (putative) electron pairs.

From the above results obtained we cannot absolutely think that water
is composed of uniform free-water molecules (H2O). In practice, water has
a complicated molecular structure, which is due to the strong polarized
feature of water molecule. Pang [2, 3, 24–27] established the new theory of
water structure in liquid water based on this feature. In Sections 1.1–1.4,
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we mainly introduced and elucidated the contents of the new theory and
its theoretical and experimental conformations.

As it is known, in a water molecule the distribution of two hydrogen
atoms relative to the oxygen atom is not symmetric due to the latter’s
high-electronegativity, in which two chemical bonds of OH between oxygen
and the two hydrogen atoms are splayed by an angle of 104.5◦ or 105◦,
rather than 180◦, the equilibrium O–H bond length is about 0.0957 or
0.1 nm as mentioned. The large electronegative difference between the
hydrogen atoms and the oxygen atom confers an ionic character to the
oxygen–hydrogen bond and makes the water molecule a polar molecule.
Thus, each water molecule is polarized and has a large electrical dipolar
moment of 1.84 Debyes (1.84 × 10−18 e.s.u.) (but the dipole moment of
an O–H is only 1.5 Debyes) [2–4]. This state of water molecule can easily
be demonstrated experimentally, in which a plastic pen charged with static
electricity generated by friction is allowed to contact the fluid water pouring
from a tap. We can clearly see that the fluid water deviates from its original
direction and rotates towards the plastic pen. This shows clearly that
the molecules in liquid water are polarized. Therefore, the polarization
of water molecules is a genetic and distinct feature of water molecules.
The polarizability of the molecule is almost isotropic, centered around the
O-atom (1.4146 Å3) with only small polarizabilities centered on the H-atoms
(0.0836 Å3) [28]. Just so, each water molecule can always incorporate with
other water molecules in water or biological molecules in the bio-tissues
or other molecules in other systems by hydrogen bonds, which is just
formed through the dipole–dipole moment interaction between neighboring
molecules in these systems. The strength of the hydrogen bonding is
approximately an order of magnitude less than a chemical bond. This
complicates the understanding of molecular structure in water and ice.
Thus, a lot of models of structure of water molecules has been proposed, but
one model of molecular structure in water has also been not clarified and
determined up to now, even though it underwent investigations for about
a century. The modern era in this research started in the late 1960s with
the publication of the Eisenberg and Kauzmann book in 1969 [1]. This was
followed by Ben-Naim’s book on the molecular properties of liquid water
(1974). During 1970–2000, a series of books including Robinson et al.’s book
(1996) and Franks’ book (2000) were published [5–9].

The investigations show that the water molecule has an intramolecular
arrangement, which affords the greatest distance between the two hydrogen
atoms and two lone pairs of electrons from the oxygen atom in the molecule.
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Hydrogen bonds are formed when the hydrogen atoms of a water molecule
point towards the lone electron pairs of other water molecules. Hydrogen
bonding results in a tetrahedral arrangement of molecular neighbors around
each water molecule. This is the central motif of the structure of water and
the key to most of its properties. In the meanwhile, the polar nature of a
water molecule gives rise to the dissociation of some water molecules into
hydroxide ions and protons and to the dissociation of some dissolved entities
into protons and associated anions. Therefore, hydrogen bonds between
neighboring molecules occur in liquid water and ice, i.e., the hydrogen atom
associated with one oxygen atom in a covalent bond (short bond) with
0.101nm in one molecule incorporates with another in another molecule in
a weak long-bond with about 0.175nm. Thus, the length of the hydrogen
bond is 0.276nm, its bond energy is 0.21–0.34 eV. The hydrogen-bond
energy is roughly equal to a 20th of energy of covalent bond OH. Therefore,
the covalent bond and hydrogen bond are a basic interaction of incorpora-
tion of different atoms in water molecules, then free water molecules and
their aggregater maintained by the hydrogen bonds are also general forms
of existence of molecules in water. In this way, relatively stable dimers, for
example, dimer (H2O)2 shown in Fig. 1.1, and other polymeric complexes
can be obtained [2–4]. The most energetically favorable water dimer, which
has a tetrahedrality, can be obtained using ab initio calculations, in which
the distance between oxygen atoms is R = 0.2976(+0.000,−0.030)nm, The
dimer (with slightly different geometry) dipole moment is 2.6D, its energy
minimum is ∼21kJmol−1 [29]. The tetrahedrality is primarily caused by
electrostatic effects (that is, repulsion between the positively charged non-
bonded hydrogen atoms) rather than the presence of tetrahedrally placed
lone pair of electrons. The hydrogen-bonded proton has reduced electron

Fig. 1.1. Water dimer (H2O)2.
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density relative to the other protons [30]. In this case there are considerable
oscillations (< ps) in the hydrogen bond length and angles [31] even at
temperatures as low as a few kelvin.

1.1.2. The Vibrational Feature of Water Molecule

and Its Size

In the formation of structure, the motion of a water molecule contains
the motion of the center of mass of the entire molecule including both
translation and rotations and the relative motions of the atoms within the
molecule, which is embodied by the symmetric and asymmetrical stretching
vibrations of OH bond and the bending vibration of two OH bonds or
H–O–H bond, in which the H nuclei move in directions almost perpendicular
to the bonds. their vibrational frequencies are different, Eisenberg and
Kauzmann [1] and Ben-Naim [10] gave that the frequencies of the symmetric
and asymmetrical stretching and bending vibrations are 3656.65, 3755.79
and 1594.59 cm−1, respectively (He explained further that all the values
pertain to the hypothetical “equilibrium state” of the molecule, i.e., the
water molecule that does not vibrate or rotate), but we obtained they are
3540, 3665 and 1623.02 cm−1, respectively [24–27].

If we assume that a single water molecule has a fixed and rigid geometry,
then its center of mass may be thought of approximately at the oxygen atom
because the mass of the oxygen atom is 16 times heavier than a hydrogen
atom. In this case, the geometry of a water molecule takes into account
only the nuclei of three atoms, there are also electrons moving about these
nuclei. This “cloud” of electrons results in the concept of “volume” of water
molecule, its effective radius may be defined as the van der Waals radius of
an atom, which is 0.14nm for an oxygen atom and 0.12 nm for a hydrogen
atom. Thus, a water molecule can be, in general, viewed as a sphere of
radius 0.141nm, which is about half of the average distance between two
closest water molecules.

1.1.3. The Energy of Water Molecule

The chemical reaction of composition of water molecule can be, in general,
represented by

H + H + O → H2O, (1.1)

where H and O are the hydrogen and the oxygen atoms at the electronic
ground state. Here, we assume that the formed H2O is in translational
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ground states, thus the hypothetical process in Eq. (1.1) can be computed
at absolute zero temperature. Then, the formed or binding energy of H2O
associated with reaction in Eq. (1.1) is calculated [1] from the energies of
the following processes:

H2 + O2/2 → H2O, ∆E = −57.102 kcanmol−1, (1.2)

O → O2/2, ∆E = −58.983 kcanmol−1, (1.3)

H + H → H2, ∆E = −103.252 kcanmol−1. (1.4)

From the relationship of Eq. (1.2)+ Eq. (1.3)+Eq. (1.4)= Eq. (1.1)
we can obtain the formed energy of a water molecule H2O, ∆E =
−219.337kcanmol−1, where the negative sign indicates that the formation
of water molecule is accompanied by a net decrease of energy. At any
higher temperature, its energy of formation is somewhat more, owing to
the difference of the combined translational energies of the atoms and the
combined rotational and translational energies of the molecule. As far as
the heats of formation of water molecule is concerned, it is, in general,
measured at constant pressure, in this case it is denoted actually by the
enthalpies of formation of water molecule, which is −221.54kcal·mol−1 at
25◦C, i.e., the enthalpy of formation at a given temperature is slightly
more negative than the corresponding energy of formation because of the
pressure–volume term [1].

The formed energy is different from the electronic binding energy in
the water molecule because the latter is the difference between the energy
of the molecule with its nuclei stationary and the sum of the energies of its
constituent atoms, which includes the zero-point energy of water molecule
at 0K, a residual vibrational energy. Therefore, the difference between them
is just the zero point energy of water molecule, which can evaluate from
spectroscopic data and is about 13.2 kcanmol−1 [1–9].

The O–H bond energy of water is, in general, half the energy of
formation of water molecule because water has two O–H bonds. So, its
value is 109.7 kcal·mol−1 at 0 K. the dissociation energy of water molecule,
which represents the energy to break a bond at 0K, is closely related to
the O–H bond energy and is approximately equal to the latter. Cottrell
obtained an accurate value of the energy for the dissociation of H–O into H
and O, which is 101.5±0.5kcal·mol−1. From conservation law of energy, i.e.,
the sum of the dissociation energies of the two bonds of water is equal to
the energy of formation, it is obtained that the energy for the dissociation
of H–OH into H and OH is 117.8 kcal·mol−1 [1].
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The total energy of a water molecule is defined as the difference between
the energy of the motionless molecule and that of the electrons and nuclei
at infinite separation and at rest. It consists of the kinetic energy of the
electrons, of the electrons with the nuclei, and of the nuclei with each other.
Eisenberg and Kauzmann [1] found out the total molecular energy in two
steps. (1) They first determined the sum of the energies of the separated
atoms; this is the energy of formation of the three separated atoms, which
form their appropriate nuclei and electrons. From atomic spectra it has been
determined that the sum of the ground state energies of two hydrogen atoms
and one oxygen atom is −2070.5 eV (1 eV=23.0609kcal·mol−1). (2) Adding
this number to the electronic binding energy of the water molecule,
they obtain the total molecular energy. The electronic binding energy is
−10.1 eV, hence the total energy of the water molecule is −2080.6 eV.

The part of the total energy arising from the mutual Coulombic
repulsion of the nuclei can be easily obtained from the equilibrium position
of the nuclei and their charges. Its value for water is 250.2 eV, and is positive
in sign. The remaining part of the total energy is called the total electronic
energy; its value, by subtraction of the nuclear repulsion from the total
energy, is −2330.8 eV [1].

We can use the virial theorem to separate the contributions to the
total energy of the kinetic energy of the electrons and the Coulombic
potential energy of the electrons with each other and with the nuclei.
The virial theorem states that when the molecule is in its equilibrium
configuration, total energy=−kinetic energy= (potential energy+nuclear
repulsion energy)/2. Thus we can find the kinetic energy of water molecule
is 2080.6 eV, its potential energy is −4411.4 eV [1].

The energies associated with electronic processes, such as electronic
excitation and ionization are comparable to the binding energy [1]. Excita-
tion of electrons from a non-bonding orbital on the oxygen atom to two of
the Rydberg orbitals can be thought to be due to two band systems observed
in the vacuum ultraviolet spectrum of water. These bands have their origins
at 124 and 121.9 nm, so that the energies of excitation are both about
10 eV. The first ionization potential of water molecule is about 12.62 eV,
which corresponds to the removal energy of one of the non-bonding electrons
from the molecule. Three higher ionization potentials of water have been
observed at about 14, 16 and 18 eV, the second and fourth ionizations are
thought to involve dissociation of the molecule. Inner electrons in water
molecule are more tightly bound and therefore have still higher ionization
potentials. The ionization potential and energy of electronic excitation, the



December 3, 2013 11:57 9in x 6in Water: Molecular Structure and Properties b1656-ch01

Molecular Structures of Water and Its Features 9

Table 1.1. The energy of water molecule (eV) [1].

(1) Formed energy at 0◦K −9.511
(2) Zero-point vibrational energy +0.575
(3) Electronic binding energy = (1)–(2) −10.086
(4) Sum of ground state energies of separated atoms −2070.46
(5) Total molecular energy at 0◦K = (3) + (4) −2080.55

(5a) Contribution of kinetic energy =−5 +2080.6
(5b) Contribution of potential energy =2 × (5) − (6) −4411.1

(6) Energy of nuclear repulsion +250.2
(7) Total electronic energy= (5)–(6) −2330.8

Energy of electronic excitation at 124 nm 10.0
Ionization pontentials: 1st 12.62

2nd 14.5 ± 0.3
3rd 16.2 ± 0.3
4th 18.0 ± 0.5

Dissociation energies:
Of H–OH at 0◦K 5.11
Of H–O at 0◦K 4.40

Energy of lowest vibrational transition 0.198
Energy of a rotational transition �0.005

Internal energy change, per molecule, on vaporization 0.39
at the boiling point

Internal energy change, per molecule, on fusion of ice I at 0◦C 0.06
Internal energy change, per molecule, on transition 0.0007

from ice I to ice II at −35◦C

dissociation energies of the water molecule, expressed in electron volts, were
given in Table 1.1 [1]. They are both somewhat less than half of the first
ionization potential.

Up to this point we have considered the water molecular to be in its
vibrationless equilibrium state, but water molecule is always vibrating. At
low temperatures, the molecule possesses a zero-point vibrational energy
of 0.575 eV. At high temperatures, or in the presence of electromagnetic
radiation of the proper frequency, the molecule undergoes transitions to
higher vibrational levels. The transition to the lowest vibrational state
requires an energy of 1595 cm−1, or about 0.20 eV. The transitions from the
ground state to the next three lowest vibrational levels require about 0.39,
0.45, and 0.47 eV respectively. Evidently, the energy changes associated
with vibrational transitions are much less than those associated with purely
electronic processes, such as ionization. On the other hand, these energy
changes are much greater than those required for transitions between the
rotational levels, some rotational energies being as small as ∼0.005 eV.
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1.2. The New Theory of Water Molecules in Water
and Its Experimental Evidences

1.2.1. The Features of Infrared Spectra of Absorption

of Water

As mentioned above, the molecules in liquid water are polarized, thus there
is certainly a large number of hydrogen-bonded chains of molecules in water,
such as dimers (H2O)2 and other polymeric complexes or cluster containing
3, 4, 5, 6 and more water molecules. The structure types of water molecules
can be verified by the following experiments.

It is well known that the infrared spectrum of water provides an
insight into its molecular structure. Thus, we measured in detail the
infrared absorption spectrum of pure water at 35◦C [24–27, 32–34] using
a Nicolet Nexus 670-FT-IR spectrometer with resolution of 4 cm−1, the
result is shown in Fig. 1.2. The purified water we use is prepared using the
Simplicity 185 Water System (Millipore) made in USA. In this experiment,
we first measured the properties of the purified water and the elementary
elements contained in it using the instruments including the mass and color
spectrometers at 25◦C. The results rate as follows: its pH value is 7.1–
7.2, electric resistivity is about 1MΩ.cm, absorption ratio of light (254 nm,
1 cm light path) is ≤0.01, Ca, Si, Na, K, nitrate, oxide (or O) and soluble

Fig. 1.2. The changes of infrared absorption spectra of pure water with increasing
temperature of water from T = 35 to 85◦C in 400–4000 cm−1.
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silicon (i.e., SiO2) involved in the purified water are about 0.01, 0.005,
0.007, 0.002, 1, ≤0.08 and ≤0.02mg/L, respectively, which are assessed
and checked four times using the instruments. Therefore, we can affirm
that they are not the metal and magnetic elements in the purified water.
This experiment is reproduced many times using pure water collected at
different times and in different places and the results obtained are the same
with Fig. 1.2. We see from Fig. 1.2 that there are three peaks in the region
of 300–3800cm−1, those occur at 300–900, 1600–1900 and 2900–3800cm−1.
The peak at 300–900cm−1 is presumably associated with the liberation of
water molecules. The peak at 1600–1900cm−1 is a narrow band arising from
bending vibrations of HOH bonds. The peak at 2900–3800cm−1 indicates
vibration of the OH bond and is a band containing six peaks at 3037, 3165,
3280, 3415, 3540 and 3665 cm−1. This is the first time this result has been
reported [24].

When the temperature of water is lifted from 35 to 85◦C, we obtained
the infrared spectra of absorption of pure water and find that there are
still the six peaks of 3037, 3165, 3280, 3415, 3540 and 3665 cm−1, although
their strengths and wave numbers are somewhat changed, which is shown
in Fig. 1.2. When the temperature of water is depressed from 85 to 35◦C,
the above features of infrared spectra of absorption of water do not change.
The result is exhibited in Fig. 1.3 [24–27, 32–34].
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Fig. 1.3. The changes of infrared absorption spectra of pure water with decreasing
temperature of water from T = 85 to 35◦C in 400–4000 cm−1.
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Fig. 1.4. The changes of infrared spectrum of magnetized water with increasing
temperature of water from T = 35 to 95◦C in 400–4000 cm−1.

When the above pure water of 200mL is magnetized in a static
magnetic field of 4400G for 15min [14–27, 32–37], the magnetic lines of
force of the magnetic field must penetrate over whole water so that the pure
water can be perfectly magnetized. In this case, we inspected its infrared
spectrum of absorption when the temperature of water is varied. Figures 1.4
and 1.5 [24–27, 32–34] indicate the changes in the infrared spectrum of
absorption of magnetized water when its temperatures are increased from
25 to 85◦C and decreased from 95 to 25◦C, respectively. We see clearly the
six peaks of 3037, 3165, 3280, 3415, 3540 and 3665 cm−1 in infrared spectra
of water with different temperatures although the water is magnetized in a
magnetic field. Therefore, we know from Figs. 1.2–1.5 that there are always
the six peaks of 3037, 3165, 3280, 3415, 3540 and 3665 cm−1, instead of four,
five or seven peaks and other peaks with different wavenumbers, in infrared
spectra of water in 400–4000cm−1 although the feature (temperature) of
water and effects of externally applied field (magnetic field) on it are all
changed. These results are surprising and their physical significances and
essences are worthy of investigation. This indicates clearly that the six
peaks of 3037, 3165, 3280, 3415, 3540 and 3665 cm−1 characterize really an
intrinsic feature of water molecule or reflect a truly molecular structure of
water. This means that we must research deeply the physical significance
of the six peaks.
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Fig. 1.5. The changes of infrared spectrum of magnetized water with decreasing
temperature of water from T = 85 to 35◦C in 400–4000 cm−1.

1.2.2. The Chain and Cluster Structure of Molecules

in Liquid Water

Drawing on the theory of molecular physics and the ideas of Walrafen
et al. [38–41] and Jiang et al. [42], the two peaks at 3540 and 3665 cm−1

represent symmetric and antisymmetric stretching vibrations of OH bonds
without hydrogen bonds. The two peaks at 3280 and 3415cm−1 correspond
to symmetric and antisymmetric stretching vibrations of OH bonds with
hydrogen bonds or hydrogen bonded chains. In the light of the theory of
vibration of molecules and their vibrational frequency, ν = (K/M)1/2/2π,
where K is the force or elastic constant and M is the effective mass of
vibrational matter, we can confirm that the bands at 3280 and 3415 cm−1

are the results of a red-shift frequency of 3540 and 3665 cm−1, respectively,
due to the increase of vibrational mass when the hydrogen-bonded chains
occur. In general, the greater the number of water molecules involved in the
chains, the larger the red-shift frequency of the peaks although the shift is
not proportional. At the same time, our own and other [43] experiments
have also found that the two peaks at 3540 and 3665 cm−1 almost disappear
in ice crystals and that the two peaks at 3280 and 3415 cm−1 also disappear
in vaporized water. We can, therefore, confirm that the above assignment
is correct. Thus, we believe that there are not only a large number of free
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Fig. 1.6. The cluster structure of molecules in water based on the hexagonal structure.

molecules but also that many hydrogen-bonded chains of molecules occur
in water. The above experiment using infrared spectroscopy suggests the
existence of linear hydrogen bonded chains in water.

Certainly, these hydrogen-bonded chains may also form the cluster
structure as shown in Fig. 1.6, which is formed and grown on the basis of the
nucleus of tetrahedron, in other words, a cluster of water molecules can be
thought to consist of many hydrogen-bonded chains. Hence, the hydrogen-
bonded chains are an intrinsic structure of water molecules, the differences
among different chains are only the number of molecules containing in them.
In Fig. 1.6, the thick dark lines denote the tetrahedron structure of water
molecules, which exist in ice crystal and its cell of crystallography. This
means that the molecular structure in ice can still retain in water. This is
due to the properties of first-order phase transition. It is well known that
liquid water forms from ice through a first-order phase transition at the
melting point 0◦C. As mentioned above, the ice lattice is extremely porous
and contains many “vacancies” since the number of nearest water molecules
to each molecule (coordination number) is only equal to four below 0◦C.
On melting, the ice lattice is partially destroyed, at the same time some
vacancies are filled and the density of water becomes greater than that of
ice. This is one of the principal anomalies of water. With further heating
up to 4◦C the condensation process continues. On heating above 4◦C, the
amplitude of anharmonic vibrations increases, equilibrium positions of these
molecules are no longer fixed and the ice lattice is partially destroyed. In
this process the quantity of heat absorbed (latent heat) is about 79.72 cal/g,
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when 1 g ice becomes as 1 g water at 1 atm and 273.15K, but the water
volume is decreased to about Vwater − Vice = (1.00021 − 1.0908)cm3 =
−0.0906cm3. This means that each molecule still has four neighbors, the
hydrogen bonds between the molecules and the tetrahedron structure can
still maintain in water, especially at a low temperature. Based on these
reasons we can affirm that there are still a great number of hydrogen-bonded
chains or different clusters of molecules except for the free water molecules
in water. In these structures, the contribution of hydrogen bond to the
overall energy of intermolecular interaction (11.6 kcal·mol−1) is about 69%.
Just so, the melting point (0◦C) and boiling point (100◦C) for liquid water
are significantly higher than that for other molecular liquids which are only
bound together by van der Waals, forces. For example, for methane (CH4)
these values are −186 and −161◦C, respectively. Obviously, the numbers
of associated molecules of water in the hydrogen-bonded chains depend on
the temperature and decrease with increasing water temperature. Evidently,
this is due to thermally disordered motion of molecules. Rough estimates
give 240 molecules in the hydrogen-bonded chains at room temperature,
150 at 37◦C, 120 at 45◦C and 40 at 98◦C [2, 44, 45], respectively. Therefore,
we can confirm that there are always plenty of hydrogen-bonded chains in
water unless its temperature reaches 100◦C. Their sizes are about 10–70nm,
respectively, which are just the new structure of molecules in water.

The new structure of hydrogen-bonded chains of molecules cannot be
destroyed by thermal perturbation and spatial fluctuation in water in the
range of 0–100◦C because the hydrogen-bonded energy is more than an
order magnitude larger than the thermal energy of the molecules (5KT/2 =
0.041− 0.05 eV from 0–100◦C), thus it can suppress the destructive effects
of these factors on the hydrogen bonds. The new structure exists always
in water, which is verified by the experimental results shown in Figs. 1.2
and 1.5, which indicate clearly that the six peaks in the infrared absorption
spectra are maintained up to the higher temperature of 85◦C at different
magnetic fields, although the number of molecules contained in these chains
decrease with increasing temperature, which results in the frequency shifts
and changes of amplitude of peak.

On the other hand, at the vaporization point, the liquid water
becomes fully vapor at 100◦C by absorbing vaporized heat energy of
9.715kcal·mol−1 =0.42 eV, which is larger than the energy of the hydro-
gen bond (0.31–0.34 eV), but an order of magnitude lower than the
energy of covalent bonds. Therefore, the energy absorbed can destroy
all hydrogen bonds, but cannot destroy the covalent bonds of water
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molecules. Thus, these molecules in hydrogen-bonded chains in water
can become free molecules in the vapor phase. The residual energy
([0.42− (0.31− 0.34)] eV= (0.11–0.08)eV) is used to increase the kinetic
energy of the free motion of vapor molecules. In such a case the volume
of water increases about 1660 times from Vliq = 1.04346cm3/g to
Vvap = 1673cm3/g for 1 g water at 1 atm and 100◦C, where dp/dT =
0.0356 atm/◦C and p is pressure of water [46, 47]. Thus we can only observe
the two peaks at 3540 and 3665 cm−1, associated with the free molecules
in the infrared range in the region of 3000–3700cm−1 in the vapor phase of
water. These results are verified by many experiments, which also lead us
to believe that there is always a large number of hydrogen-bonded chains
in water from 0 to 100◦C.

However, the significance of the two new peaks at 3037 and 3165 cm−1

occurring in the low frequency range in the region of 3000–3700cm−1 in
Figs. 1.2–1.5 remains unclear. We see from this figure that the frequencies
and strengths of these peaks change with increasing temperatures; specifi-
cally, their frequencies and frequency-shifts are increased, their magnitudes
are lower, but six peaks always remain even when the temperature of water
increases from 35 to 85◦C. From Figs. 1.2 and 1.5 we see again that the six
peaks, instead of five or seven peaks, exist always in magnetized and pure
waters, although the magnetic field and temperature of water do change
continuously. This is not absolutely a chance or haphazard, it indicates
clearly that the two new peaks represent an inherent feature of water and a
hitherto unreported structure of water molecules. Since the two new peaks
are close to those at 3280 and 3415 cm−1, we have reason to infer that
the former is the result of a red-shift of the frequency of the latter due to
deformation of linear hydrogen-bonded chain, which results in depression of
the elastic constant, since no other modes of motion of the water molecule
have the two frequencies of vibration.

As to the nature of the deformed chains, we know from physical
theory that when these linear hydrogen-bonded chains and the clusters
in Fig. 1.6 should have higher free energy or internal energy, they will
necessarily change themselves to lie in a stable state with lower energy
through depressing the freedom. If again taking into account the uncertainty
of equilibrium positions of molecules in water, then we can naturally
confirm that most of linear hydrogen-bonded chains and clusters in Fig. 1.6
can mutually combine to form some configurations of closed loop, whose
freedoms are lower than the former’s. Thus, these closed loops have a lower
energy and lie in a stable state, then they can exist in water. For these
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Fig. 1.7. The closed hydrogen-bonded chains evolved from a cluster of tetrahedral
structure of water molecules (A) and its incorporation with another free water
molecule (B).

linear chains the closed loops are formed through the linking of head and
tail of chains by the hydrogen bonds. For these clusters in Fig. 1.6, these
closed chains are formed by means of the incorporation of two neighboring
water molecules in itself as shown in Fig. 1.7(a) or by virtue of combination
of one or more free water molecules with two molecules in the cluster
as shown in Fig. 1.7(b). Certainly, they could also be formed through
combinations of two or more clusters by means of the hydrogen bonds.
Hence, the closed hydrogen-bonded chains are necessary results of molecular
constitution and natural structure of water molecules, they exist always in
water, thus there are always the two new peaks of 3037 and 3165 cm−1

in the infrared absorption spectrum of water. These closed loops formed
from the linear chains could include hydrogen-bonded chains containing
two (dimer), three, four, five, six and more water molecules [28, 29], which
are schematically shown in Fig. 1.8 with linear hydrogen-bonded chain.
Clearly, in these incorporations the lower the temperature of water, the
more would be the number of molecules contained in the closed loops.
From this figure, we know that there is always an angle between the
hydrogen and covalent bonds as shown in Fig. 1.8, when the closed loops
are formed from the linear chains. We designate the angle by β, its size
depends on the number of molecules contained in the closed chains. For
instance, in the dimer the angle β is 110◦, but in the five-membered ring
it is approximately 10◦. Hence, the smaller the angle β, the more are the
number of molecules. Also, when the closed loops are formed from the
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Fig. 1.8. The hydrogen bonds in the dimer (β = 110◦) and linear hydrogen-bonded
chain (β = 0) and the closed hydrogen-bonded chain.

Fig. 1.9. The ratio of the frequency shift ∆υ = υ0−υ(β) to the maximum shift (∆υ)max

as a function of the angle β for the ring chains [2, 51, 52].

linear chains the frequency of OH stretching-vibrations will change due to
the variation of elastic force or force constant of chains, thus a frequency
shift of OH vibrations occur relative to the linear chains in such a case.
The maximum shift was observed experimentally in the case of linear chains
(β = 0), for, β �= 0 the frequency shift decreases. We can approximately find
the dependences of frequency shift on the numbers of molecules or angle β
according to the theory of proton transfer in the hydrogen-bonded systems
and features of closed loops as well as Badger–Bauer rule in ice [24–27, 32–
34, 48, 50]. The ratio of frequency shift ∆υ = υ0−υ(β) to the maximum shift
(∆υ)max as a function of angle β in the closed loops can approximately be
represented by a real curve-line in Fig. 1.9, together with experimental data
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[48, 49], where υ0, υ(β) and υ(0) are the frequencies of intrinsic vibration
and valency infrared vibrations of OH group for β �= 0 (closed loop) and
β = 0 (linear chain), respectively. From this figure, we see that not only the
theoretical result approaches the experimental data [2, 51, 52] but also the
values of frequency shift decrease with increasing angle β. This shows the
real existence of closed hydrogen-bonded chains in water. Alternatively,
the frequency, υ(β) for the closed chains increases when the β increases.
Since the size of β decreases with the number of molecules contained in the
closed loops, the number of molecules in the closed chain decreases also with
increasing water temperature as mentioned above, thus we may say that the
size of β increases with increasing water temperature. Thus, we can gain
that the vibrational frequency, υ(T ), or the blue-shift values of frequency
for the closed loops increases with increasing water temperature. Pang et al.
obtained this rule by measuring the infrared absorption spectra of water
at different temperatures for the two new peaks at 3037 and 3165 cm−1,
which is shown in Fig. 1.10, the latter is obtained from Fig. 1.2. We see
from Fig. 1.2 that the frequencies of two new peaks increase along with
their frequency shifts, when the water temperature is increased. This curve
is basically similar with that in Fig. 1.9, although their concrete shapes
are somewhat different. This absolutely happens not on coincidence, it
shows clearly that there are a lot of closed hydrogen-bonded chains in
water. The two peaks at 3037 and 3165 cm−1 observed in the infrared
absorption spectra refer to the symmetric and antisymmetric stretching-
vibrations of OH bonds with hydrogen bonds in the closed chains in water.

Fig. 1.10. The temperature dependence of ratio of frequency shift ∆υ = υ0 − υ(β) to
the maximum shift (∆υ)max for the two new peaks at 3037 and 3165 cm−1.
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They are a result of red-shift of frequency 3282 and 3416 cm−1, respectively,
due to decrease in the elastic force or force constant of chains, according
to the above formula of vibration of molecules, when the linear chains
become closed hydrogen-bonded chains. Hence, these experimental results
for occurrences of six peaks at different temperatures and magnetic fields,
the saturation and memory effects, the exponential increase of ultraviolet
absorption and magnetism effect of magnetized water [24–27, 32–34] shown
in Fig. 1.3 and Figs. 1.7–1.10 manifest and convince the real existences
of linear and closed hydrogen-bonded chains of molecules in water. Thus,
these results amount to “see” the closed and linear hydrogen-bonded chains
of molecules in water. This is a very interesting result.

From the above studies, Pang [24–27] established the new theory of
molecular structure in liquid water, i.e., it is composed of the free molecules,
linear and closed hydrogen-bonded chains of molecules and clusters, which
are formed by the linear and closed hydrogen-bonded chains. Their outlines
are shown in Figs. 1.7 and 1.8, where the numbers of water molecules
in these chains and clusters and their configurations are slowly changed
with temperature of water, the numbers of molecules involved in them
are decreased, in general, with increasing temperature, but they exist
always from 0 to 100◦C and cannot be destroyed or disappeared, even
though the temperature of water lifts to 100◦C, as shown in Figs. 1.2–
1.5. Hence, the slow changes in the molecular structure, or in other words,
its configurations with varying temperature is a basic and apparent feature
of molecular structure in water. The new theory of molecular structure
of water can be confirmed by the experiments of infrared absorption and
Raman scattering of water and other results [24–27, 32–34]. For example, in
the infrared spectrum of absorption, the two peaks of 3541 and 3665 cm−1

in the region of 2900–3800cm−1 refer to the symmetric and antisymmetric
stretching-vibrations of OH bonds without hydrogen bonds, the 3282 and
3416 cm−1 bands refer to the symmetric and antisymmetric stretching-
vibrations of OH bonds in the linear hydrogen-bond chains, the 3017 and
3165 cm−1 refer to the symmetric and antisymmetric stretching-vibrations
of OH bonds in the closed hydrogen-bond chains, respectively. Figures 1.2–
1.5 show that there are always the six peaks of 3037, 3165, 3280, 3415,
3540 and 3665 cm−1, which are not four, five or seven peaks with different
wavenumbers, in infrared spectra of water although water’s temperature
is continually varied under influences of externally applied magnetic field.
These results verify sufficiently and directly the correctness of the new
theory of molecular structure of water mentioned above in which the
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free molecule is a microscopic particle of 0.1 nm, but the linear and ring
hydrogen-bonded chains are some nanomolecules with 2–70nm. The new
theory of molecular structure of water will be further confirmed by the
following results of numerical simulation and self-assembly.

This new theory shows that the molecular structure of water is very
complicated and varies with temperature. Thus, we can affirm that water is
not absolutely a uniform, but a non-uniform fluid. This means that we can-
not absolutely conclude that water is only composed of the free molecules.
Hence, it is completely different from traditional knowledge of constituent
of water. The different constituents in water have different functions, such
as the closed hydrogen-bonded chains relate to the magnetization of water,
thus we assume that water has plenty of properties. These problems will be
described in Chapters 2 and 3, respectively.

1.3. The Verifications of Numerical Simulation
of the New Theory

As a matter of fact, the linear and closed chain and cluster structures of
molecules in water mentioned above can also be verified by the results of
numerical simulation of water molecules with different weights, which are
described as follows.

1.3.1. The Methods of the Numerical Simulation

and Their Results

The numerical simulation on the chain and cluster structures of molecules
in liquid water have been investigated extensively in past 20 years because
they provide an important understanding of structure and properties of
molecules in liquid water [53–71], in addition to its fundamental importance
to aqueous chemistry, protonated water clusters in atmospheric sciences,
astrophysics and biology [72–73]. A number of empirical potential models
have been developed for simulating real structure of water molecules and
estimating the interaction energies in them. A lot of researchers have
focused on using the global minima to validate and compare the different
potential models. Lee et al. [56] applied a simulated annealing method
with the empirical potential function of Cieplak, Kollman and Lybrand
to optimize water clusters up to n = 20. Wales and Hodges studied
the TIP4P [71] and TIP5P [72] potentials to n≤ 21 and performed a
comparison of the structures and formation energies obtained against the
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MP2 calculation using the badin hopping method. Bandow and Hartke [68]
developed a highly parallel evolutionary algorithm to study water clusters
up to n = 34 on TIP4P [71] and TTM2-F potentials, which is a flexible,
polarizable, Thole-type interaction potential developed by Bernham and
coworkers [63–66, 73]. Maeda and Ohno [68] proposed a full first-principle-
based approach to study the structures and thermodynamic transitions of
cluster structures in water by searching for isomers rather than focusing on
the global minima. Duo et al. [62] developed a scaled hypersphere search
(SHS) method by employing an “uphill-walking” technique to locate the
isomers sequentially. The set of the 168 identified isomers for (H2O)8 at the
B2LYP/6-31+G(d,p) level was considered.

On the other hand, the chain and cluster structures of water molecules
have received extensive attention from both the experimental and theoreti-
cal communities. Early experiments focused primarily on the binding energy
and relative abundance of clusters of different sizes and the magic number at
n = 21 has been a constant inspiration to both experimental and theoretical
studies [54–56]. Detailed spectroscopic studies were available only for
smaller clusters (n< 8) and the experimentally accessible temperatures
were around 180K. Recent successes in preparing colder clusters allow
clear spectroscopic identification of the changes in structures of H+(H2O)n

with increasing size. Using the differences in stretching the frequencies
of dangling OH(dH), several experimental groups were able to show the
disappearance of one-coordinated dH at n∼ 11 and provide evidence of
cage-like structures at n∼ 20 [77, 78]. In this case, it is necessary to know
the transition sizes. As a matter of fact, the transition sizes depend on the
experimental temperature.

While the clusters of different sizes have been studied experimentally,
less attention has been paid to investigate the temperature dependence.
Ignoring the finite temperature effect does not make searching for global
minimum structures a simpler task. Electronic calculations can handle
only a few structures of relatively small size, and therefore suffer from
limited sampling. The empirical models with Monte Carlo techniques can
overcome the quasi-ergodicity, but their accuracy is subject to confirmation
from ab initio calculations. Along this line, Hodges and Wales employed
basin-hopping (BH) simulations to locate candidates of global minima
for H+(H2O)n with n< 21 based on two empirical models [79, 80]. Their
results provided a starting point for further simulations. Several thermal
simulations on H+(H2O)n have been undertaken to understand structural
changes of chain and cluster structures of water molecules at different
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temperature ranges, which were studied using both Monte Carlo and
molecular dynamics methods [81–85].

For the thermal properties of chain and cluster structures of water
molecules, the simulations in the grand canonical ensemble have also been
carried out by Shevkunov and Vegiri [84] and by Kusaka and Oxtoby
[85]. In the former, the simulation is done at T = 250K under different
vapor pressures, and in the latter, Kusaka and Oxtoby focused on calcula-
ting thermochemical data, thus providing less information regarding the
geometry of clusters.

The temperature dependence of structural changes in H+(H2O)n

(n = 5, 6, 8, and 16) have been carefully examined by Singer et al. [80]
and Christie et al. [82]. Singer et al. employed the jump walk (J-walk)
algorithm in canonical ensembles with the OSS2 model [86] to investigate
the structure of H+(H2O)8 and H+(H2O)16 for T > 100K. Even though
their simulation time might not be long enough to narrow down the precise
transition temperature, their results indicate rather dynamic structural
changes. Christie et al. studied H+(H2O)6 and H+(H2O)8 by means of the
parallel tempering (PT) technique with the multistate empirical valence-
bond model [87]. By examining the configurational heat capacity, they have
identified two sharp transitions in H+(H2O)8, whereas that of H+(H2O)6
is devoid of a sharp change.

Among the above-mentioned theoretical investigations, too many dif-
ferent potential models and simulation techniques were employed, therefore,
a systematic and conclusive result cannot be drawn. In the meanwhile, with
new developments in experimental techniques [77, 78, 88−91] that are capa-
ble of revealing remarkable details on clusters of specific sizes, cluster science
provides an ideal platform for a systematic way of investigating how the
properties of aggregates of molecules change as the size of the system grows.

Here, Quo et al. introduced in detail the results of numerical simulation
of cluster structure of water molecules of (H2O)n (n ≤ 8) [62], in which the
temperature effect of water but was not considered. Kuo et al.’s gave their
results of numerical simulation of cluster structure of water molecules of
H+(H2O)n (n = 5−22) (H2O)n at finite temperature [60, 61].

1.3.2. Quo et al.’s Methods of Numerical Simulation

and Their Results

Quo et al. [62] used a multiscale method and an asynchronous genetic
algorithm (TTM2.1-F) to numerically simulate the chain and cluster
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structure of water (H2O)n (n ≤ 8) and to explore the energy landscape
of the water clusters. Although TTM2-F model was parameterized using
water dimmer only, it was shown to reproduce the binding energies that are
in close agreement to ab initio MP2 calculations for (H2O)n (n = 2−6) and
(H2O)20. Thus, they first used a revised version of the original TTM2-F
to resolve the issues relating to the dipole moment of individual water
and short intermolecular interactions. Subsequently, the OSS2 potential
was used to describe water as a participant in ionic chemistry. Since it
is an atomic and polarizable potential, OSS2 is useful for studying the
protontransfer reaction and water disassociation. The close agreement of
both TTM2.1-F and OSS2 with the first-principle method on small-sized
water clusters inspired their idea of engaging empirical models to enhance
the exploration of PES at the quantum level. This method can also reduce
the computational efforts required.

In the meanwhile, an asynchronous genetic algorithm (GA) was also
used for exploring the PES to locate the global and local minima of the
empirical models. The asynchronous, non-generational-based GA, which
was successfully applied in optimizing water clusters, is used in their study,
where the master node manages the population of candidate structures and
performs the genetic operators while the slave nodes locally optimize the
structures sent by the master.

All the archived isomers by the above two empirical models were refined
using the first-principle method. In particular, these archived isomers
undergo geometrical optimization using Beck’s three-parameter hybrid
method [93] with the Lee, Yang and Parr (B3LYP) functional [93] and
the 6-31+ G* basis set (B3LYP/6-31+ G* method). The convergence
criteria were set as the root mean square and the maximum component of
gradient less than 0.0003 and 0.00045 hartree/Å, respectively. Furthermore,
selected low-energy isomers have been examined by the MP2 method
with the aug-cc-pvDZ basis. All calculations were completed using the
GAUSSIAN-03 package [94]. The results obtained were shown in Figs. 1.11
and 1.12, respectively, in which Fig. 1.11 shows the most stable structures
of water molecules of n = 4 − 6 obtained using three methods of
OSS2, TTM2.1-F and B3LYP/6-31+ G*, where the binding energies of
the B3LYP/6-31+ G* isomers re-optimized using MP2/aug-cc-pvDZ are
also reported and enclosed in parentheses. Figure 1.12 shows the most
stable isomer-structures of water molecules of n=7 and 8 in OSS2,
TTM2.1-F, B3LYP/6-31+ G*, where the unit of the binding energy
used in kcal·mol−1, the binding energy of the B3LYP/6-31+ G* isomers
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Fig. 1.11. The most stable structures of water molecules of n = 4 − 6 obtained using
three methods of OSS2, TTM2.1-F and B3LYP/6-31+ G*. The unit of the binding
energy is reported in kcal·mol−1 [62].

re-optimized using MP2/aug-cc-pvDZ are also stated and enclosed in
parentheses.

Thus, Que et al. [62] gave the real existence of water clusters at the
quantum chemistry level in the range of n =4–8, in which two flexible
models, TTM2.1-F and OSS2, were used in the prescreening process
for identifying the probable locations of the isomers in the PES of the
B3LYP/6-31+ G* calculations. The number of distinct isomers found using
the present methodology were much larger than those reported in the
literature highlighting the complexity of the PES of water clusters. In this
study, the moderate 6-31+ G* basis set has been chosen due to its high
computational efficiency.

From Figs. 1.11 and 1.12 obtained, Quo et al.’s [62] numerical simula-
tion indicated clearly that there are a great number of molecular structures
of linear and closed hydrogen-bonded chains of (H2O)n (n≤ 8) in normal
conditions, which can be obtained by both OSS2, TTM2.1-F and B3LYP/
6-31+ G* methods. Thus, we have enough reasons to believe there are a
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Fig. 1.12. The most stable isomer-structures of water molecules of n = 7 and 8 in OSS2,
TTM2.1-F and B3LYP/6-31+ G* [62].

large number of molecular structures of linear and closed hydrogen-bonded
chains in liquid water.

1.3.3. Kuo et al.’s Result of Numerical Simulation

of Structure of Water Molecules at Finite

Temperature

The temperature effect of water have not been taken into account in
the above studies. However, water is always in finite temperature from
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0 to 100◦C, which will affect the features of the cluster structure of water
molecules. Therefore, it is necessary to study the influences of temperature
on structures of linear and closed chains and cluster of water molecules.
Kuo et al. studied [60, 61] the changes in the structures of linear and
closed chains and cluster of water molecules H+(H2O)n (n= 5−22) at
the temperature range of (25–330K) using two Monte Carlo methods in
conjunction with the OSS2 potential and BH method, which is employed
to explore the OSS2 potential energy surface and to locate low-energy
structures. One of their aims in this study is to provide a unified view on
the structural properties of H+(H2O)n under temperatures that are relevant
to atmospheric conditions and experiment measurements. They employed
a polarizable and dissociable force field (OSS2) that was parametrized to
reproduce accurate geometries by high-level ab initio MP2 with an aug-
cc-pvDZ basis set. To cope with the rough energy landscape, BH and PT
methods were chosen to overcome quasi-ergodic behavior. In this case, they
studied the evolution of the thermal behavior of H+(H2O)n with increasing
size in the hope of stimulating more detailed and accurate investigations
on aqueous systems. Here, they first studied the low-energy structures from
their BH simulations and discussed their relevance to other simulations in
the literature, and the different thermal behavior exhibited in these groups
using OSS2 potential, BH algorithm and PT.

1.3.3.1. Low-energy structures: BH with OSS2 model

The structures of most stable forms of H+(H2O)n (n = 5 − 22) with low-
energy, collecting from their BH simulations, are shown in Fig. 1.13. The
general trends in global minimum structures of OSS2 model are (a) for
n = 5, 6, the global minimum have single rings, (b) for n = 7−15, the global
minima consist of multiple-rings with no one-coordinated dangling OH (dH)
with the number and the size of the rings increasing with cluster size, and
(c) for n = 16−22, the structures become polyhedral cages. Then, Kuo et al.
[60–61] still obtained different kinds of rings or closed-chain structures of
water molecules using other numerical simulation methods. Thus, the ring-
or closed-chain structures of water molecules are easily formed in liquid
water.

In the meanwhile, Kuo et al. studied [60, 61] further thermal behavior
of the rings or closed-chain structures of water molecules using the PT
with the OSS2 model. The results of the PT simulations are organized as
follows. They divided the whole set of clusters into groups according to
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Fig. 1.13. Global minima structure of H+(H2O)n. The general trends are (a) for n =
5, 6, the global minima have single rings, (b) for n = 7 − 15, the global minima are
flowers, and (c) for n = 16 − 22 the structures are cages [60].

the patterns shown in their heat capacities and provided a more detailed
analysis to illustrate the temperature dependence on the structures within
each group. Later, they gave the comparisons with previous theoretical
simulations and/or experiments reported in the literature.
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The temperature dependence of heat capacity over the whole set of
clusters is collected in Fig. 1.13. For easy comparison among clusters of
different sizes, the configurational heat capacity is reported in reduced
and dimensionless form (Cv/NkB) which is calculated via the variance of
potential energy:

Cv/NkB = 〈(V − 〈V 〉)2〉/N(kBT )2.

The heat capacity of H+(H2O)5 and H+(H2O)6 shown in Fig. 1.14(a) are
devoid of sharp transitions. The bumps at around 100–150K correspond to
a gradual change in structure from single-ring to tree. For n = 7 − 15
in Fig. 1.13(b), the heat capacities are characterized by a single sharp
transition. Peak position, ranging from 30 to 180K, increases monotonically

Fig. 1.14. The changes of heat capacity of H+(H2O)n in reduced and dimensionless
form Cv/NkB . (a) At n = 5 and 6 shows that the heat capacity is devoid of sharp
transition. For n = 7 − 15 in (b)–(d), the heat capacity is characterized by a single
peak [60].
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with the cluster size. Detailed analysis reveals that H+(H2O)n) (n =
7 − 15) undergo a structural transition from multiple rings to single ring.
Figure 4(e) shows the heat capacity of H+(H2O)16 and H+(H2O)17. In
additional to a sharp transition, a noticeable change in heat capacity at low
temperatures is consistent with the observation that polyhedral structures
survive at temperatures below 100K. In H+(H2O)18 and H+(H2O)19, the
low temperature peak (∼150K) becomes more pronounced indicating the
enhanced stability of polyhedral cages. For even larger clusters, in Fig. 1.14
there are the transition temperatures of these two characters. The under-
lying structural changes is from flowers (low temperature) to single ring
(high temperature) and peak positions are highlighted by “*”. In the case of
n > 16, a new kind of structural transition, from cages to flowers, emerges
and their peak positions are depicted by “

√
”. For n = 21 and 22, their

simulation length is probably not long enough to pin down the transition
temperatures. Thus, the anomaly in n = 20 is due to the exceptional stabi-
lity of the dodecahedral form of H+(H2O)20 exhibited in the OSS2 model.

They gave both graphical analyses on the populations of different
topologies and percentage of water molecules with different coordination
numbers for H+(H2O)8 and H+(H2O)9, which can be regarded as “order
parameters” to characterize these structural transitions. For instance, in
tree structures, the percentage of three-coordinated H2O is small and one-
coordinated water molecules must exist. For flowers, all molecular entities
must be either two- or three-coordinated. Furthermore, for polyhedral
cages, most molecules are three-coordinated as shown in Fig. 1.15, in
which the heat capacity profile is characterized by two peaks. The lower
temperature peak shows the transition from cages to flowers and the high
temperature peak is due to the transition between flowers and the ring
structures with tails. In order to illustrate the structures of dominating
species at different temperature ranges, they show some representative
snapshots. Meanwhile, the cage structures are energetically more stable
than the flowers for n ≥ 16. This is exhibited in their thermal behavior,
such as, in H+(H2O)18 the polyhedral cages survive up to 150K. This is
clearly denoted by the decreasing population of three-coordinated water as
shown in Fig. 1.15. Between 150 and 200K, the dominating species are the
flowers, and above 200 K ring structures start to break and linear or ring
chains of water molecules begin to appear. At higher temperature (>250K),
tree structures once again dominate the population.

From Kuo et al.’s results of numerical simulation of water molecules
mentioned above, which are obtained by BH searching with the OSS2
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Fig. 1.15. Thermal behavior of H+(H2O)8, where the percentage of linear chain, which
is shown by �, and ring chain, which is shown by �, of water molecules are shown in
the lower figure [60].

potential, we see clearly that molecules can form from these structures
of linear and ring chains as well as clusters in liquid water, but they
can be also transited from one structure to other. They demonstrated
that the structure of global minima changes from single ring (n = 5, 6),
to multiple ring (n = 6 − 15) and to polyhedral cage (n ≥ 16). These
results from BH methods are in agreement with the dominating species in
the lowest temperature ranges in their finite temperature simulations. The
cross checking between BH and PT simulations ensure the quality of their
sampling schemes. The trend of global minima structures described here is
qualitatively similar to the results by Hodges and Wales [79], although
detailed structures differ. The uncertainty due to the empirical models
needs further investigations by ab initio calculations. In the meanwhile, they
also examined the finite temperature effects on the structure of H+(H2O)n

(n = 5−22) using the PT method with the OSS2 model. The trends are tree-
like structures dominating at high temperature and single-ring structures
appearing at slightly lower temperature. For n > 7, an additional transition
from single ring to multiple rings appears as the temperature decreases.
Only for n ≥ 16, do polyhedral structures dominate the lowest temperature
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range. Thus, they conclude that the structures of linear and ring chains
of water molecules are sensitive to temperature change, and the sizes of
the clusters are also affected, but the structure forms of cluster of water
molecules have not been changed under influences of temperature. This
means that the cluster structure is a basic form of molecular structure in
water.

1.3.4. The Icosahedral Cluster of 280 Water Molecules

((H2O)280)

Loboda et al. [95, 96] constructed two icosahedral clusters of 280 water
molecules ((H2O)280) with expanded structure (ES) and collapsed structure
(CS) using numerical simulation method, this result is shown in Fig. 1.16.
Their studies show that the regular arrangement of 20 of these 14-molecule
structures can form an icosahedral network having curved surfaces when
bound together by virtue of the three potential hydrogen bonds on each of
their faces. Twenty of the 14-molecule tetrahedral units, together containing
280 molecules of water, formed an icosahedral structure with 3 nm diameter.
This icosahedral packing in the tetrahedral units is managed by each of
their four tetrahedral chair-form hexameric faces forming three hydrogen
bonds to neighboring units, which is shown in substructure d in Fig. 1.16.
Each tetrahedral edge forms a fifth part of two 15-membered pentagonal
boxes made up from five boat-form hexamers (substructure h in Fig. 1.17)

Fig. 1.16. The structure formed in 280 water molecules [95].
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Fig. 1.17. The substructurers of 280-molecule expanded icosahedral water cluster [95].

and as found 12-fold within a cavity-encapsulated nanodrop of water in a
polyoxomolybdate [97]. In forming these links, eight-membered structures,
representative of the structure of hexagonal ice and each containing three
boat-form hexamers, are formed near the vertices. At its vertices each
tetrahedron donates one molecule to the formation of a dodecahedron
(substructure f in Fig. 1.17). The icosahedral structure contains large
interstitial cavities that may allow occupancy by suitable solutes. The
icosahedral (H2O)280 water clusters are stable than other clusters, their
order of stabilization is (H2O)20 < (H2O)100 < (H2O)280 [98].
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In ES of 280-molecule expanded icosahedral water cluster, a water-
pentamer lined axis is obtained through four pentagonal boxes and the
central dodecahedron is shown separately in substructures f and h in
Fig. 1.17. The water molecules link both cis (three out of seven links) f
and gauche (four out of seven links) to each other. When ES structure
is collapsed into the puckered central dodecahedron shown separately in
substructure g in Fig. 1.17, CS is formed. The puckering is symmetrical with
12 outer positions at 0.415nm from the center and 8 inner ones (arranged
at the vertices of a 0.314nm cube) at 0.271nm from the center. Other
puckering can occur to give four or six equivalent inner positions. The
density of ES is 0.94 g cm−3 and that of CS, 1.00 g cm−3. The former may
be compared with the density of low-density water found around macro-
molecules [99] at 0.96 g cm−3, supercooled water (−45◦C) at 0.94 g cm−3

[100], the density of low-density amorphous ice (LDA) at 0.94 g cm−3

[101, 102] or estimated low temperature form of liquid water from infrared
measurements (0.92 g cm−3) [103], whilst the latter compares with the
density of water at 0◦C of 1.00 g cm−3. With appropriate parameters
mimicking weaker hydrogen-bonding or greater pressure, CS is capable of
further collapse thus increasing this density. The CS structure involves
the collapse of the central dodecahedron out of the four dodecahedra
associated with the 280-molecule cluster (the other three dodecahedra
exist as 12 quarter-dodecahedra at the periphery). Collapse of all four
dodecahedral structures would be expected to increase the density by about
a further three-fold from that between the ES and CS structures to give
a density of about 1.18 g cm−3, similar to that of high-density amorphous
ice (1.17 g cm−3 [102]) or that estimated for the high temperature form of
liquid water from infrared measurements (1.12 g cm−3) [103]. Such collapse
also gives an increase in the closely-approaching “interstitial” water where
2-, 3- and 4-hydrogen-bonds are removed from given water molecules, as
found by molecular dynamics of high-density water [104].

1.4. The Conformations of Self-assemble Experiments
of the New Theory

In fact, the cluster structure of water molecules including linear and ring
hydrogen-bonded structures can be carried artificially through self-assembly
mechanism in normal physiological conditions by many scientists [105–111].
They self-assembled hydrogen-bonded chains containing (H2O)10, (H2O)12
and (H2O)15 in some organic supermolecular complexes, which are some
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nanomolecules of water with about 3–5 nm. These experimental results show
definitely that the water molecules can spontaneously form different cluster
structures in liquid water. The forms of self-assembled of structure of water
molecules and their peculiarities are described as follows.

1.4.1. The Form of Helix Structure of Hydrogen-bonded

Chains of Water Molecules in a Staircase

Coordination Polymer

This structure of water molecules was built by Bellam Sreenivasulu et al.
[105], whose idea came from the fascinating structural features of helices
that exhibit cooperative self-assembly and recognition, as well as remark-
able functions such as chemical transport and screening by membrane chan-
nels in the biological system. As hydrogen bonds and other non-covalent
interactions are the main driving forces behind this self-assembly process,
supramolecular chemistry is in a phase of characterizing and understanding
various hydrogen-bonded water clusters in the form of hexamers [112, 113],
octamers [114, 115], decamer [116], (H2O)15 (CH3OH)3, clusters [117] and
one-dimensional (ID) infinite water chains [118, 119] in diverse environments
of various crystal hosts.

Bellam Sreenivasulu et al. [105] reported an interesting staircase-like
helical coordination polymeric architecture of a Ni11 complex that hosted
a 1D helical chain of lattice water molecules in a helical pore through
hydrogen bonding, in which they chose Ni11 complex [(H2O)2 ⊂ {Ni(Hsglu)
(H2O)2}] · H2O(1; H3sglu= N-(2-hydroxybenzyI)-L-glutamic acid), which
was served as a model of self-assembly of water molecules. They determined
first the single-crystal X-ray structure of the Ni11 complex, where compound
1 is crystallized in the monoclinic system with two independent molecules
in the asymmetric unit. Each Ni unit has octahedral geometry as shown
Fig. 1.18, and the Hsglu2− ligand is coordinated through the phenolic
oxygen atom (Ni1–O1 0.2089(4)nm, Ni2–O6 0.2101(3)nm, secondary amine
N atom (Ni1–N1 0.2084(4)nm, Ni–N2 0.2082(4)nm, and carboxylate
α-oxygen atom (Ni1–O2, 0.2047(4)nm, Ni2–O7 0.2042(4)nm) in a fac
manner, along with two aqua ligands, and another carboxylate oxygen
atom from a neighboring molecule. The intermolecular connectivity via
the second carboxylate O atom generates a left-handed staircase-like
coordinated polymeric architecture with a pseudo-4 screw axis. In this
helical staircase, the aqua ligands (trans to phenolic oxygen atoms i.e., O11
and O13) point into the tube, normal to the helical axis. The NH and OH
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Fig. 1.18. The coordination environments at the two Ni11 centers in 1, where selected
bond lengths [nm]: Ni1–O(12) 0.2043(4), Ni1–O2 0.2047(4), Ni1–O(11) 0.2051(4), Ni1–
O(9) 0.2059(3), Ni1–N1 0.2084(4), Ni1–O1 0.2089(4), Ni2–O(14) 0.2039(4), Ni2–O(7)
0.2042(4), Ni2–O(5), (−x + 1, y − 1/2,−z + 1) 0.2048(4), Ni2–O(13) 0.2070(3), Ni2–N
0.2 2082(4), Ni2–O6 0.2101(3) [105].

protons move from hydrogen bonds to the carboxylate oxygen atoms along
the surface of the helical staircase, as shown in Fig. 1.19 [105].

The square-shaped chiral channel has dimensions of 7.654× 7.529nm2

(based on Ni· · ·Ni distances; Fig. 1.19). Of the six lattice water molecules
present in the asymmetric unit, four are inside the helical pore, and two
outside. Two of the former water molecules (O15 and O16, Fig. 1.18) are
hydrogen bonded to produce a 1D helical polymer with a pseudo-4 screw
axis. This helical water chain, as the pole of the helical staircase, supports
and stabilizes its orientation by maintaining hydrogen bonding to aqua
ligands. The other two water molecules (O17 and O18) propagate hydrogen
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Fig. 1.19. (a) The hydrogen-bonded helical chain of water molecules inside the staircase
coordination polymer in 1. (b) The hydrogen-bonded helical stream of water molecules
in the channel. (c) The image of top view of staircase polymer filled with the helical
stream of water molecules [105].

bonding with both the helical water chain and the aqua ligands, and their
hydrogen bonding tendency appears to have facilitated the positioning and
orientation of the water molecules forming the helical chain.

The total solvent volume in the lattice, including that occupied by
the helical-chain and lattice water molecules, is 0.4051nm3 (22.7% of the
unit cell). All the tubular coordination polymers are aligned along the b
axis, and two more water molecules (O19 and disordered O20) occupy
the empty space in the lattice outside the helical channels. The TG
analysis of 1 revealed weight loss in the temperature range 26–232◦C.
The total weight loss observed (21.6%) agrees with the calculated value
(22.5%) for the loss of five water molecules per Ni atom. The single crystal
crumbles upon removal of water and on cooling to −50◦C. The structure
is not expected to be robust when dehydrated, because these coordination
polymers are not supported by strong non-covalent interactions as shown in
Fig. 1.20 [105].

Therefore, Bellam Sreenivasulu et al. [105] constructed the structure of
the left-handed helical coordination polymer I encapsulating a hydrogen-
bonded helical stream of water molecules, which exhibited some novel
cooperative assembly and recognition of water molecules in the inorganic
crystal host. These results exemplify that the structural constraints acting
on the orientation of water by its surroundings and vice versa can be very
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Fig. 1.20. Packing of the staircase polymer viewed along the b axis, where the water
molecules in the channels are omitted for clarity [105].

significant. The captivating structure of helical chain of water molecules
appears in this case. Thus we can affirm that the helical chains can form in
water.

1.4.2. Dodecameric Cluster of Water Molecules

Self-assembled in an Organic Supramolecular

Complex of a Cryptand

As it is known, theoretical calculations on the dodecamer revealed the
existence of several low-energy structures with fused cubic geometry
[120]. Meanwhile, a hydrogen-bonded ring of 12 water molecules was
obtained in an inorganic framework by Nishikiori and Iwamoto [121]. Other
structures with slightly higher energy, which included cage like structures
containing four- or five-membered rings and two high-symmetry ones
with two six-membered rings and six four-membered rings, were obtained.
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Ghoslt et al. [106] reported the X-ray structure of a hitherto unknown
dodecameric water cluster built around a cyclic quasi-planar (H2O)6 unit in
an organic supramolecular complex of a laterally non-symmetric cryptand
based on previous research of the laterally non-symmetric azacryptand L
crystallizes from organic solvents such as acetone or acetonitrile without
any association among the cryptand molecules [122, 123], in which the
secondary amines present in the three cryptand strands can potentially
act as hydrogen-bond acceptors or donors. Compound 1 was isolated as
colorless hexagonal crystals from an aqueous solution of L in acetonitrile
in the presence of pyridine vapor. Each cryptand molecule binds one
H2O molecule inside the cavity and three H2O molecules outside through
hydrogen-bonding interactions as shown in Fig. 1.21.

The water molecule (Ow3) inside the cavity is within hydrogen-bonding
distance from the ethereal O atoms as well as the secondary amino N atoms
in the three cryptand strands. The H atoms attached to Ow3 could not be

Fig. 1.21. The mode of binding of water molecules with L viewed along the pseudo
three-fold axis of the cryptand [106].
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Fig. 1.22. A view of dodecameric water cluster, where the distances [nm]: OW1· · ·
OW2 0.2827(6), OW1· · ·OW1 0.2801(6); angles[◦]: OW2· · ·H–OW1 17.226(2), OW1· · ·
H–OW’ 17.365(2), OW1’· · ·OW1· · ·OW1” 11.958(1), OW2· · ·OW1· · ·OW1’ 10.936(2),
OW2· · ·OW1· · ·OW1” 10.438(2) [106].

located in the difference map probably because they were disordered. The
H2O molecule bonded outside (Ow3) acts as a hydrogen-bond donor to
one of the secondary amino nitrogen atoms of the cryptand with a N. . . O
distance of 0.279nm. The Ow2 molecule also acts as a hydrogen-bond
donor to Ow1, with a non-bonding distance of 0.282nm. Six such units
are combined to make a quasi-planar cyclic hexameric core attached to
six other water molecules at the periphery to form an overall dodecameric
cluster as shown in Fig. 1.22. The O atoms at the periphery are not coplanar
with the core unit, but are situated alternately above and below the plane
described by the hexamer so as to accommodate the six bulky cryptand
units [106].

These non-covalent interactions lead to a giant supramolecular unit
consisting of six cryptand molecules surrounding the (H2O)12 cluster. Each
of these units acts as a secondary building unit (SBU) and is further
hydrogen bonded with H2O molecules through the remaining secondary
amines of the cryptand as shown in Fig. 1.23, thus resulting in propagation
of the supramolecular assembly. Each O atom of the dodecameric cluster
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Fig. 1.23. Building of the water clusters in 1 viewed down the crystallographic c
axis [106].

is tricoordinate. Such hydrogen-bond-deficient water molecules are present
at the surface of liquid water and hexagonal ice. The hexameric core in
the current assembly adopts a quasi-planar benzene-like cyclic structure.
Although this is a higher-energy isomer, it is stabilized by the environment.
The crystallographically imposed symmetry makes all the O. . . O distances
in the hexameric core the same at 0.2801nm. This value compares well
with the range 0.277–0.284nm observed in the ice II phase. Bulk water also
shows a short-range order in the O. . .O X-ray diffraction radial distribution
curve of 0.285nm. The O. . . O distance between the water molecule and the
core and the one connected to it at the periphery is 0.2827nm [106].

Their thermal analysis of the compound indicated that water molecular
loss starts at 50◦C and their complete loss occur within 100◦C, the
compound melts at 138◦C, which is lower than that of the cryptand
(145◦C). Powder X-ray diffraction experiment of the compound before
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and after water expulsion exhibited considerable changes in the diffraction
patterns which are due to the complete breakdown of the host lattice on
exclusion of water.

Therefore, Ghoslt et al. [106] exhibited a novel dodecameric water
cluster in an organic supramolecular structure, which is a present mode
of association of 12 water molecules. Obviously, their supramolecular self-
assembly observed is the result of hydrogen-bonding interactions between
water molecules as well as between water molecules and cryptand molecules.
The establishment of three-dimensional structures of water clusters has a
profound meaning in molecular self-assembly [124] and form of protein
structures [125]. This shows that the three-dimensional structures of
clusters exist really in water.

1.4.3. Ring Self-assembled Structure of Water Molecules

from Achiral Components

Shu-Yan Yu et al. [107] paid considerable attention to the construction
of chiral supramolecular aggregates through non-covalent self-assembly
approaches from achiral molecular subunits and presented the self-assembly,
supramolecular chirality, and photophysical property of a novel chiral
gold(I) ring, with a cyclic framework consisting of 16 gold(I) atoms arranged
in a closed macrocycle via non-covalent Au(I). . . Au(I) interactions, where
the chiral Au16 ring represents the biggest one ever reported in the number
of Au(I) centers among the family of Au(I) rings [126–129]. Treatment
of [Au2(dppm)Cl2]7 (dppm = bis(diphenylphosphino)-methane) with 0.5
molar equiv of K2 (pipzdtc) (pipzdtc = piperazine-1,4-dicarbodithiolate)
in anhydrous MeOH at room temperature gave a clear light yellow
solution. Addition of an excess of NH4-PF6 to the solution, followed by
recrystallization from MeCN/MeOH/Et2O, afforded yellow prisms of the
chiral macrocyclic tetramer [(dppm)2 Au4 (pipzdtc)]4(PF6)8, 14, in 70%
yield as shown in Fig. 1.24(a), where 14 was found to exist as its monomer 1
in dilute solutions, the yellow ring represents the [(dppm)Au2]16+ ring, and
the blue arch-bridges represent the pipzdtc2− ligands. Figure 1.24(b) shows
the perspective image of the cation of 14, with each monomer constructed
by two {(dppm)Au2} units linked by a bridging pipzdtc2− ligand with an
average intramolecular Au(I). . . Au(I) separation of 0.29 nm.

Alternatively, the tetramer may be thought to be composed of two
halves, or a dimer-to-dimer coupling. The two monomers, [(dppm)Au(5)
Au(16)–pipzdtc–Au-(3)Au(4)(dppm)] and [(dppm)Au(1)Au(2)–pipzdtc–
Au(5)–Au(6)–(dppm)], are spanned in space and are linked together by
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Fig. 1.24. (a) A synthetic route for gold(I) tetramer 14. (b) A perspective image
exhibiting the crystal structure of the cation of 14, where the eight PF−

6 anions located
outside the cyclic cation, but all the H atoms were here omitted [107].

three intermolecular Au(I). . . Au(I) interactions (Au(16) . . . Au(1), Au-
(2) . . . Au(3), and Au(4) . . . Au(5)), which forms a chiral dimer. The
other two monomers formed another dimer. The two dimers with the
same chirality were further coupled by two intermolecular Au(I) . . . Au(I)
interactions (Au(6) . . . Au(7) and Au(14) . . . Au(15)) to form a closed chiral
macro-cycle with a framework of 16 Au(I) centers, which is linked by the
short Au . . . Au contacts, with a perimeter of up to 4.822nm. The average
intermolecular Au(I) . . . Au(I) separation in the ring is 0.312nm, which
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Fig. 1.25. (a) Solid-state CD spectra of a single crystal of 14. (b) UV–vis spectral traces
of 1 at various concentrations in MeCN solution. The insert shows the dimerization for
a monomer–dimer equilibrium [107].

is about 0.022nm longer than the intramolecular ones. Both are shorter
than the sum of van der Waals radii for gold (0.332nm). This shows that
Au(I) . . . Au(I) interactions exist in the molecule [107].

The chirality of the crystals of 14 is also determined by solid-state CD
spectroscopy, which is shown in Fig. 1.25(a) in its two enantiomeric forms
measured by the Nujol mull method. From measurements of the crystals
gained from an MeCN/MeOH (1:1 v/v) mixture in a series of tubes, they
found that about 70% of the crystals in a single tube crystallized in a single
chiral form. Thus, they affirm that predominant chiral crystallization exists
in a given tube, the predominant chirality is governed by chance, which is
similar to the findings of some helical coordination polymers. However,
the electronic absorption spectrum of 1 in MeCN at 293K is dominated
by a high-energy absorption band at 278nm (εabc = 63 550M−1cm−1)
which is due to an admixture of 1(dσ∗ → pσ) transition typical of
[Au2(P ∧ P )2]2+10 and the intraligand transition of the dppm and/or
pipzdtc ligand(s). A low-energy absorption shoulder appear also at ca.
370 nm. Figure 1.25(b) shows the UV–vis spectral traces of 1 at various
concentrations, and a plot of absorbance with concentration indicates a
deviation from the Beer–Lambert Law, which suggested the presence of
an intermolecular aggregation process in solution. A plot of [1]/(A370)1/2

versus (A370)1/2 gives a straight line plot which determines to a dimerization
process involving a monomer-dimer equilibrium [100], with εabc(12), K,
and ∆G determined to be 2600M−1cm−1, 6800M−1, and 22 kJmol−1,
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respectively. The absence of additional bands beyond 370nm up to the
highest concentration of 1.8 × 10−3 M suggested very little to no trimer or
higher oligomer formation under the conditions studied [107].

From the above investigations, we see that in dilute solutions, 1
exists mainly in its monomeric form. But the intermolecular aurophilic
interactions become important, which is shown in the growth of the
absorption shoulder at about 370nm in the UV–vis spectra, when the con-
centration is increased. Intermolecular Au(I). . . Au(I) interactions between
the two monomers can be served as the driving force to induce the
two achiral monomers to pair up. The configuration and the size of
the spacer in the monomer govern the dimer formed to adopt a “cross-
shaped” structure, resulting in its chirality. Thus, a giant Au16 ring with
supramolecular chirality that self-assembled from achiral Au2 subunits
based on Au(I) . . .Au(I) interactions has been obtained [107].

1.5. The Changes of Structure of Water Molecules
with Varying Temperature

As it is known, the structure of water molecules mentioned above is changed
with varying temperature. When liquid water becomes vapor at 100◦C, the
water molecules are all free. This means that the chain structures and
clusters of water molecules are all destructed due to great increases in
their thermally kinetic energy. However, while the temperature of water
depresses to 4◦C, a part of water becomes ice crystal due to the fact
that a part of water molecules constitute the hexagonal structure. At 0◦C,
all water molecules are condensed to form solid state with the hexagonal
(or tetrahedron) structure. This is just a complete ice crystal. Then, ice
and liquid water coexist together in the range of 0–4◦C, in which the
structure of water molecules are more complicated, where free molecules,
chain, cluster and hexagonal structures of water molecules also coexist.
Thus, some anomalous properties occur in this condition, which will be
discussed in Chapter 2. We study only the phase diagram of ice crystal,
liquid water and vapor formed by the structure changes of water molecules
and its properties in this section.

1.5.1. The Phase Diagram of Water

As described above, liquid water can become both water vapor at 100◦C
and ice crystal at 0◦C through first phase transition, the phase diagram for
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Fig. 1.26. The phase diagram of water at low pressures [10].

the change of water at low pressures is shown Fig. 1.26, in which there are
three regions of solid (ice), liquid, and vapor, and the triple point (TP),
the critical point (CP) and the normal boiling point (NBP) are also shown.
This phase diagram can be obtained from Clapeyron equation, which is
expressed by [10]

dP

dT
=

L

T (V b − V a)
, (1.5)

where L = T (Sb −Sa) is the latent heat of phase change from one phase to
another phase. Sa(Sb) and V a(V b) are the mole entropy and mole volume of
a phase (b phase), respectively. This equation gives the slope of equilibrium
curves of two phases. When there is melting, evaporation and sublimation
of water, then dP/dT is positive because the entropy and volume increase
simultaneously when the solid and liquid phases of water become its vapor
phase, but when ice crystal becomes liquid water its volume is decreased,
thus the slope of melted curves of two phases is negative.

We now derive the changed rule of melted point of ice with varying
pressure. As is known, the melted point of ice T = 273.15K. When melted
heat is L = 3.35×105 J.kg−1, mole volume V a = 1.0907×10−3 m3 kg−1 and
mole volume of liquid water V b = 1.00013 × 10−3 m3 kg−1 at the pressure
1 atm, Ben-Naim obtained [10] from Eq. (1.5)

dT/dP = −0.742× 10−7 K.Pa−1 = −0.00752 K.atm−1.
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This is consistent with the experimental value of dT/dP =
−0.0075K·atm−1 [10].

We can also calculate the change in the boiling point of liquid water
with varying pressure. As is known, the melting point of liquid water
T = 373.15K. When melted heat L = 2.257×106 J.kg−1, mole volume V a =
1.043×10−3 m3 kg−1, mole volume of water vapor V b = 1673×10−3 m3 kg−1

at the pressure 1 atm, Ben-Naim obtained [10] from Eq. (1.5)

dP/dT = 3.62 × 103 Pa.K−1 = −0.0357 atm.K−1.

This is consistent with the experimental value of dP/dT = 0.0356atm.K−1.
In each of these regions in Fig. 1.26, its state can be changed by both

the pressure P and the temperature T , such that we start at point A in
Fig. 1.26, which corresponds to the pure vapor. In this state, we have two
degrees of freedom, i.e., both the pressure P and the temperature T are
changed, but we can still observe a single pure phase. This means that
we have not encountered a new phase when both P and T are changed
independently. However, when we are in one of the boundary lines, than a
new phase can appear, such that we still start at point A as above. If we keep
the pressure fixed and decrease the temperature, we shall be moving along
the line AB. Once we reach point B, ice appears. The system valid now
consist of two phases at equilibrium. The phase-rule of thermodynamics
tells us that a system of two phases at equilibrium has only one degree of
freedom. This means that we cannot change both P and T independently,
namely, changing the temperature determines the pressure, thus we have
the function P = fV i(T ), which denotes the boundary curve between the
vapor and ice phases. Hence, there are three such functions for the vapor–
liquid boundary, vapor–solid boundary, and liquid–solid boundary in this
diagram. Along each of these curves, there are two phases at equilibrium.
If we change the temperature, or the pressure, let us move along one of these
lines, then we can maintain the two phases at equilibrium. Starting again at
point A, keeping the temperature constant and increasing the pressure, we
move along the AC line. At point C, liquid water appears and we observe
two phases: liquid and vapor at equilibrium. Again, if we move along this
line while maintaining the two phases, we must obtain the corresponding
function P = fV L (T ), which describes the dependence between the two
degrees of freedom P and T . In accordance with same idea and method, we
obtain function fiL(T ). Thus, the three curves in this phase diagram are
now described by three different functions, fV L(T ), fV i(T ), and fiL(T ) for
the vapor–liquid, vapor–solid, and solid–liquid phases [10], respectively.
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Moving along any of the boundary lines, such as the vapor–solid line,
we observe two phases at equilibrium.

This is true until we reach a point, denoted as TP in the diagram,
where the three phases of vapor, liquid, and solid at equilibrium appear
simultaneously. At this point, there are zero degrees of freedom, which
are obtained from the phase-rule of thermodynamics. In this case, we
cannot “move” in the phase diagram while observing the three phases at
equilibrium. Therefore, this point is called the TP, which is characterized by
P = 0.006 atm and t = 0.01◦C. (1 kbar=109 dyn.cm−2 = 986.9 atm) [10].
Then we have the equalities: PTP = fVL(TTP) = fVS (TTP ) = fSL(TTP )
at the TP. In Fig. 1.26, another point labeled CP is the vapor–liquid CP.
When we increase the temperature but follow the vapor–liquid boundary
line, i.e., when we move along the curve P = fVL(T ), we eventually reach
a point where there is no distinction between the vapor and the liquid
phases. The two phases become one, which is characterized by the pressure
PCP = 218atm and TCP = 374.15◦C. The molar volume of the water at
the CP is 59.1 cm3 mol−1.

Therefore, both the TPs and CPs are uniquely defined in the phase
diagram, but they represent different physical meanings, the TP is char-
acterized by the coexistence of three phases at equilibrium, but, when we
approach the CP along the vapor–liquid boundary line, the two phases
become more and more similar, such as the densities of the two phases
become closer and closer. At the CP, their densities become identical, in
this case we observe only a single phase. Beyond the CP, i.e., increasing
either the pressure, or the temperature, there exists only one phase which
may be referred to as either a highly compressed gas or as an expanded
liquid [10].

If we move along the solid–liquid boundary, we might encounter other
TPs, but never another CP, this is due to the fact that there exists a
fundamental difference between the solid phase and liquid or gaseous phase.
As it is known, the liquid and gas phases are randomly disordered systems,
in which but the densities of two phases are different. When we move along
the vapor–liquid curve, the difference in the densities of the two phases
become smaller and smaller until it disappears at the CP. When the ice is
at equilibrium with either a gas or a liquid, there is a clear-cut distinction
between the two phases. Order and disorder cannot gradually change until
they are equal. The slope of the two coexisting phases can be obtained. For
example, for two phases a and b at equilibrium, we have the equality of the
chemical potentials of the two phases: µb(P, T ) = µa(P, T ) [10].
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Moving along the equilibrium line for two phases, the above equation
can be maintained, then [10]

d∆µ = (∂∆µ/∂P )T dP + (∂∆µ/∂T )PdT = ∆V dP + ∆SdT = 0, (1.6)

where ∆µ = µβ − µa, From Eq. (1.5), we obtain (∂P/∂T )eq = ∆S/∆V ,
where ∆S = Sβ −Sα and ∆V = V β −V α and the derivative is taken along
the coexisting curve. This is a well-known Clapeyron equation in Eq. (1.5).
Because ∆µ = ∆H − T∆S = 0, we obtain

(∂P/∂T )eq = ∆S/∆V = ∆H/T∆V. (1.7)

Notice that the slopes of the liquid–vapor and solid–vapor are always
positive. This is understandable because the entropy and volume of the
system are increased, when a condensed phase (solid or liquid) is changed
to the vapor. Therefore, the right-hand side of (1.7) is always positive. For
the same reason given above the solid–liquid curve has a positive slope in
most substances. However, the slope of the solid–liquid curve is negative for
water, which is anomalous as shown in Fig. 1.26. This means that ∆V and
∆H have different signs. This is a very interesting problem. Most substances
have a phase diagram similar to that of Fig. 1.26. They differ in their TP
and CP locations as well as in the location of the boundaries between phase
pairs. Water has at least eight well-defined solid phases [10].

1.5.2. The Properties of Molecular Structure in Vapor

Phase and Its Descriptions

We thought, in general, that water vapor is ideal, in which there are no
interactions between water molecules in first approximation. In this case,
the ideal vapor is an ideal gas in which the water molecules are free, there are
no interactions among the molecules. The infrared spectrum of absorption
in vapor phase has only two peaks of 3540 and 3665 cm−1 in 400–4000cm−1,
which correspond to symmetric and antisymmetric stretching vibrations of
OH bonds in water molecules.

The ideal gas functions in vapor phase are computed by the methods of
statistical mechanics. We knew from Boltzmann theorem that the appeared
probabilities of variously different microscopic states are same in a solitary
system, which is in an equilibrium state. This is called as the theorem
of identical probability. This means the probability that appeared of
microscopic particles in the distribution, in which the number of microscopic
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states is most large, is maximal. Then, this distribution is referred to as
most probable distribution or Boltzmann distribution, which is denoted by

nl = ωle
−α−βεl ,

where nl is the number of microscopic particle with the energy εl, the
degeneracy of which is ωl. From the Boltzmann distribution we obtain the
Boltzmann relationship S = K ln Ω, which exhibits that, the entropy of a
thermodynamic system is determined by the state number of microscopic
particles, Ω.

From statistical physics, we know that the water molecules satisfied
Maxwell rule of speed distribution in an equilibrium state, in which the
number of molecules in the range of velocity of dvxdvydvz in unit volume
is represented by

n(vx, vy, vz)dvxdvydvz

= n
( m

2πKT

)3/2

exp
[ m

2KT
(v2

x + v2
y + v2

z)
]
dvxdvydvz ,

where n = N/V is the number of water molecule in unit volume,
n(vx, vy, vz) is just the distribution function of water molecules and obey
the condition of ∫∫∫

n(vx, vy, vz)dvxdvydvz = n.

In the system, the ratio of the root-mean-square velocity vs, average velocity
v and most probable velocity vm of water molecule is vs : v : vm =

√
3/2 :

2/
√
π : 1 = 1, 225 : 1.128 : 1, where vm =

√
3KT/m, m is the mass of

water molecule. The average energy of one water is ε = 3KT/2. This is
just the law of uniform distribution of energy of molecule in water vapor.
In this case, the specific heat in fixed volume and pressure of vapor phase
are CV = 5NK/2 and CP = 7NK/2, respectively [1].

When the water vapor is in an externally applied field, then the water
molecules in vapor phase satisfy the Maxwell–Boltzmann rule of speed
distribution, the number of molecules in the range of velocity of dvxdvydvz

in unit volume is represented by

n(vx, vy, vz)dvxdvydvz = n
( m

2πKT

)3/2

exp
[
Evo

KT

]
dvxdvydvz ,

where Evo = m
2 (v2

x + v2
y + v2

z)+V (x, y, z), V (x, y, z) is the potential energy
of water molecules in the externally applied field.
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In the thermodynamics, the equation of state of ideal gas is denoted in
the form

P = ρkBT. (1.8)

However, the thermodynamic properties of real water vapor are
complicated, such as the pressure and temperature dependence of the
thermodynamic functions of vapor. The entropy of vapor, like the entropy
of any gas, increases with temperature and decreases with pressure. The
temperature dependence of the Gibbs free energy G(T, P ) is given by
(∂G/∂T )P = −S. This means that the entropy of vapor is positive
and increases with temperature. Thus, the free energy decreases with
increasing temperature. The pressure dependence of free energy is denoted
by (∂G/∂P )T = V . Thus at low pressures, where the volume of the vapor
is very large, the free energy increases rapidly with increasing pressure;
but at higher pressures, where the volume of vapor is much smaller,
the free energy increases slowly with pressure. However, the free energy
of vapor, unlike the entropy and volume, is a continuous function of
T and P at the phase transition. But behavior of the heat capacity is
complicated [1, 10]. In fact, the specific heat of liquid water near the boiling
point and 1 atm pressure is 1.01 cal g−1K−1. Upon vaporization, the specific
heat falls fast to 0.50 cal g−1K−1. If heating is continued at 1atm pressure,
the specific heat undergoes a slight minimum near 200◦C, and then a
gradual increase. At larger pressures, its behavior is basically the same
except that the specific heat CP is somewhat greater, and the minimum
occurs at higher temperatures. When the pressure approaches the critical
pressure, anomalies appear in the CP versus temperature curve. The specific
heat of liquid water increases prior to vaporization and the specific heat of
the vapor near the vapor saturation curve is very large. The value of CP

approaches infinity around the CP . At higher pressures in the CP versus
temperature curve, a peak occurs which becomes less pronounced as the
pressure increases.

On the other hand, a partition function of ideal gas can also be
written in terms of the moments of inertia, vibrational frequencies, and
other spectroscopic constants for the water molecule. A knowledge of these
constants is then sufficient to evaluate the thermodynamic functions. The
most elaborate computation of this sort for steam was that of Friedman
and Harr [131]. They represented the partition function for water vapor
as a product of factors describing the translational, vibrational, rotational,
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and coupling contributions. Their partition function takes account of the
centrifugal stretching of rotated molecules, the anharmonicity of molecular
vibrations and the coupling between rotations and vibrations. The required
spectroscopic constant was taken from the accurate work of Benendict
et al. [132]. Friedman and Harr computed the ideal gas thermodynamic
functions for H2O, and D2O between 50 and 600K and are reproduced
in Table 1.2. These authors found a negligible difference between the
thermodynamic properties of XY16O, where X and Y represent H and D,
and the naturally occurring mixture of XY 16O, XY 17O, and XY 18O [1].

As far as the interactions among water molecules in vapor phase is
concerned, there are long-range and short-range interactions in the real
vapor. The total force between two molecules is often considered to be the
resultant of several component forces, and UAB may represent as the sum
of terms, each term denoting one component. The component forces are
regarded as being either long-range or short-range. Short-range forces are
those that come into play only when the electronic charge clouds of the two
molecules overlap; long-range forces may be rigorously described in terms
of properties of isolated water molecules [1].

When two water molecules approach within about 0.3 nm, short-range
forces dominate. A rigorous expression for the interaction energy at short
range would involve a wave function for all 20 electrons of the two molecules
and would be very complicated. Roughly speaking, we can contribute the
short-range forces between water molecules to a combination of electronic
overlap repulsions and the contributions of electron delocalization to the
hydrogen-bond energy [1].

Stockmayer [133] denoted the potential function for a pair of water
molecules, which is

UAB = − µ2

R
3 {sin θA sin θB cos(φA − φB) − 2 cos θA cos θB}

− c∗

R
6

+
c∗σ18

R
24

, (1.9)

where µ2

R3 {sin θA sin θB cos(φA−φB)−2 cos θA cos θB} = µ2

R3Q is a long-range
interaction, that shows the dependence of the dipole–dipole interaction on
the relative molecular orientations, where the angles and R are denoted
in Fig. 1.27, which is about 0.5 nm, µ is the dipole moment of an isolated
water molecule, c∗ and σ are undetermined constants. The second term is
the sum of induction and dispersion energies, both of which are assumed
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Table 1.2. The thermodynamic properties of
water vapor in ideal gas model [1].

◦K
C0

P
R

H0−E0
0

RT

−(G0−E0
0)

RT
S0

R

50 4.00719 3.90579 11.63213 15.53793
60 4.00634 3.92262 12.34582 16.26844
70 4.00590 3.93454 12.95144 16.88599
80 4.00573 3.94345 13.47744 17.42089
90 4.00571 3.95037 13.94232 17.89269

100 4.00581 3.95591 14.35883 18.31474
110 4.00599 3.96045 14.73609 18.69655
120 4.00622 3.96425 15.08086 19.04512
130 4.00649 3.96749 15.39830 19.36580
140 4.00680 3.97029 15.69243 19.66273
150 4.00715 3.97273 15.96644 19.93918
160 4.00755 3.97490 16.22290 20.19781
170 4.00803 3.97683 16.46394 20.44078
180 4.00860 3.97858 16.69130 20.66989
190 4.00931 3.98018 16.90646 20.88664
200 4.01020 3.98166 17.11065 21.09231
210 4.01132 3.98304 17.30495 21.28800
220 4.01272 3.98436 17.49027 21.47463
230 4.01446 3.98563 17.66741 21.65304
240 4.01658 3.98687 17.83706 21.82394
250 4.01912 3.98811 17.99984 21.98796
260 4.02214 3.98936 18.15628 22.14565
270 4.02565 3.99063 18.30687 22.29751
280 4.02970 3.99196 18.45202 22.44398
290 4.03428 3.99334 18.59213 22.58547
300 4.03942 3.99478 18.72753 22.72232
310 4.04511 3.99631 18.85855 22.85486
320 4.05136 3.99794 18.98545 22.98339
330 4.05815 3.99966 19.10850 23.10816
340 4.06547 4.00148 19.22793 23.22941
350 4.07329 4.00342 19.34395 23.34737
360 4.08160 4.00548 19.45676 23.46224
370 4.09038 4.00765 19.56653 23.57419
380 4.09958 4.00995 19.67344 23.68339
390 4.10920 4.01237 19.77763 23.79000
400 4.11919 4.01491 19.87925 23.89417
450 4.17394 4.02948 20.35295 24.38243
500 4.23453 4.04691 20.77837 24.82529
550 4.29891 4.06687 21.16500 25.23188
600 4.36590 4.08898 21.51980 25.60879
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Fig. 1.27. A schematic of interaction between two water molecules, where the dashed
arrows denote the directions of the dipole moments of molecular orientations [1].

to be independent. The last term represents the repulsive interaction of the
molecules, and is also taken as being independent of orientations.

Stockmayer [133] obtained a very close fit of calculated and experimen-
tal values of virial coefficient B(T ) in the state equation of non-ideal gas
model of vapor phase, which is

PV
RT

= 1 +
B(T )
V

+
C(T )
V 2

+ · · · . (1.10)

Keyes [114] found out B(T ) = 2.062 − (2.9017 × 103/T ) exp[1.7095 ×
105/T 3] cm3g−1 over the temperature range of 323–733K, µ = 1.87 ×
10−18e.s.u.cm, c∗ = 70.4 × 10−60 erg.cm6 and σ = 0.275nm.

Margenau and Myers [135] improved a potential function for long-range
forces from theoretical considerations and sought an expression for the
repulsive interactions which produced a good fit between calculated and
experimental B(T ) values. The potential function is as follows

UAB = −
(
µ2

R
3 +

e

R
5

)
Q− c∗

R
6 − d

R
8 +G′ exp[−ρR] for R > 0.28 nm

and

UAB = − c∗

R
6 − d

R
8 +G′∗ exp[−ρ′R] for R < 0.28 nm.
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Rowlinson [136] used a potential function similar to Stockmayer’s [133],
but with the repulsive energy proportional to and with an additional term
describing dipole–quadrupole forces. His interaction potential is denoted by

UAB = − µ2

R
3
Q− e′

R
4
f − c∗

R
6
− c∗σ6

R
8
.

He used e′ = 4.97×10−44 erg.cm4, c∗ = 80.4×10−60 erg.cm6, σ = 0.2725nm
and f is a function of angles representing the dependence of the dipole–
quadrupole energy on molecular orientations.

Rowlinson [136] computed the coefficient of the dipole–quadrupole term
from a point-charge model for water and he assumed that vapor molecules
rotate about their z-axes, so that they may be treated as being axially
symmetric. The values of c∗ and σ were determined by fitting calculated
values of B(T ) to experimental values. The resulting value of σ is 1% less
than Stockmayer’s value, but still close to separation of hydergen-bonded
molecules in ice. The resulting value of c∗ is 14% larger than Stockmayer’s
value, thus the effect of the dipole–quadruple term is increased to c∗. This
value of c∗, like the values calculated by Stock and Margenau and Myers,
is smaller than that predicted by the Kirkwood–Muller formula [1].

Some authors [137] used the following van der Waals potential to
describe the interaction between water molecules in vapor phase

UAB = 4ε

[(
σ

R

)12
−
(
σ

R

)6]
,

which is also the Lennard–Jones (LJ) function with parameters. The region
of positive values of U(R) is referred to as the repulsive part of the
interaction. On the other hand, energy is released when the two particles
are brought to a distance greater than σ. The potential rises steeply for
R < σ, which is referred to as the van der Waals diameter of the particles.
It is a “diameter” in the sense that two particles cannot penetrate into each
other to a distance smaller than σ. Evidently, a negative slope in the pair
potential corresponds to a repulsive force, a positive slope corresponds to
an attractive force between the two water molecules.

From the above investigations, we know that a correct understanding
of the forces between water molecules is very difficult to achieve as different
models have given different representations and results. Obviously, this is
due to the fact that we really do not know the molecular structures of water
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vapor up to now. Therefore, to study molecular structures of water vapor
is still an important task for us.

1.5.3. The Molecular Structure of Water in Solid Phase

and Its Properties

1.5.3.1. The ordinary ice (Ih)

Ice can have at least ten different stable states and well-characterized
structures. In the cases of normal pressure and temperature lower than
0◦C the water molecules are most ordered. On average, each molecule has
four neighbors in ice. It is a crystalline state with hexagonal structure,
which is called “ordinary ice”. It is a basic structure of ice and denoted as
ice I or Ih. A unit cell is made up of five water molecules. This is obtained
when water freezes at 0◦C under ordinary atmospheric pressure. The basic
structure of ice was determined by Bragg [138] using the technique of X-ray
crystallography. The “structure” of ice refers to the arrangement in space of
the oxygen atoms. The structure of ordinary ice is shown in Fig. 1.28. The
most important feature of the structure of ice is the tetrahedral geometry:
each oxygen atom is surrounded by four other oxygen atoms situated at the
vertices of a regular tetrahedron, at a distance of 0.276nm from the central
oxygen atom (It is less than the sum of van der Waals’s radii of oxygen
atoms equal to 0.306nm). Thus, we can determine from this structure that
there are plenty of hydrogen-bonded chains in ice crystal, which can be,
in general, characterized by the formation of long chains: · · ·X–H· · ·X–
H· · ·X–H· · · , where X is the oxygen atom or OH ion group in ice. Each
hydrogen ion or proton (H+) can be transferred inside the X–H· · ·X bridge
interchanging the role of covalent (−) and hydrogen (· · · ) bonds with the
OH ion group (X−) [139–142]. The structure of ice reminds one of structure
of diamond, but in diamond there are covalent chemical forces which act
between the carbon atoms. The diamond crystal is a large molecule, but
the ice crystals belong to the class of molecular crystals. As far as the
geometry is concerned, the structure of D2O is almost exactly the same as
that of H2O.

Thus, we can determine from this structure that there are plenty of
hydrogen-bonded chains in ordinary ice, in which every oxygen atom is
at the center of a tetrahedron formed by four oxygen atoms each about
0.276nm away. Every water molecule is hydrogen-bonded to its four nearest
neighbors: its O–H bonds are directed towards lone pairs of electrons on two
of these neighbors, forming two O–H–O hydrogen bonds; in turn, each of its
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Fig. 1.28. Molecular structure of ordinary ice crystal [10].

lone pairs is directed towards an O–H bond of one of the other neighbors,
forming two O–H–O hydrogen bonds. This arrangement leads to an open
lattice in which intermolecular cohesion is large. The lattice consists of
puckered layers perpendicular to the c-crystal axis, containing hexagonal
rings of water molecules that have the conformation of the “chair” form of
cyclohexane. There are also hexagonal rings formed by three molecules in
one layer and three molecules in the adjacent layer, but these rings have
the “boat” conformation. This arrangement of oxygen atoms is isomorphous
with the wurzite form of zinc sulphide and with the silicon atoms in the
tridymite form of silicon dioxide, and consequently.

An interesting feature of this structure is the presence of vacant ‘shafts’
running both parallel and perpendicular to the c axis. The open structure
produced by the shafts accounts for the fact that ice floats on its melt. This
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unusual property is also exhibited by diamond, silicon, and germanium,
three solids that are structurally related to ice I.

In a critical review of this subject, Lonsdale noted that the ratio of the
unit cell dimensions, c/a, seems to be about 0.25% smaller than the value
1.633 characteristic of a crystal built from perfect tetrahedral [1, 10]. This
non-ideal axial ratio indicates that either oxygen–oxygen separations of near-
est neighbors along the c axis are slightly smaller than other oxygen–oxygen
separations, or that the O–O–Oangles in the crystal are not precisely equal to
the tetrahedral angle, or that both these irregularities are present in ice.

Therefore, Ici Ih is formed in the ice rules. The so-called ice rules are
just that each water molecule has four hydrogen-bonded neighbors, two
hydrogen atoms near each oxygen (∼1 Å), one hydrogen atom on each
O· · ·O bond; thus H–O–H· · ·OH2 and H2O· · ·H–O–H are allowed but
H–O–H· · ·H–O–H and H2O· · ·OH2 are not. This disorder gives rise to a
zero-point entropy of 3.41 Jmol−1 K−1.

However, the above structure does not reveal the entire three-
dimensional structure of ice I. In fact, in the above arrangement the
oxygen atoms are arranged in a structural pattern along c axis that differs
from the corresponding pattern of the oxygen atoms along other two axes
perpendicular to the c axis [10]. Its difference is seen from Fig. 1.29. If
we look through an O–O nearest-neighbor bond along the c axis, we will
see that all the other O–O bonds are “eclipsed”, i.e., on a 2D image
they are all superimposed. But if we look through an O–O bond along
an axis (nearly) perpendicular to c axis, we see that three of the O–O
bonds are rotated at an angle of 60◦ relative to the other three O–O bonds,
which is the “staggered” configuration. This difference in structure along
different axes results in differences in the features of ice according to the

Fig. 1.29. Two distributions of oxygens along O–O axis: (a) eclipsed and (b) stagg-
ered [10].
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measurement along different axes. For example, the coefficient of linear
expansion is 63× 10−6/◦C along the c axis but 46× 10−6/◦C along an axis
perpendicular to the c-axis (at −10◦C). For the isothermal compressibility
and the dielectric constant of ice, they have also similar properties [1].

1.5.3.2. The structure of ices II, III, IV and V

The ordinary ice I is one of nine polymorphic forms of ice. Ices II to
VII are crystalline modifications, which are formed at high pressures
and were discovered by Tammann [143] and Bridgman [144, 145]. Ice
VIII is a low-temperature modification of ice VII. Most of these high-
pressure polymorphs exist metastably at liquid-nitrogen temperature and
atmospheric pressure. Their structures, as studied by Kamb et al. [146–148]
have a number of similarities. Every water molecule is hydrogen bonded
to its four nearest neighbors. The tetrahedral formed by the four nearest
neighbors are much less regular than that in ice I, indicating that the
hydrogen bonds in these ices are distorted. In contrast to ice I, where the
closest approach of non-hydrogen-bonded molecules is 0.45 nm, molecules
in these ices have neighbors to which they are not hydrogen bonded in the
range 0.32–0.35nm. Thus, the greater compactness of these ices compared
to ice I arises not from the presence of shorter hydrogen bonds, but
from distorted hydrogen bonds that permit closer approach of non-nearest
neighbors. Therefore, the position and ordering of hydrogen atoms in these
ices are different from those in ice I. The stability of ice V, and ice III
are similar to ice I in that their hydrogen atoms are disordered. Ice II
and supercooled ice III have ordered arrangements of hydrogen atoms.
Kamb [146] found that the unit cell of quenched ice II is rhombohedral and
contains 12 water molecules by X-ray diffraction. The structure is composed
of columns of puckered hexagonal rings, where the columns of hexagonal
rings in ice I are detached, moved relatively up and down parallel to the c
axis, rotated about 30 around the c axis, and relinked in a more compact
way. The oxygen–oxygen separation of nearest neighbors in ice II varies
from 0.275 to 0.284nm.

Dielectric studies of ice III near −30◦C show that its molecular
orientations are changed and disordered. However, its orientations are
ordered at liquid-nitrogen temperature. This means that ice III undergoes
a disorder-order transition of structure.

Ice IV may be formed by heating high-density amorphous ice at a
slow ratio (0.4Kmin−1) from 145K and at a constant pressure of 0.81GPa
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(a faster ratio, such as 15K min−1, preferably produces ice XII) [149, 150].
Ice IV is metastable within ice III, ice V and ice VI phase space. It
forms a rhombohedral crystal (where space group R3̄c, 167; Laue class
symmetry −3m1) with cell dimensions 0.760nm (a, b, c; 70.1◦, 70.1◦, 70.1◦,
16 molecules). In the crystal, all water molecules are hydrogen bonded to
four others, two as donor and two as acceptor. The structure is formed
from two interpenetrating networks of both puckered and flattish hexamers
consisting of stronger hydrogen bound water. The penetrating hydrogen
bond is longer (2.921 Å) but these water molecules also possess three shorter
hydrogen bonds (2.783 Å) [149, 150].

Ice V is crystallized in a monoclinic unit cell containing 28 molecules.
Kamb et al. [151] obtained its structure: two types of zig-zag chains of
hydrogen-bonded molecules run parallel to the a axis of the crystal. One
type of chain is formed from alternating O2 and O3 molecules, and the other
is formed wholly from O4 molecules. The O2–O3 chains hydrogen bond
in pairs to the O4–O4 chains; O2–O3 chains are joined by O1 atom. The
average tetrahedral coordination of molecules is highly distorted in ice V
relative to those of ice II or ice III. The separations of nearest neighbors
range from 0.276 to 0.287nm, and O–O–O angles range from 84◦ to 135◦.
The smallest separations of non-hydrogen-bonded molecules are 0.346 and
0.328nm.

1.5.3.3. The structures of ices VI , VII, VIII, IX and X

Ices VI, VII, and VIII are a consequence of their interpenetration structures:
in each of these ices, a fully hydrogen-bonded framework forms cavities in
which molecules of a second but identical framework reside. Ice VI is a
tetragonal unit cell containing 10 molecules, which was found by Kamb
[152] using X-ray diffraction. As in all the other ices, each molecule is
hydrogen bonded to its four nearest neighbors. The molecules form chains
that run parallel to the c axis. These chains are hydrogen bonded to
four neighboring chains for forming one complete framework. Every set
of four chains surrounds a shaft that is occupied by a chain of the second
framework. All three types of nearest-neighbor distances are about 0.281nm
in ice VI. Every water molecule has eight non-hydrogen-bonded neighbors
at a distance of 0.351nm; these eight are members of the other framework.
The O–O–O angles are about 128◦ and others as small as 76◦[1].

Bridgman discovered ice VII [145], Whalley and Davidson [153] found
that ice VII underwent a disorder–order transition as it was cooled below
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about 5◦C. Thermodynamic and dielectric investigations confirmed that
such a transition really existed, whereas the molecular orientations are
changed above 5◦, which are fixed below this temperature; and that the
entropy associated with this transition is about −k ln(3/2)N . Therefore, ice
VII has a disordered arrangement of hydrogens, and transforms to a phase
having ordered hydrogens when cooled to 5◦C.

Kamb et al. [148] studied the structure of ice at 25 and −50 kbar by
X-ray methods and found ice VIII, which has a body-centered cubic struc-
ture, with each oxygen atom having eight nearest neighbors at a distance
of about 0.286nm, where every molecule is tetrahedrally hydrogen bonded
to four of these neighbors, which can be regarded as two inter-penetrating
but not interconnecting lattices of the ice Ic type. Each molecule of one
lattice occupies a cavity in the other lattice. Its density (1.66 gcm−3 at
25 kbar) is not twice the density of ice Ic due to the longer oxygen–oxygen
distances in ice VIII. This means that this distance is greater than 0.275nm
separation in ice I and suggests that there are significant repulsions between
each molecule and its four non-hydrogen-bonded neighbors.

The investigations showed that there are mainly ice VII and ice VIII
in ice for pressures above 2Gpa [140, 154] where the structures of these
phases differ only in hydrogen-bond orientations, and are slightly distorted
in lattice constants. Ice VIII is in a proton-ordered phase with a tetragonal
unit cell, while ice VII has a cubic unit cell and hydrogen-bond orientations
that are thought to be random subjects to the ice rules. Its molecular
structure is shown in Fig. 1.30 [155–158] where the cubic cell is drawn to

Fig. 1.30. The molecular structure of ice VII, where the oxygen atoms are represented
by larger spheres, and hydrogen atoms are represented by smaller yellow spheres [158].
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emphasize the diamond like form of a sublattice. For easy reference, oxygen
in different sublattices are colored differently, hydrogen atoms are placed in
the middle between two oxygen atoms. The origin of unit cell shown here
is different from that used in experimental structure refinements in which
the origin resides at the inversion center. The green arrows indicate the
symmetry-allowed directions of distortion described in the multisite model.
The blue arrows labeled by ε/2 give some possible directions of the relative
displacement of the two sublattices.

Recently, a “multisite” model has been proposed to re-examine the
neutron diffraction data, in which oxygen atom positions are allowed to
deviate from their single-site locations to six other sites determined by
symmetry (see Fig. 1.30). This model attributes the deviation of oxygen
from its mean position about 0.01nm to the distortion occurring within a
sublattice. The dashed lines in Fig. 1.30 exhibited the results of the multisite
model, which indicates that ice VII contains a mixture of two kinds of
hydrogen bonds with different lengths of 0.275 and 0.293nm, respectively. If
the relative displacement, which is ε/2 in Fig. 1.30, between the sublattices
in the multisite model is considered and occurs in ice VIII along its c axis,
then the symmetry of ice VIII is different from that of ice VII (space group
Pn3m). Later, two more elaborate models were proposed by Kuhs et al.
to account for the disorder in oxygen conditions in analyzing their powder
neutron diffraction data [159].

As it is known, the disorder in hydrogen-bond orientations of ice VII
causes difficulties in understanding its structure from either an experimental
or a theoretical viewpoint. Theoretical modeling of ice VII was hampered by
the random orientation of the hydrogen bonds. Thus Jer-Lai Kuo et al. [158]
studied the structure of ice VII and ice VIII using. Ab initio methods in
quantum mechanics, in which they explored the consequence of randomness
of hydrogen bonding arrangements in ice VII by examining all ice-rule-
allowed configurations in a unit cell of 16 water molecules. They presented
the energetics and structural data of 52 ice configurations, followed by a
detailed examination on the contributions of ε and δ to the deviation of
oxygen atoms from their perfect lattice. Noticeable relative displacement
(ε) between the two sublattices, previously thought to exist only in ice VIII,
was found in many of these configurations. The results showed a correlation
between the energy of a particular configuration of ice VII and ε, an energy
gap of 1.5mhartree that separates a unique ground state from all the others.
Thus, ab initio calculations resolved ambiguities in interpreting neutron
diffraction data of ice VII.
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Ice IX is the low-temperature equilibrium and slightly denser than
the structure of ice III (space group P41212, cell dimensions 0.6692nm
(a) and 0.6715nm (c) at 165K and 280MPa [160]). It is metastable in
the ice II phase space and converts to ice II, rather than back to ice III,
on warming. The hydrogen bonding is mostly proton-ordered as ice III
undergoes a proton disorder–order transition to ice IX when rapidly cooled
in liquid nitrogen at 77K. Ice III and ice IX have identical structures apart
from the proton ordering. Ice IX may be described by Kurt Vonnegut in
“Cat’s Cradle [161]”, with a freezing point well above ambient under normal
atmospheric pressure.

Ice X’s is formed from continuous transition of cubic ice VII in
which due to lifting the pressure is raised and contracts, the O· · ·O
distance, it has Pn3̄m space group, a, b, c = 2.78 Å at 62GPa, 300K [162],
where the ice protons are equally bonded between the oxygen atoms in a
molecular crystal. The oxygen atoms are arranged in a body-centered cubic
arrangement (eight neighbors) and the hydrogen atoms in a body-centered
truncated cubic arrangement (12 neighbors). As ice X is approached with
increasing pressure from very hot liquid water and the O–H energy minima
draw near to each other, the protons rapidly swap positions giving many
short-lived OH− and H3O+ ions. In ice X, however, protons are less
mobile than in ice VII as there is only one energy minimum for each
O–H–O bond.

1.5.3.4. The structures of ices XI, XII, XIII, XIV and XV

Ice XI is the low-temperature equilibrium structure of hexagonal ice
prepared from dilute KOH (10mM) solution kept just below 72K (at
ambient pressure; D2O 76K) for about a week [163]. The low temperature
of this transition has been correlated with the low energy difference between
the most and the second most stable ice configurations [164].

Ice XII can be formed by heating high-density amorphous ice at
0.81GPa from 77K to ∼183K at a rate of ≥15Kmin−1 and recovered
at atmospheric pressure at 77K [149]. It is metastable within the ice V
and ice VI phase space. It forms a tetragonal crystal (space group I 4̄2d,
122; Laue class symmetry 4/mmm). In the crystal, all water molecules are
hydrogen bonded to four others, two as donors and two as acceptors. Ice XII
contains a screw-type hydrogen bonded arrangement (right-handed double
helix). It has a density of 1.30 g cm−3 at 127K and ambient pressure, which
is greater than 1.23 g cm−3 in ice V.
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Ice XIII is the proton-ordered form of ice V formed by doping with
HCl below 130K and at 500MPa to facilitate the phase transition [165]. A
reversible transition between ice XIII and (metastable) ice V was observed
on cycling between 80 and 120K [166]. The crystals were monoclinic P21/a

with cell dimensions (a) 9.24 Å, (b) 7.47 Å and (c) 10.30 Å (90◦, 109.7◦, 90◦),
28 molecules at atmospheric pressure at 80K with a unit cell containing 28
water molecules.

Ice XIV is the proton-ordered form of ice XII, formed by doping with
0.01 M HCl (as DCl with D2O) below 118K and at 1.2GPa to facilitate the
phase transition [165]. The transformation is reversible with temperature
change, but less proton-ordering of ice XIV is found at lower pressure
[167, 168]. The crystals were orthorhombic P212121 with cell dimensions
(a) 8.350 Å, (b) 8.139 Å and (c) 4.083 Å (90◦, 90◦, 90◦), 12 molecules;
at atmospheric pressure and 80K with a unit cell containing 12 water
molecules [165]. Eight out of the 24 proton positions in the unit cell
remained mostly disordered.

Ice XV is the hydrogen-bonding ordered form of the ice VI phase.
Its existence was surmised based on the presence of the ordered forms
of other ices at low temperatures. Ice XV is antiferroelectric with all
the water molecule dipoles canceling out as each of the two separate
interpenetrating networks possess oppositely aligned hydrogen bonding.
Its pseudo-orthorhombic crystal has P 1̄ space group and cell dimensions
a = 6.2323 Å, b = 6.2438 Å, c = 5.7903 Å (90.06◦, 89.99◦, 89.92◦; D2O, at
∼0.9GPa and 80K) [168]. It has TPs with ice VI and ice II at 130K,
0.8GPa, and ice VI and ice VIII at 130K, 1.5GPa.

In general, the high-pressure form involves hydrogen atoms equally-
spaced between the oxygen atoms [169] whereas the lower pressure, low
temperature form uses the incorporation of hydroxide defect doping to order
the hydrogen bonding of ice Ih, that otherwise occurs too slowly. In the
meanwhile, only hexagonal ice Ih, ice IIIe, ices (V , VI, VII, and, perhaps,
ice X) can be in equilibrium with liquid water (ice X with supercritical
water), whereas all the others ices, including ice II , are not stable in
its presence under any conditions of temperature and pressure. The low-
temperature ices II, VIII, IX, XI (low pressure form), ices XIII, XIV and
XV [168] all possess (ice IX and ice XIV incompletely) are in low entropy
ordered hydrogen bonding whereas in the other ices (except ice X and ice XI
where the hydrogen atoms are symmetrically placed and molecules of H2O
do not have individual existence) the hydrogen bonding is disordered even
down to 0K, where reachable. Ice IV and ice XII are both metastable within
the ice V phase space. Cubic ice Ic is metastable with respect to hexagonal
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ice Ih. It is worth emphasizing that liquid water is stable throughout its
phase space above. However, ice VII undergoes X-ray-induced (∼9.7 keV)
dissociation to an O2–H2 alloy at high pressure (>2.5GPa) but reverts to
ice VII near its melting point at 700K and 15GPa. On the other hand,
there is a new ice phase, which lies on the liquid (supercritical) side of
ice VII at high pressures, with approximate TPs of about 700K, 20GPa
with liquid (supercritical) water and ice VII and about 1500K, 40GPa with
liquid (supercritical) and ice X.

1.5.3.5. The structures of vitreous ice and ice Ic

It is well known, when water vapor is condensed on a surface maintained
below −160◦C, vitreous ice is formed. In practice, the outline of vitreous ice
is similar with glassy, and its X-ray and electron diffraction patterns also
diffuse, thus it was named as vitreous ice, but its molecular structure is not
quite clear as yet. The vitreous ice can also transform irreversibly to ice
Ic through warming, in which the quantity of heat is 0.2 to 0.3 kcal·mol−1

[170, 171].
Ice Ic or cubic ice can be formed by warming the vitreous ice through

condensing water vapor on a surface in the case of temperature between
−140 and −120◦C. The ice Ic transformed irreversibly upon further
warming to ice I, with a small enthalpy change. The results of X-ray and
electron diffraction showed that the arrangement of oxygen atoms in ice Ic
resembles that in ice I and is identical to the arrangement of carbon atoms
in diamond. Its every water molecule is tetrahedrally hydrogen bonded to
its four nearest neighbors. Their nearest-neighbor distance is 0.275nm at
−130◦C, which is the same with that in ice I at the same temperature.
However, the oxygen atoms in ice I are arranged in puckered layers
containing hexagonal rings with the “chair” conformation, the stacking of
puckered layers in ice Ic is such that the hexagonal rings formed by three
oxygen atoms in one layer and three oxygen atoms in the adjacent layer
also have the “chair” conformation. Honjo and Shimaoka’s results [172] of
electron diffraction intensities and calculation by various models exhibited
that hydrogen atoms in ice Ic are disordered in the same manner as they
are in ice I, the O–H distance in ice Ic is about 0.09nm.

At the same time, there is the amorphous ice in certain conditions.
Therefore, we see from the above investigations that the molecular
structures of ice are very complicated. The properties of these ices are
summarized in Tables 1.3 and 1.4 [173] where LDA denotes low density
amorphous ice (0.94 g cm−3) at slightly higher temperatures, HDA denotes
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Table 1.3. The structural data of water molecule on the ices [173].

Dielectric
constant,

Ice types Density, g cm−3 Protons Crystal sort Symmetry εS Notes

Ice Ih 0.92 0.926 Disordered Hexagonal P63/mmc One C6 97.5
Ice Ic 0.92 0.933 Disordered Cubic Fd3̄m Four C3

LDA, Ia 0.94 Disordered Non-crystalline As prepared, may be mixtures of
several types.

HDA 1.17 Disordered Non-crystalline As prepared, may be mixtures of
several types.

VHDA 1.25 Disordered Non-crystalline
Ice II 1.17 1.195 Ordered Rhombohedral R3̄ One C3 3.66
Ice III 1.14 1.160 Disordered Tetragonal P41212 One C4 117 Protons may be partially ordered.
Ice IV 1.27 1.275 Disordered Rhombohedral R3̄c One C3 Metastable in ice V phase space.
Ice V 1.23 1.233 Disordered Monoclinic C2/c One C2 144 Protons may be partially ordered.
Ice VI 1.31 1.314 Disordered Tetragonal P42/nmc One C4 193 Two interpenetrating frameworks.
Ice VII 1.50 1.591 Disordered Cubic Pn3̄m Four C3 150 Two interpenetrating ice Ic

frameworks.
Ice VIII 1.46 1.885 Ordered Tetragonal I41/amd One C4 4 Low temperature form of ice VII.
Ice IX 1.16 1.160 Ordered Tetragonal P41212 One C4 3.74 Low temperature form of ice III

and metastable in ice II space.
Ice X 2.51 2.785 Symmetric Cubic Pn3̄m Four C3 Symmetric proton form of ice VII.
Ice XIa 0.92 0.930 Ordered Orthorhombic Cmc21 Three C2 Low temperature form of ice Ih.
Ice XIb >2.51 Symmetric Hexagonal close

packed
Distorted Superionic

Ice XII 1.29 1.301 Disordered Tetragonal I 4̄2d One C4 Metastable in ice V phase space.
Ice XIII 1.23 1.247 Ordered Monoclinic P21/a One C2 Ordered form of ice V phase.
Ice XIV 1.29 1.294 Mostly

ordered

Orthorhombic P212121 One C4 Ordered form of ice XII phase.

Ice XV 1.30 1.328 Ordered Pseudo-
orthorhombic

P 1̄ One C4 Ordered form of ice VI phase.
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Table 1.4. The structural data of water molecule in the ices [173].

Small Ring
Ice Molecular ring Approximate O–O–O penetration
types environments size (s) Helix angles,◦ hole size

Ice Ih 1 6 None All 109.47 ± 0.16 None
Ice Ic 1 6 None 109.47 None
LDA, Ia 3+ 5, 6 None Mainly 108, 109 and 111 None
HDA 6+ 5, 6 None Broad range None
VHDA 6+ 5, 6 None Broad range None
Ice II 2 (1:1) 6 None 80,100,107,118,124,128;

86,87,114,116,128,130
None

Ice III 2 (1:2) 5, 7 4-fold (1) 91,95,112,112,125,125

(2) 98,98,102,106,114,135

None

Ice IV 2 (1:3) 6 None (1) 92,92,92,124,124,124
(3) 88,90,113,119,123,128

Some 6

Ice V 4 (1:2:2:2) 4, 5, 6, 8 None (1) 82,82,102,131,131,131
(2) 88,91,109,114,118,128
(3) 85,91,101,103,130,135
(4) 84,93,95,123,125,126

8 (1 bond)

Ice VI 2 (1:4) 4, 8 None (1) 77,77,128,128,128,128
(2) 78,89,89,128,128,128

8 (2 bond)

Ice VII 1 6 None 109.47 Every 6
Ice VIII 1 6 None 109.47 Every 6
Ice IX 2 (1:2) 5, 7 4-fold (1) 91,95,112,112,125,125

(2) 98,98,102,106,114,135
None

Ice X 1 6 None 109.47 Every 6
Ice XIa 1 6 None 109.47 None
Ice XIb Undetermined 6/4 None Undetermined Every 6
Ice XII 2 (1:2) 7, 8 5-fold (1) 107,107,107,107,115,115

(2) 67,83,93,106,117,132
None

Ice XIII 7 (all equal) 4, 5, 6, 8 None (1) 82,82,102,131,131,131
(2) 88,91,109,114,118,128
(3) 85,91,101,103,130,135
(4) 84,93,95,123,125,126

8 (1 bond)

Ice XIV 2 (1:2) 7, 8 5-fold (1) 107,107,107,107,115,115
(2) 67,83,93,106,117,132

None

Ice XV 2 (1:4) 4, 8 None (1) 77,77,122,122,134,134
(2) 87,90,94,124,129,135

8 (2 bond)

high density amorphous ices, high-density ice (1.17 g cm−3 at 0.1MPa),
VHDA denotes very-high density ice (1.26 g cm−3 at 0.1MPa), formed from
LDA or crystalline ices [173].

1.6. The Phase Diagram for the Structure of Water
Molecules

Phase diagrams of water show its physical states at different temperatures
and pressures. Within each phase, water is uniform with respect to its
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chemical composition and physical state. Water is a liquid at typical
temperatures and pressures, but it becomes solid (ice) if its temperature is
lowered below 273K and gaseous (water vapor) if its temperature is raised
above 373K, at the same pressure. Each phase line on the phase diagram
represents a phase boundary and gives the conditions when two phases may
stably coexist. But a slight change in temperature or pressure can cause the
phases to abruptly change from one phase to the other. There is a TP in
the special conditions of temperature and pressure, where three-phase lines
join or where there is stable coexistence of liquid water, gaseous water and
hexagonal ice. Here, both the boiling point of water and melting point of
ice are equal. The three phases’ stable coexistence may abruptly change
into each other due to a slight change of temperature or pressure under
the singular conditions of temperature and pressure. However, four-phase
lines cannot meet at a single point. A CP occurs at the end of a phase
line where the properties of the two phases become indistinguishable from
each other, for example when, under singular conditions of temperature and
pressure, liquid water is hot enough and gaseous water is under sufficient
pressure that their densities are identical. CPs are usually found at the high
temperature end of the liquid–gas phase line [173].

The phase diagram of water is complex, having a number of TPs
and one, or possibly two, CPs [10]. Many of the crystalline forms may
remain metastable in much of the low-temperature phase space at lower
pressures. A thermodynamic model of water and ices Ih, III, V and VI and
thermodynamic functions of the phase transitions have been described. The
ices can be divided into the low-pressure ices (ices Ih, Ic and ice XI), the
high pressure ices (ices VII, VIII and X) and the others as mentioned above.
Here, we give the phase diagrams in different conditions.

Figure 1.31 shows a brief phase diagram of water. There are some
metastable forms not shown in this figure. The units of pressures in Fig. 1.31
are in kbars (about 1000 atm) because one kbar is already far higher than
the CP of water. In the phase diagram in Fig. 1.31, the boundary lines
are either between the liquid and one solid phase, or between two solids
of different crystalline structures [10]. Obviously, there are seven TPs, each
representing three phases at equilibrium. Four of these include liquid water,
and two solid forms, and three include only solid forms at equilibrium (the
TP of ice I, liquid–vapor, is not seen in this figure). Therefore, this phase
diagram differs from that in Fig. 1.26.

We now study the changes in density and lattice energy of the high
pressure ices utilizing this phase diagram. Calculations show that when we
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cross the boundary line between ice Ih to ice II, the volume decreases by
about 3.92 cm3 mol−1 and the internal energy increases by 19 calmol−1.
But crossing the boundary between ice II and ice V, the volume of
about 0.7 cm3 mol−1 is decreased, the internal energy of 347 calmol−1 is
increased. Crossing from ice V to ice VI causes a decrease in the volume
of 0.7 cm3 mol−1, and an increase in the internal energy of 101 calmol−1,
crossing from ice VI to ice VII causes a decrease of about 1.05 cm3 mol−1 in
volume, and an increase in energy of 550 calmol−1. However, all these slopes
are small relative to those of the transitions of VII →VIII. There is a change
in the ordering of hydrogen atoms in some of these changes [1]. Therefore,
high pressure ices have a higher density or lower molar volume, which means
that each water molecule is surrounded by a larger number of neighbors.
Then the water molecule interacts strongly with its surroundings. Thus,
the internal energy (i.e., make it more negative) of the entire ices is greatly
increased. As a matter of fact, increasing the densities in the ice polymorphs
causes an increase in internal energy (i.e., makes the internal energy less
negative) although each water molecule interacts with a larger number of
neighbors. Hence, plenty of interesting properties can be manifested by the
high pressure polymorphs of ice “1”. For the purpose of the study of liquid
water, it is useful to remember that a large number of structures can be
formed around a water molecule in the solid state. This means that both
open (or linear) and close-packed (or ring) structures are possibly formed in
this case. Therefore, the high pressure polymorphs of ice can be denoted by
relatively higher densities. Then each water molecule experiences a higher
local density than in ice Ih, their internal energies are also higher than those
of ice Ih, which indicates that the binding energy of a water molecule in
an open structure is stronger than that of the same molecule in a closely
packed structure [173].

In the P−T phase diagram, the boundary between ice VII and ice
VIII contains many intriguing transitions with different nature [140, 154].
In the pressure range between 2 and 10 Gp, a thermally-induced transition
between high-temperature disordered ice VII and low-temperature ordered
ice VIII is characterized by a pressure-insensitive transition temperature
(∼260K). Upon further increase in pressure, the phase boundary falls
rapidly at about 60Gpa. Schweizer and Stillinger [174–176], pointed out
that this pressure-induced transition from low-pressure ice VIII to high-
pressure ice VII, which cause to the quantum tunneling of protons. The
experiments discovered the existence of a low-temperature metastable form
of ice VII (LT-ice VII) inside the stable region of ice VIII [177], thus they
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proposed both thermal- and pressure-induced transitions between LT-ice
VII and ice VIII [178]. The existence of ice VIII was confirmed after
that of ice VII. The neutron diffraction experiments gave solid evidence
to validate the proton-ordered structures of ice VIII [178, 179]. But the
same experimental setup encountered difficulties in data analysis caused
by the disorder in hydrogen-bond arrangements in ice VII and obtained
either surprisingly short oxygen-hydrogen distances (ROH ∼ 00.89nm [180]
and ∼0.0943nm [180, 181] or improbable H–Ô–H angles (∠ HOH=98.2–
114◦ [177]). In those investigations, they assume that the oxygen atoms are
located on the perfect diamond-like lattice and the hydrogen atoms take a
special position (x, x, x also {111} axis with x ∼ 0.42) as shown in Fig. 1.31.

In summary, there are always plenty of hydrogen-bonded chains in ice
crystal characterized by the formation of long chains: · · ·X–H· · ·X–H· · ·X–
H· · · , where X is the oxygen atom or OH ion group in ice although it has
different forms, the structural characteristics of which are summarized in
Table 1.5. Some structural features are common to all ices, but others are
only appropriate to the high-pressure phases. These common features are
summarized as follows [10, 173].

(a) The water molecules exist in the forms of hydrogen-bonded chains
in ice, which is characterized by · · ·X–H· · ·X–H· · ·X–H· · · , where

Fig. 1.31. The brief phase diagram of water [10].



D
e
c
e
m

b
e
r

3
,
2
0
1
3

1
1
:5

7
9
in

x
6
in

W
a
te

r:
M

o
le

c
u
la

r
S
tru

c
tu

re
a
n
d

P
ro

p
e
rtie

s
b
1
6
5
6
-ch

0
1

M
o
lecu

la
r

S
tru

ctu
res

o
f
W

a
ter

a
n
d

Its
F
ea

tu
res

7
1

Table 1.5. The properties of molecular structures of eight ice [1].

Ice I Ic II III V VI VII VIII

Number of nearest
neighbors

4 4 4 4 4 4 4 4

Distance of nearest
neighbors (nm)

0.274 0.275 0.275–0.284 0.276–0.28 0.276–0.287 0.281 0.286 0.286

Distance of closest
non-H-bonded
nearest

neighbors (nm)

0.449 0.450 0.324 0.347 0.328, 0.346 0.351 0.286 0.286

O. . . H. . .O angles
(deg.)

109.5◦ ± 0.2 109.5◦ 80◦−128◦ 87◦−141◦ 84◦−135◦ 76◦−128◦ 109.5◦ 109.5◦

Position of
hydrogen atom

Disordered Disordered Ordered Disordered
Above
−40◦C

Disordered Disordered Disordered Ordered
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X is the oxygen atom or OH ion group, although ice has different
forms mentioned above. Therefore, ices are a typically hydrogen-bonded
system except for vitreous ice, where the lengths of chain and H–O–H
angles are different for different forms, but they are all different the
corresponding quantities for an isolated water molecule.

(b) Each water molecule is associated with four neighbor water molecules
through hydrogen bonding, thus, ideal or approximate or distorted
tetrahedral coordination of the four hydrogen-bonded neighbors can
be formed always in these ices.

(c) The hydrogen-bond angles in the equilibrium states in different phases
of ice have fluctuations of a few degrees around 180◦, the equilibrium
nearest neighbor O–O separations have also the fluctuations around
0.276nm.

(d) The different phases of ice and their features as well as their changes are
mainly determined by its temperature and pressure. In different phases,
the positions of oxygen and hydrogen atoms and their arrangement are
somewhat different. We showed the temperatures and pressures of seven
TPs, which are the three phases meet in the phase diagram in Fig. 1.31,
for solid water and D2O in Table 1.6, respectively. Therefore, they are
different.

We give further a detailed phase diagram of water including ice Ih–Ic,
ice II–ice XV, in Fig. 1.32. Meanwhile, we find that there are 16 TPs in this
phase diagram, their thermodynamic properties are shown in Table 1.7.

Table 1.6. The temperatures and pressures of eight TPs for solid water and D2O [1].

H2O D2O

Phase in equilibrium Pressure (kbar)† Temp.◦C Pressure (kbar)† Temp.◦C

Ice I–liquid–vapor 6.1 × 10−6 0.01 . . . . . .
Ice I–liquid–ice III 2.07 −22.0 2.20 −18.8
Ice I–ice II–ice III 2,13 −34.7 2.23 −31.0
Ice II–ice III–ice V 3.44 −24.3 3.47 −21.5
Ice III–liquid–ice V 3.46 −17.0 3.49 −14.5
Ice V–liquid–ice VI 6.36 0.16 6.28 2.6
Ice VI–liquid–ice VII 22.0 81.6 . . . . . .
Ice VI–ice VII–ice VIII 21 ∼5 . . . . . .

Note: †1 kbar = 109 dyn cm−2 = 986.9 atm.
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Fig. 1.32. The detailed phase diagram of water [173].

1.7. The Energy Spectrum of Vibration of Water Molecules
and Its Properties in Water

The traditional normal-mode (NM) for studying vibrational spectra of
molecules has been proven to be of great value for the interpretation of
single-quantum vibrational transitions [182], but it has not been so in
describing multiple-quantum transitions where vibrational energy tends to
become localized on a single bond. To describe this situation, the local-
mode (LM) has been developed [183], but the results obtained are not very
consistent with the experimental data for some molecular system. Some
years ago, the discrete self-trapping equation of non-linear quantum theory
[184–188] was introduced in calculating molecular energy spectra as a more
useful and simple dynamical mode for anharmonic vibrational systems.
A lot of interesting results, which are consistent with experiment, have been
obtained. Here, we apply this theory to calculate the energy spectra of OH
stretch vibration in liquid water based on the above theory of structure
of water molecules, in which there are plenty of hydrogen-bonded chains.
In this case, the OH stretch vibration in these hydrogen-bonded chains of
water molecules is a non-linear problem [184–188]. Thus, we can calculate
the energy spectra of OH stretch vibration in liquid water by choosing a
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Table 1.7. Thermodynamic data for the TPs of water [173].

∆H, kJ ∆ S, J mol−1 ∆ V cm3

Triple points MPa ◦C mol−1 K−1 mol−1 D2O

Gas Liquid Ih 0.000611657 0.010 661 Pa, 3.82◦C
gas → liquid −44.9 −165 –22050

gas → Ih −50.9 −186 –22048
liquid → Ih −5.98 −22 1.634

Gas Ih XI 0 −201.0 0MPa, −197◦C

Liquid Ih III 209.9 −21.985 220MPa, −18.8◦C
liquid → Ih −4.23 −16.9 2.434
liquid → III −3.83 −15.3 −0.839

Ih → III 0.39 1.6 −3.273

Ih II III 212.9 −34.7 225MPa, −31.0◦C
Ih → II −0.75 −3.2 −3.919
Ih → III 0.17 0.7 −3.532
II → III 0.92 3.8 0.387

II III V 344.3 −24.3 347MPa, −21.5◦C
II → III 1.27 5.1 0.261
II → V 1.20 4.8 −0.721
III → V −0.07 −0.2 −0.982

II VI XV ∼ 0.8GPa, −143◦C
Liquid III V 350.1 −16.986 348MPa, −14.5◦C

liquid → III −4.61 −18.0 −0.434
liquid → V −4.69 −18.3 −1.419

III → V −0.07 −0.2 −0.985

(Continued)
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Table 1.7. (Continued)

∆H, kJ ∆ S, J mol−1 ∆ V cm3

Triple points MPa ◦C mol−1 K−1 mol−1 D2O

Liquid IV XII ∼500−600 ∼− 6

II V VI ∼620 ∼−55

Liquid V VI 632.4 0.16 629 MPa, 2.4◦C
liquid → V −5.27 −19.3 −0.949
liquid → VI −5.29 −19.4 −1.649

V → VI −0.02 −0.5 −0.700

VI VIII XV ∼1.5GPa, −143◦C

VI VII VIII 2,100 ∼5 1950 MPa, ∼0◦C

VI → VII −0.09 −0.3 −1.0
VI → VIII −1.20 −4.2 −1.0
VII → VIII −1.10 −3.9 0.0

Liquid VI VII 2,216 81.85 2060 MPa, 78◦C
liquid → VI −6.36 −18.0 −0.59
liquid → VII −6.36 −18.0 −1.64

VI → VII 0.0 0.0 −1.05

VII VIII X 62,000 −173

Liquid VII X 43,000 > 700

47,000 ∼727

Liquid VII Superionic ∼40,000 ∼1000
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set of optimal values for parameters ω0, λ and ε, where ω0 is the harmonic
stretching frequency of OH vibration, λ is the parameter describing the
strength of non-linear interaction with the adjacent structure and ε is the
parameter describing the interaction between OH oscillators.

Chen et al. [189] calculated the energy spectrum of vibration of water
molecules using classical discrete self-trapping equation of non-linear theory
for a system with multiple-degrees of freedom, m, in the form of [184–188]

(
i
d

dt
− ω0

)
A+ λdiag(|Ai|2)A+ εmA = 0, (1.11)

where A = col(A1, A2, . . . , AM ) is m-dimensional column vector of complex
mode amplitudes, λ is an anharmonic parameter andM = [mij ] is anm×m
real symmetric dispersion matrix. The Hamiltonian and the particle number
corresponding to Eq. (1.11) are

H =
m∑

i=1

(
ω0|Ai|2 − 1

2
λ|Ai|4

)
− ε

∑
i�=j

mijA
∗
iAj , (1.12)

N =
m∑

i=1

|Ai|2. (1.13)

In adopting canonical second quantization method, Eqs. (1.12) and (1.13)
become the operators

Ĥ =
m∑

i=1

[(
ω0 − 1

2
λ

)(
B̂+

i B̂ +
1
2

)
− 1

2
λB̂+

i B̂i + B̂+
i B̂iB̂

+
i B̂i

]
, (1.14)

N̂ =
m∑

i=1

(
B̂+

i B̂i +
1
2

)
, (1.15)

where B̂+
i and B̂i are boson creation and annihilation operators which

operate on products of number states: |n1〉|n2〉 . . . |ni〉 . . . |nm〉.
If we consider only two OH stretching modes [v1(A1) and v2(B1)] for

H2O molecule in both vapor and liquid water, Eqs. (1.11), (1.14) and (1.15)
become as (

i
d

dt
− ω0

)[
A1

A2

]
+
[
λ|A1|2 ε

ε λ|A2|2
]

= 0, (1.16)
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Ĥ =
[(
ω0 − 1

2
λ

)
(B̂+

1 B̂1 + B̂+
2 B̂2 + 1)

−1
2
λ(B̂+

1 B̂1B̂
+
1 B̂1 + B̂+

2 B̂2B̂
+
2 B̂2) − ε(B̂+

1 B̂2 + B̂+
2 B̂1)

]
,

(1.17)

N̂ = B̂+
1 B̂1 + B̂+

2 B̂2 + 1. (1.18)

For the ground state eigenfunction |ψ0〉 = |0〉|0〉, the eigenvalue
equation of Ĥ is Ĥ |ψ0〉 = E0|ψ0〉, where E0 = ω0 − 1/2λ. For the
first excited state, the eigenfunction can be written in the form: |ψ1〉 =
C1|1〉|0〉+C2|0〉|1〉, where |C1|2 + |C2|2 = 1. Then, corresponding equation
becomes

[(2ω0 − E1)I −Q1]C̄i = 0,

Q =




3
2
λ ε

ε
3
2
λ


.

From the above equations, we get

E1a − E0 = ω0 − λ− ε,

E1a − E0 = ω0 − λ+ ε.

Utilizing the similar method mentioned above, for an excited state with
n > 1, we get the eigenfunction in the form:

|ψn〉 = C1|n〉|0〉 + C2|n− 1〉|1〉 + · · · + |1〉|n− 1〉 + |0〉|n〉,
where

∑
i |Ci|2 = 1. From eigenvalue equation Ĥ |ψn〉 = En|ψn〉 we obtain

{[(n+ 1)ω0 − En]I −Qn}Ci = 0,

where C̄i = col(C1 +C2 + · · ·+Ci +Ci+1) and Qn is a real, (n+1)× (n+1)
tridiagonal matrix. If λ(i)(i = 1, 2, . . . , n+ 1) is one of the real eigenvalues
of Qn, then

E(i)
n − E0 = nω0 − λ/2 − λ(i).

In Table 1.8, we calculate results (1 < n < 9) obtained by Eqs. (1.16)–
(1.18) or Eq. (1.19), where the optimal values of ω0, λ and ε are obtained
through the experimental spectrum data of H2O [162, 170–176], for vapor
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Table 1.8. The energy spectrum of vibration of water molecule (cm−1) [189].

The values of H2O in vapor The values in liquid water H2O

n Present results Exp (a) LW/CH(bb) n Present results Exp. (cc)

1 3652.65 354.0.2 3679.17 1 3240.70 3280.00
3746.35 3665.1 3785.53 3409.70 3415.00

2 7199.82 7201.54 7244.46 2 6400.92
7243.90 7249.82 7302.11 6515.40
7443.08 7445.05 7514.72 6764.88

3 10606.16 10599.66 10663.99 3 9466.27
10617.51 10613.41 10683.79 9526.28
10876.74 10868.86 10950.87 9775.93
11052.79 11032.40 11152.15 10053.92

4 13847.62 13828.30 13908.49 4 12408.97
13849.24 13830.92 13912.73 12429.54
14246.64 14221.14 14307.83 12730.14
14350.86 14318.80 14445.99 12957.06
14593.64 14536.87 14711.19 13278.28

5 16928.71 16898.40 16974.59 5 15207.03
16928.86 16898.83 16975.25 15211.54
17513.17 17458.20 17554.09 15631.77
17549.11 17495.52 17621.26 15783.58
17824.92 17748.07 17904.13 16085.70
18072.23 18181.72 16436.38

6 19853.50 19863.03 6 17862.11
19853.51 19863.11 17862.82
20611.44 20637.16 18450.63
20619.01 20657.12 18524.55
20988.29 21025.71 18833.81
21155.28 21246.15 19146.23
21440.97 21565.74 19528.25

7 22622.88 22570.31 7 20379.51
22622.88 22570.31 20379.60
23543.40 23527.09 21139.87
23544.31 23530.86 21162.65
24092.60 24069.95 21543.47
24171.24 24201.96 21787.86
24454.12 24518.75 22144.76
24749.37 25858.70 22553.49

8 25237.02 25090.75 8 22761.07
25237.02 25090.75 22761.08
26315.33 26225.81 23675.22
26315.41 26226.32 23679.77

(Continued)
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Table 1.8. (Continued)

The values of H2O in vapor The values in liquid water H2O

n Present results Exp (a) LW/CH(bb) n Present results Exp. (cc)

27057.21 26980.16 8 24209.48
27077.82 27031.18 24358.49
27429.67 27395.58 24700.23
27655.96 27687.99 25077.06
27981.76 28059.48 25512.01

9 27695.98 9 25007.24
27695.98 25007.24
28930.84 26064.22
28930.85 26064.89
29844.62 26782.09
29847.66 26844.13
30362.54 27213.32
30488.68 27536.57
30797.27 27944.63
31136.59 28403.66

Note: (a) The results obtained from compilations of Refs. [182, 189–196]; (b) the results
obtained from Ref. [183]; and (c) The results obtained from Ref. [187].

ω0 = 3854 cm−1, λ = 155.1 cm−1 and ε = 46.85 cm−1, for liquid water
ω0 = 3460.2 cm−1, λ = 135 cm−1 and ε = 84.5 cm−1.

It is obvious from the results displayed in Table 1.8 that the vibrational
energy levels of H2O vapor obtained here are in better agreement with the
experimental values [182, 190−196] than those from the LM calculations of
Lawton et al. [186]. The vibrational energy levels of H2O in liquid water
have not been calculated by others so far, but are consistent with the
experimental data although the latter are smaller. The fewer number of
parameters (ω0, λ and ε) and the computational simplicity, as well as the
good agreement with experiment make this method a viable alternative to
the LM and NM approaches. Therefore, this result verified the correctness
of existence of linear and ring hydrogen-bonded chains in water because
these results were obtained based on the theory of structure of linear and
ring hydrogen-bonded chains.

From Table 1.8, we can draw up some new and interesting conclusions
as follows:

(a) The calculated vibrational frequencies of OH stretch vibrations in H2O
molecules change about 8–11% toward smaller ones when the phase of
H2O transforms from vapor to liquid water, This result is mainly due
to hydrogen bonding.
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(b) The degeneration phenomenon of energy levels begins to appear at
higher quantum number: n = 7 for both H2O in vapor and n = 9 for
H2O in liquid water. It indicates that H2O vapor is more local in its
vibrational behavior than those of H2O in liquid water.

(c) With quantum number n increasing, the least interval of the energy
levels between the nth and the (n − 1)th excited states is gradually
decreasing. When n = 9 for both H2O vapor and H2O in liquid water,
the overlapping phenomenon of energy levels starts to appear.

These results mentioned above are very useful in optical spectrum
research of water.

1.8. The Ionization of Water Molecules and Its Properties

Experiments show that the ionization of water molecules can occur under
influences of electric field fluctuations between neighboring molecules,
which is due to the dipole librations of water molecules [197], resulting
from thermal effects and favorably localized hydrogen bonding [198]. This
process can be facilitated by exciting the O–H stretch vibration [199].
In this case, the ions of H++OH− can be separated by means of the
Grotthuss mechanism, but they may also recombine again within a few
femtoseconds. However, the localized hydrogen bonding arrangement breaks
before allowing the separated ions to return [197]. The pair of ions of H+

and OH− hydrate independently and continue their separate existence for
about 70µs, this lifetime depends on the extent of hydrogen bonding and
is shorter at lower temperatures. This process may be denoted by

H2O � H+ + OH−.

These ions tend to recombine when separated by only one or two water
molecules. Although the extent of ionization, which is denoted in Kw =
[H+][OH−], is small, which is ([H+]/[H2O] = 2.8 × 10−9 at 37◦C, the
ionization and consequential changes in the tiny concentrations of hydrogen
ions have absolute importance to living processes [173].

On the other hand, the water molecules may be also ionized in following
form

2H2O � H3O+ + OH−,

where H3O+ is called oxonium ions or hydroxonium ions, but has negligible
existence as naked protons in liquid or solid water, where they interact
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extremely strongly with electrons. All three hydrogen atoms in the oxonium
ion are held by strong covalent bonds and are equivalent (that is, C3v sym-
metry). Both ions are ionic kosmotropes, creating order and form stronger
hydrogen bonds with surrounding water molecules. The concentrations of
H3O+ and OH− are normally taken as the total concentrations of all the
small clusters including these species.

In the meanwhile, other water molecules can be also required to
promote the hydrolysis, which is of the form [173]

4H2O � H5O+
2 + H3O−

2 .

The concentration of oxonium and hydroxide ions produced is, therefore,
equal to the square root of the ionization constant (Kw). However, aqueous
OH− does not ionize further as O2−+ H2O→ 2OH− at K > 1022.

The oxonium ion concentration or hydrogen ion concentration is given
in terms of the pH value, where pH = log10(1/[H3O+]) = − log10([H3O+]),
that is, [H3O+] = 10−pH, which is the concentration of H3O+ in mol L−1. pH
value may also be represented by pH = − log10(aH) = − log10(m′

HλH/m
′),

where aH,m
′
H, λH and m′ are the relative activity, molality, molal activ-

ity coefficient and standard molality (1 mol kg−1) of the hydrogen ions,
respectively. At the low concentrations normally found, the hydrogen ion
concentration is close to the relative activity. The molal activity of hydrogen
ions cannot be determined directly but may be determined using a glass
electrode relative to the response of standard buffer solutions of suitable
ionic strength. Glass electrode-determined pH values are error-prone and
calculated hydrogen ion concentrations should be treated with caution [200].

In a similar manner pKw is defined by pKw = log10(1/Kw) =
− log10(Kw), utilizing concentrations in mol L−1, which is related to the
temperature of water, i.e., increasing with temperature, that is, from
0.112× 10−14 mol2L−2 at 0◦C (pH 7.5), to 0.991× 10−14 mol2L−2 at 25◦C
(pH 7.0), to 9.311 × 10−14 mol2−2 at 60◦C (pH 6.5) [201]), which agrees
with the high positive standard free energy of water. But the minimum of
pKw of H2O is about 0.74, which is lower than that for D2O [202].

Bandura et al. [203] examined the temperature and density dependence
of ionization and found that the ionization depends on the pressure with
Kw doubling at about 100MPa and ∆V associated with the ionization is
negative, which is −18.1 cm3 mol−1. In this investigation they observed that
the ionization also varies with solute concentration and ionic strength, for
example,Kw goes through a maximum of about 2×10−14 mol2L−2 at about
0.25M ionic strength using tetramethylammonium chloride (where possibly



December 3, 2013 11:57 9in x 6in Water: Molecular Structure and Properties b1656-ch01

82 Water: Molecular Structure and Properties

the change in hydrogen bonding caused by clathrate formation encourages
ionization) before dropping to a value of about 1 × 10−16 mol2L−2 at 5M
(with higher concentrations disrupting the hydrogen bonding) [173].
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Chapter 2

The Properties of Water and Its Anomalies

As it is known, water has various properties and different anomalies,
which obviously relate closely to its complicated molecular structures
and configurations mentioned in Chapter 1. Therefore, the study of the
properties and anomalies can not only amplify the applications of water but
also verify further the correctness of its new theory of molecular structure.
As far as the properties of water are concerned. Dorsey [1] published first
plenty of researched results. Some of the properties of water were also
discussed by Pauling [2], Samoilov [3], respectively. After this, a series of
books on the molecular structures and properties of water were published
by Eisenberg and Kauzmann [4], Franks [5] including chapters on specific
topics written by specialist authors. A more recent book by Robinson et al.
[6] summarizes both the experimental and the theoretical advances in the
field. An interesting, more descriptive book was also published by Ball
[7], Frank [8], Ben-Naim [9] and so on. Therefore, we can say that the
investigations of general properties of water are complete and deep. In this
chapter, we shall study and summarize the general properties of water and
some anomalous phenomena obtained by author and other researchers up
to now. Especially, the anomalous properties of water studied by Stanley
et al. [10, 11]. Ball [12–13] and Angell et al. [14], etc. are also a main
subject of present investigations in water science. Hence, we will also
summarize these studies, including a description in the website “http//
www.lsbu.ac.uk/water/data.html” [15] and author’s studied results, see
reference [15] for detailed description. In the meanwhile, the quantum effects
of water and its ultrafast dynamic effect, which are also quite interesting
problems in the investigation of water science, will also be discussed in this
chapter.
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2.1. The Basic Properties of Water

The data on basic properties of water were measured and collected by
different instruments, methods, times and researchers [1–9]. The basic
physical and chemical properties of water and their concrete data are shown
in Table 2.1, which is a downsizing and revision of the data in Ref. [15].

2.2. The Optical Properties of Water and Its Abnormal Effects

2.2.1. Refractive Index of Water and Its Anomaly

Tilton [76] and Taylor [77] determined first the refractive index of water
for visible light, in which the shortest wavelength was the Hg line, and the
longest was the He line. From this study they found that the refractive
index is increased with decreasing temperature, but there is a maximum
at the longer wavelengths. They observed also that the refractive index for
the Na D-line increases from 1.32722357 at 60◦C to 1.3339493 at 0◦C, and
is slightly smaller for longer wavelengths of light. At the same time, the
refractive index of H2O is slightly greater than that of D2O for the same
temperature and wavelength of light they obtained. For the Na D-line, their
difference is 0.004687 at 20◦C, the maximum of the refractive index of D2O
as a function of temperature is at about 6.7◦C. Thus, the maximum in the
refractive index for H2O and D2O occurs about 4–5◦C below the maximum
in the density.

The experiments also show that water has several strong absorption
bands in the infrared range of the spectrum, the refractive index was
decreased by decreasing the frequency through the region of the absorption
band, and it increases sharply, then decreases again. Thus, the refractive
index of water in infrared radiation region leads to a number of these
dispersions.

Kislovskii [78] calculated the changes in the refractive index of water
with changing frequency of the infrared light. In this calculation, he treated
an absorption of water as a forced vibration of a damped harmonic
oscillator. From this study he obtained the four prominent absorption
bands, which correspond roughly to the bands. Thus, he found that the
refractive index is 1.33 in the shortest wavelength for visible light. One
dispersion region was also presented for each of the four absorption bands.
But the refractive index was 2.04 at the longest wavelength. Harvey et al.
[79] also studied the relationships of refractive index of water and steam
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Table 2.1. The basic properties of water (including heavy water data) [15].

Property Data

Area, surface covered 19.0 Å2 molecule−1 (monolayer [16])

Bond energy, average at 0 K H2O, 0.5 (H–O–H→O + 2H), 458.9 kJ mol
bond−1

D2O, 0.5 (D–O–D→O+2D), 466.4 kJ mol
bond−1

Boiling point, 101.325 kPa H2O: 100.0◦C [17]

D2O: 101.42◦C [18]

H17
2 O: 100.08◦C [19]

D18
2 O: 101.54◦C [19]

Bulk modulus (= 1/γT isothermal
elasticity)

H2O: 2.174 GPa (2.174 nN nm−2, 25◦C)
[20]

D2O: 2.100 GPa (2.100 nN nm−2, 25◦C)

Chemical potential, temperature H2O (gas): −188.7 J mol−1K−1(25◦C)
coefficient(dµ/dT ) = negative molar H2O (liquid): −69.9 Jmol−1 K−1(25◦C)
entropy (−S) H2O (solid): −44.8 Jmol−1 K−1 (25◦C)

Chemical potential, pressure coefficient H2O (gas): 24460 J mol−1 MPa−1(25◦C)
(dµ/dP ) molar volume H2O (liquid): 18.07 J mol−1 MPa−1(25◦C)

H2O (solid): 19.73 J mol−1 MPa−1 (25◦C)

Cohesive energy density 2.2973 kJ cm−3 = 2.2973 GPa (25◦C)

Internal cohesive pressure 168 MPa (25◦C) [21]

Adiabatic compressibility (KS) H2O: 0.4477 GPa−1 (25◦C) [22],
0.5086 GPa−1 (0◦C)

D2O: 0.4625 GPa−1 (25◦C) [22]

Critical Compressibility (= PcVc/RTc) H2O: 0.2294

D2O: 0.2277

Isothermal compressibility (KT ) H2O: 0.4599 GPa−1 (25◦C) [23]

D2O: 0.4763 GPa−1(25◦C) [23]

Minimum isothermal compressibility (KT ) H2O: 0.4415 GPa−1 at 46.5◦C [24]

D2O: 0.4489 GPa−1 at 49.9◦C [25]

Change of compressibility with pressure −0.1152 GPa−1 (25◦C) [26]

Electrolytic conductivity 0.05501 µS cm−1(25◦C, [27])h,
1.2 µS cm−1(22◦C, degassed; [28])

(Continued)
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Table 2.1. (Continued)

Property Data

Thermal conductivity H2O: 0.610 W m−1 K−1(25◦C) [IAPWS]

D2O: 0.595 W m−1 K−1(25◦C) [IAPWS]

Maximum thermal conductivity H2O: 0.686 W m−1 K−1 at 133◦C [29]

D2O: 0.636 W m−1 K−1 at 113◦C [29]

Critical point H2O: 647.096 K, 22.064 MPa 322 kg
m−3(IAPWS)g

D2O: 643.847 K, 21.671 MPa, 356 kgm−3

(IAPWS) g

Cryoscopic constant 1.8597 Kkg mol−1

Density H2O 997.05 kgm−3 (25.0◦C,
101.325 kPa) [30, 31]

H2
18O 1110.64 kg m−3(20.0◦C) [19]

D2O 1104.36 kgm−3(25.0◦C) [22]

D2
18O 1216.22 kg m−3(20.0◦C) [19]

Density of liquid water at melting point H2O: 916.72 kg m−3 (0◦C, 101.325 kPa)

Density maximum (and molar volume) H2O 999.97495 kgm−3e 3.984◦C
at temperature of maximum density H2O 999.972 kg m−3,

29.91 Å3 mol−1
3.984◦C

999.975 kg m−3

(IAPWS formula)
3.978◦C

D2O 1105.3 kgm−3,
30.07 Å3 mol−1

11.185◦C

H16
2 O 1112.49 kg m−3,

29.87 Å3 mol−1
4.211◦C

D17
2 O 1216.88 kg m−3,

30.06 Å3 mol−1
11.438◦C

Dielectric constant H2O: 87.9 (0◦C), 78.4 (25◦C), 55.6
(100◦C) [33]

104.3 (supercooled liquid, 240 K, IAPWS)

D2O: 78.06 (25◦C) [34]

Change of dielectric constant with
pressure

37.88 GPa−1 (25◦C)[26]

Dielectric relaxation H2O: 9.55 × 10−12 s (20◦C) [35]

D2O: 12.3 × 10−12 s (20◦C) [35]

(Continued)
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Table 2.1. (Continued)

Property Data

Diffusion coefficient H2O: 0.2299 Å2 ps−1 (25◦C) [35]

D2O: 0.2109 Å2 ps−1 (25◦C) [35]

H2
18O: 0.266 Å2 ps−1 [19]

Thermal diffusivity H2O: 14.6 Å2 ps−1 (25◦C)
D2O: 12.7 Å2 ps−1 (25◦C)

Dipole moment (average), µ z 2.95 ± 0.2D (27◦C)[36]

Displacement, root mean square ∼0.07mm s−1 [37a]

Ebullioscopic constant 0.5129K kgmol−1

Electron affinity −16 kJ mol−1 (−0.17 eV) (25◦C)

HOMO–LUMO gap, 659 kJ mol−1

(6.353 eV) (25◦C)

Internal energy (U) 1.8883 kJ mol−1(25◦C, 101.325 kPa)

Enthalpy (H) 1.8909 kJ mol−1 (25◦C)

Enthalpy of formation, ∆Hf , H2O: −285.85 kJ mol−1 (25◦C)
D2O: −294.6 kJ mol−1 (25◦C)

Enthalpy of vaporization (liquid) 45.051 kJ mol−1 (0◦C) [38],
40.657 kJ mol−1(100◦C) [39]

Enthalpy of fusion 6.00678 kJ mol−1 (0◦C, 101.325 kPa) [40]

6.354 kJ mol−1 (81.6◦C, 2150 MPa,) [41]

H2
18O: 6.029 kJ mol−1(0.31◦C) [42]

D2
16O: 6.315 kJ mol−1 (3.82◦C) [42]

Entropy (S) 63.45 J mol−1 K−1 [43]
6.6177 J mol−1 K−1 (25◦C) [30]

Entropy of fusion 22.00 J mol−1 K−1 (0◦C)[35]

Entropy of vaporization 108.951 J mol−1 K−1 (100◦C) [35]

Expansion coefficient (β) H2O: 0.000000◦C−1(3.984◦C),
0.0001722◦C−1(25◦C) [44]

D2O: 0.000053◦C−1 (25◦C) [22]

Fragile to strong liquid transition ∼220K [45]

Gibbs energy (G = U − TS + PV ), all
referenced to triple point

−82.157 J mol−1(25◦C, 101.325 kPa) [46]

(Continued)
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Table 2.1. (Continued)

Property Data

Gibbs energy of formation, ∆Gf , H2O(liquid): −237.18 kJ mol−1 (25◦C) [47]

=Chemical potential (µ) HDO (liquid): −243.44 kJ mol−1 (25◦C) [48]

D2O (liquid): 243.44 kJ mol−1 (25◦C) [48]

Specific heat ratio (γ = CP /CV ) H2O (gas): 1.3368 (100◦C, 101.325 kPa) [32]

Helmholtz energy (A = U − TS) −83.989 J mol−1 (25◦C, 101.325 kPa)

Hydrogen bond Donor, Σα: 1.17 [49]; Acceptor, Σβ: 0.47 [49]

Donor number (DN), 18.0 [50];

Acceptor number (AN), 54.8 [50]

Ionic dissociation constant, H2O: 1.821 × 10−16 mol−1

[H+][OH−]/[H2O], (25◦C) D2O: 3.54 × 10−17 mol−1

Ionization in liquid water,
∆G(25◦C)

2H2O −→ H3O + OH−, 79.907 kJ mol−1

2D2O −→ D3O++ OD−, 84.88 kJ mol−1

Ionization potential H2O (liquid): 1018 kJ mol−1 (10.56 eV) [51]

D2O: 1219 kJ mol−1 (12.64 eV) [51]

Ionization rate (25◦C) H2O −→ H++ OH−, 2.59 × 10−5 L2 mol−1 s−1

H++ OH− −→ H2O, 1.43 × 1011 L2 mol−2 s−1

Limits of stability for liquid water Lowest temperature, −22◦C at 207.5 MPa

Lowest pressure, 611.657 Pa at 0.01◦C

Lowest density, 0.322 g cm−3 at 373.946◦C,
22.064 MPa

Highest temperature, 373.946◦C, >22.064MPa

Highest pressure, ∼12GPa at 373.946◦C

Highest density, ∼1.7 g cm−3 at 373.946◦C,
∼12 GPa

Magnetic susceptibility −1.64 × 10−10 m3 mol−1(25◦C),

−1.63 × 10−10 m3 mol−1 (0◦C)

Contraction on melting H2O: 1.634 cm3 mol−1

D2O: 1.567 cm3 mol−1

Melting point, 101.325 kPa H2O: 0.00◦C, 273.152519 K (IAPWS)

D2O: 3.82◦C

H2
18O: 273.43 K [53]

(Continued)
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Table 2.1. (Continued)

Property Data

Melting point, pressure coefficient −74.293 mKMPa−1 (0◦C) [40]

Molality H2O: 55.508472 mol kg−1

D2O: 49.931324 mol kg−1

Molar concentration H2O: 55.142 mol L−1(25◦C)

D2O: 55.142 mol L−1 (25◦C)

Molar isotopic composition

Molar masses may be calculated

H 1.00782503207 gmol−1

D 2.01410177785 gmol−1

T 3.0160492777 gmol−1

16O 15.99491461956 gmol−1

17O 16.99913150 gmol−1

135O 17.9991604 gmol−1

H16
2 O 99.7317% 18.01056469 g mol−1

H17
2 O 0.0372% 19.01478156 g mol−1

H18
2 O 0.199983% 20.0148105 gmol−1

D16
2 O 0.0000026% 20.02311818 g mol−1

Molar mass H2O: 18.015268 g mol−1

D2O: 20.027508 gmol−1

Molar volume (gas, STP) 0.022199 m3 mol−1 (0◦C, 101.325 kPa)

Molecular dimensions O–H bond length (liquid, ab initio), 0.991 Å [54]

O–H bond length (liquid, by diffraction) 0.990 Å
[55]

O–H bond length (ice I h, −20◦C) , 0.985 Å [20]

H–O–H bond angle (liquid, ab initio),
105.5◦ [54]

H–O–H bond angle (solid ice I h, −20◦C),
106.6◦ ± 1.5◦ [20]

O–H bond dissociation energy,
492.2148 kJ mol−1 [56]

O–D bond length (liquid), 0.970 Å [57]

D–O–D bond angle (liquid), 106◦ [57]

Molecular mass H2O: b 2.9915051× 10−23 gmolecule−1

H16
2 O: 2.9907243× 10−23 gmolecule−1

D18
2 O: 3.3249166× 10−23 gmolecule−1

(Continued)
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Table 2.1. (Continued)

Property Data

Moment of inertia (axes through centers
of mass)

H2O: 1.0220× 10−40 g cm2 x;

2.9376× 10−40 g cm2 y;

1.9187× 10−40 g cm2z [35]
D2O: 1.8384× 10−40 g cm2x;

5.6698× 10−40 g cm2 y;

3.8340× 10−40 g cm2 z [35]

NMR chemical shift, proton H2O liquid: 4.82 ppm [58]

NMR chemical shift, 17O H2O liquid: 287.5 ppm (300 K,
relative to O8+) [59]

D2O liquid: 3.08 ppm (relative
to H2O)

Nuclear shielding constants (27◦C) 1H σ(l) 25.79 ppm (44.0 ppm parallel
to O–H bond; 16.6 ppm
perpendicular to O–H bond, [60]);
gas to liquid shift, δ = σ(l) − σ(g)
= −4.26 ppm

17O σ(l) 287.5 ppm; gas to liquid
shift, δ = σ(l) − σ(g) = − 36.1 ppm

Octupole moment, 25◦C −1.754 D Å2 xxz; −0.554 D Å2 yyz;
−1.981 D Å2 zzz

Octupole moment, (alternative) linear (Ω0) −1.34 D Å2; cubic (Ω2)
1.15 D Å2; SSDQO1 [61]

Packing density (volume, O· · ·O 2.82Å, 4◦C) 0.3925

pD D2O: 7.43 (25◦C) [18]

pH H2O: 6.9976 (25◦C) [31]

Piezoscopic constant (= R/V m) H2O: 0.4602 MPaK−1 (25◦C)

D2O: 0.4585 MPaK−1(25◦C)

pKa H2O: 15.738 (25◦C) [31]

D2O: 16.610 (25◦C) [18]

pKw H2O: 13.995 (25◦C) [31]

D2O: 14.87 (25◦C) [18]

Polarity/dipolarity, π 1.09

Polarizability, (α =4πε0α′) 1.62× 10−40 Fm2

(Continued)
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Table 2.1. (Continued)

Property Data

Polarizability volume
α′ =α/4πε0

1.470 Å3; 1.5284Å3x; 1.4146 Å3y ; 1.4679 Å3z [62]
1.457 Å3 (electronic), 0.037 Å3 (static) [IAPWS]

Prandtl Number (= kinematic H2O: 6.12 (25◦C)
viscosity/thermal diffusivity) D2O: 7.81 (25◦C)

Quadrupole moment, Q, 25◦C −4.27 D Å xx; −7.99 D Å yy; −5.94 D Å zz
(calc., liquid H2O [63])

Quadrupole moment
(alternative)

linear (Θ0) 0.28 D Å; square (Θ2) 2.13 D Å; SSDQO1
[61] Ω

Redox: water oxidation water
reduction

2H2O→O2(g) +4H++ 4e− E = − 1.229
2H2O+ 2e− → H2(g) + 2OH− E= − 0.8277v

Refractive index H2O: 1.33286 (25◦C, λ = 589.26 nm) [64]
D2O: 1.32828 (20◦C, λ = 589 nm) [16]

Refractive index, real (n) and
imaginary parts

H2O: n 1.306169; k 0.300352153
(25◦C, v, 3404.795 cm−1) [65]

D2O: n 1.342528; k 0.279696327
(25◦C, v, 2503.923 cm−1) [65]

Electrical resistance 18.18 MΩcm (25◦C, ultrapure water [27]), 0.8MΩcm
(22◦C, degassed; [28])

Shear modulus (adiabatic H2O: 2.44GPa (2.44 nNnm−2, 25◦C) [66]

elasticity) D2O: 2.50GPa (2.50 nNnm−2, 25◦C) [66]

Specific heat capacity, CP H2O: 75.338 J mol−1 K−1; 4.1819 kJ kg−1 K−1,
4.1696 MJm−3 K−1 (25◦C, 101.325 kPa,

calculation [67])

D2O: 84.67 J mol−1 K−1; 4.228 kJ kg−1 K−1,
4.669 MJm−3 K−1 (25◦C, calculation [22])

Minimum specific heat, CP,min H2O: 75.27 J mol−1 K−1 at 36◦C, calculation [29]

D2O: 82.58 J mol−1 K−1 at 61◦C, calculation [29]

Specific heat, CV H2O: 74.539 J mol−1 K−1 (25◦C) [30]

D2O: 84.42 J mol−1 K−1 (25◦C) [22]

Speed of sound H2O: 1496.7m s−1 (25◦C) [22]; ‘fast’ sound
∼3200 ms−1 [68]

D2O: 1399.2m s−1 (25◦C)

Maximum speed of sound H2O: 1555.4 m s−1 at 74.0◦C, calculation [69]

D2O: 1461.0m s−1 at 75.6◦C, calculation [25]

(Continued)
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Table 2.1. (Continued)

Property Data

Surface entropy H2O: 0.1542mJ m−2 K−1 (25◦C) (calculation,
IAPWS)

Surface enthalpy (surface
energy)

H2O: 0.1179 J m−2 (25◦C) (= γ − T dγ/dT ;
calculation, IAPWS)

Surface tension (change with
pressure)

H2O: 6.96 Å (25◦C) (calculated from [21] and
IAPWS)

Surface tension
(γ = (∂G/∂A)TPn )

H2O: 0.07198 J m−2 (25◦C), alternative units N
m−1 [IAPWS]

D2O: 0.07187 J m−2 (25◦C), alternative units N
m−1 [IAPWS]

Triple point H2O: 0.01◦C (273.16 K) by definition for VSMOW,
611.657 Pa, 0.99978 g cm−3 [70] Isotopically pure
1H16

2 O: 0.0087◦C [71]

D2O: 3.80◦C, 660.096 Pa, 1.1056 g cm−3 [IAPWS]

H17
2 O: 0.21◦C [19]

H16
2 O: 0.31◦C [20]

D16
2 O: 3.82◦C [42]

D18
2 O: 4.13◦C [19]

Vapor pressure H2O: 3.165 kPa (25◦C) [34]; 611.657 Pa
(273.16 K,M.Pt.) [38]

D2O: 2.734 kPa (25◦C) [34]; 659.893 Pa
(276.95 K,M.Pt.) [72]

Velocity, root mean square ∼640 ms−1 [37]

Dynamic viscosity H2O: 0.8909mPa s (25◦C, 101.325 kPa) [IAPWS];
1.0016mPa s (20◦C, 101.325 kPa) [19]

D2O: 1.095mPa s (25◦C) [IAPWS]; 1.2467mPa s
(20◦C) [19]

H2
18O: 1.0564mPa s (20◦C) [19]

D2
18O: 1.3050mPa s (20◦C) [19]

Kinematic viscosity H2O: 0.008935 stoke; 0.8935× 10−6 m2 s−1 (25◦C)

D2O: 0.009915 stoke; 0.9915× 10−6 m2 s−1 (25◦C)

(Continued)
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Table 2.1. (Continued)

Property Data

Bulk viscosity (volume viscosity) 2.47mPa s (25◦C) [73]

Viscosity, temperature coefficient 0.0199mPa s K−1 (25◦C) [74]

Van der Waals gas constants a = 0.5536Pa (m3 mol−1)2,

b =3.049× 10−5 m3 mol−1[18]

Molar volume at 101.325 kPa, (see also
chemical potential, pressure coefficient

H2O: 18.0182 cm3 (0◦C) 18.0685 cm3

(25◦C) [75]

(dµ/dP )) H2O: 50.6 Å3

H17
2 O: 18.0556 cm3 (25◦C) [75]

H2
18O: 18.0428 cm3 (25◦C) [75]

D2O: 18.1331 cm3 (25◦C) [75]

D17
2 O: 18.1297 cm3 (25◦C) [75]

D18
2 O: 18.1263 cm3 (25◦C) [75]

Molecular volume, H2O at 101.325 kPa 29.92 Å3 (0◦C)

Van der Waals volume of molecule 14.6 Å3 molecule−1

Zero point energy (calculated from H2O: 55.44 kJ mol−1

gaseous vibrations) D2O: 40.54 kJ mol−1

Note: “VSMOW” is an abbreviation of Vienna Standard Mean Ocean Water, “IAPWS”
is an abbreviation of International Association for the Properties of Water and Steam,
“Ω” is an alternative view of quadrupoles and octupoles [61] involve linear (Θ0) and
square (Θ2) quadrupoles and the linear (Ω0) and cubic (Ω0) octupoles; shown in order
right, 1 Debye (D)= 3.335613595 × 10−30 Cm(= −0.203519415 e−Å).

as a function of wavelength, temperature and density and determined that
the refractive index of water for the light with wavelength λ = 419.26nm
rises from an estimated 1.33026 at −30◦C to a maximum value at just
below 0◦C (1.33414) before falling ever increasingly to 1.313554 at 100◦C
as shown in Fig. 2.1, which indicated the temperature dependence of the
refractive index. Cho [80] explained this phenomenon by the mixture model
[80] applied to the change from expanded structure (ES) to collapsed
structure (CS) of clusters in water as the temperature rises; ES possessing
a lower refractive index than CS. Most of the effect is due to the density
difference between ES and CS. Higher density produces higher refractive
index such that the refractive index temperature maximum lies close
to the density maximum, with the small difference due to the slightly
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Fig. 2.1. The temperature dependence of the refractive index [79].

different effect of temperature on the specific refractions of ES and CS.
Although not considered anomalous, it is interesting to note that ice has the
lowest refractive index (1.31, λ= 419nm) in any known crystal. A related
phenomenon is the pressure (P ) derivative of the refractive index (n)
(isothermal piezo-optic coefficient, (δn/δp)T ), which anomalously shows
minima dependent on the wavelength used.

2.2.2. The Light Scattering of Water

As it is known, when a layer of water is irradiated with a beam of
monochromatic visible light, most of the light is both transmitted through
the layer and reflected from the surfaces of the layer or scattered in other
directions. The conventional measure of the light scattered in a direction
that forms an angle ϑ with the incident beam is denoted by the Rayleigh
ratio, Ru(ϑ) = I(ϑ)d2/I(0), where I(ϑ) and I(0) are the strengths of
scattered light by a unit volume of the sample at the angle ϑ and incident
light, respectively, d is the distance between the sample and the point at
which I(ϑ) is measured, the subscript u manifests that the incident light is
unpolarized.

The scattering of light in water is due to two effects. (a) The incident
light induces oscillating dipole moments of water molecules, which act as
sources of secondary light waves to scatter the incident light. The scattered
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lights have the same frequency as the incident light. If the molecules were
regularly arranged, then the scattered lights from different molecules would
interfere destructively with each other, and scattered light would be visible
only at a few angles of observation. Owing to the fluctuations in the density
of water that accompany thermal motions, the destructive interference is
incomplete. Smoluchowski and Einstein [4] obtained that the inhomogeneity
on light scattering contribute a factor to the Rayleigh ratio at the angle ϑ0

given by Riso
u (ϑ0) = (2π2n2KT/λ4γT )(∂n/∂P )2T , where λ is the wavelength

of incident light, n is the refractive index for the wavelength λ, γT is
isothermal compressibility. (b) The anisotropy of polarizability of water
molecules causes some additional scattering. Cabannes [4] gave that this
effect can be experimentally determined by the depolarization ratio, ρu,
which is the ratio of strengths of horizontally polarized component and the
vertically polarized component in the light beam that is scattered in the 90◦

direction. The Cabannes factor, f = (6 + 6ρu)/(6 − 7ρu), describes the
additional scattering. Then, total Rayleigh ratio of scattering light at an
angle ϑ0 to the incident light is R(ϑ0) = Riso

u (ϑ0) × f. The R(ϑ0) and ρu

of water have been measured, their experimental values for H2O liquid are
2.32 and 0.087 at λ = 43µm, respectively, the calculated value of R(ϑ0) for
water is 2.42 at λ = 43µm. But the experimental values of R(ϑ0) and ρu

of D2O are 2.30 and 0.090 at λ = 43µm, respectively, but the calculated
value of R(ϑ0) for D2O is 2.32 at λ = 43µm. In the meanwhile, Cohen and
Eisenberg [81] measured also the temperature dependences of R(ϑ0) and
ρu for both H2O and D2O. However, we should here point out that their
accurate measurements are difficult to determine. Certainly, the Rayleigh
ratio can also be calculated from above equations using experimental values
for R(ϑ0) and ρu. However, the calculated values obtained by Cohen and
Eisenberg are within 4% of their experimental values.

2.2.3. The Infrared Absorption of Water

and Its Abnormal Effects

We [82–85] measured and collected in detail the infrared absorption
spectrum of pure water using a Nicolet Nexus 670-FT-IR spectrometer
in the range of 400–4000cm−1, where pure water consists of only water
molecules almost without other impurities and has a pH value of about
7–7.1. In Fig. 1.2 in Chapter 1 we show the changes of the infrared
absorption spectrum of pure water with increasing temperature from 35◦

to 85◦C, respectively, in Fig. 1.3 in Chapter 1 we show the changes of the
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infrared absorption spectrum of pure water with decreasing temperature
from 95◦ to 35◦C, respectively. We assessed the data of pure water using
the instrument and their spectra shown in Fig. 1.2. The experiments were
reproduced many times using pure water collected at different times and
in different places and the results were the same as for Fig. 1.2. From
the figures we found that the infrared absorption spectra of pure water
during the processes of increasing and decreasing temperature are different,
which can be represented by the differences of not only the strength
(amplitude) and frequency of peaks but also the decrements (increments) of
strength and frequency-shift (blue or red shift) of peaks at each increasing
(decreasing) 10◦C. We estimate roughly that the absorption strength of
peak of pure water decreases by about 1–6% and its blue-shifts of frequency
of peak are about 1–2.5 cm−1, when its temperature raises 10◦C each time,
but the increases of strength and red-shifts are 2–4% and 1–3 cm−1 at
each dropping of 10◦C, respectively, as shown in Figs. 1.2 and 1.3 in
Chapter 1. In the meanwhile, we found experimentally that magnetized
water also has similar property, but its changes are larger than those of
pure water mentioned above. We can obtain that the absorption strength
of peak of magnetized water decreases by about 1–10% and its blue-shifts
of frequency of peak are about 1–3 cm−1, when its temperature raises 10◦C
each time, but the increases of strength and red-shifts are 2–5% and 2–
5 cm−1 at each dropping 10◦C, respectively, as shown in Figs. 1.4 and 1.5
in Chapter 1. On the other hand, we also find that the strengths of peaks at
the same temperature in increasing and decreasing temperature processes
are different, for instance, the strengths of peaks for the magnetized water
at 55 and 75◦C in increasing temperature process are about 14 au and
17.5 au, respectively, but they are about 15 au and 18 au in decreasing
temperature process, respectively, and so on, as shown in Figs. 1.4 and 1.5
in Chapter 1. These differences exhibit clearly that the infrared absorption
of water has an irreversible effect in the process of changing temperatures.

In order to clarify and affirm the irreversible or abnormal effect of
water, we further collect the infrared spectra of absorption of pure water
with changing temperature using a 670-FT-IR spectrometer in the near-
infrared region of 5600–10000cm−1. In Figs. 2.2 and 2.3, we show again the
changes of the infrared absorption spectra of pure water in the increasing
and decreasing temperature processes in the region of 25–70◦C, respectively.
From these figures, we see again occurrence of the above irreversible effect.
These figures display that the strengths of the absorbed peaks and the
red-shift of frequencies of peaks increase with increasing water temperature
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Fig. 2.2. The infrared spectrum of absorption of pure water in the ranges of 25−70◦C
and 9500�9000 cm−1, where (a) and (b) are the results for increasing and decreasing
temperature, respectively.
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Fig. 2.3. The changes in wavenumbers for the peak of 9353 cm−1 in infrared absorption
of pure water in increasing and decreasing temperature processes in the ranges of
25−70◦C.

as well as the blue-shifts of frequency of peaks increase with decreasing
temperature. Meanwhile, we also see from these figures that the position
and strength of the maximum absorption peaks in the infrared absorption
spectra of pure water at 50◦C are different during the processes of increasing
and decreasing temperature. Concretely speaking, when water temperature
is decreased, the maximum peak of pure water occurs at 50◦C as shown in
Fig. 2.2. In Figs. 2.3, we show the variations in the wavenumber of absorbed
peaks at 9353 cm−1 for pure water during the processes of increasing and
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decreasing temperature, which exhibit that the infrared absorption for
pure water is not same during the processes of increasing and decreasing
temperature. This is an irreversible effect of pure water.

Thus, we obtain experimentally that there are irreversible or abnormal
effects in the infrared absorption of water in the regions of both median
and high frequencies of infrared light. Quite clearly this is due to the cluster
structure including linear and ring hydrogen-bonded chains in water as men-
tioned in Chapter 1. This complicated structure of water molecule results
in different molecular weights and vibrational frequencies of molecules in
the clusters during the processes of increasing and decreasing temperature.
Thus water absorbs infrared light differently during the processes of
increasing and decreasing temperature because its infrared absorption is
closely related to the weights and vibrational frequencies of its molecules.

2.3. The Electromagnetic Properties of Water

2.3.1. The Electromagnetic Properties of Water Molecules

The electrical properties of water molecule are useful in characterizing its
charge distribution and determining the mechanism of electric conductivity
of water. In this section, we give the values for the electrical properties and
charge distribution of the water molecule and discuss the features of electric
conductivity of water under action of an electric field.

The real existence of a permanent dipole moment of µ = 1.84(±0.02)×
10−18 e.s.u.cm or 1.8 Debye of molecules in water as mentioned in Chapter 1
demonstrates the absence of a molecular center of symmetry and rules out
the possibility of a linear H–O–H structure. This is, of course, consistent
with the value of about 104.5◦ for the H–O–H angle, derived from the
rotation–vibration spectrum.

Many investigators have measured the value of the permanent electric
dipole moment of water molecules, and the more precise of these measure-
ments give values in the range. Among the most accurate data are those of
Sänger and Steiger [86], which was measured using the Debye method.
Moelwyn-Hughes [87] re-examined the data and obtained µ = 1.83 ×
10−18 e.s.u.cm. Obviously the electric dipole moment of water molecules
is changed due to its vibration, which is related to the intensity of the cor-
responding absorption band, or in other words, is proportional to the inte-
grated intensity of the band [88], but the rule has not yet been determined.

As it is known, the values of quadrupole and octupole moments of water
molecules can provide useful information of charge distributions because
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they characterize the electrical analogs of the moments of inertia of the
molecule, which are defined by

Qij =
∫
rirjρ(�r)dτ and Rijk =

∫
rirjrkρ(�r)dτ,

where ρ(�r) is the total charge density of the molecule, ri is the i− Cartesian
component (x, y, or z) of the vector �r, and dτ is an element of volume. The
water molecule has three non-vanishing quadrupole moments, Qxx, Qyy,
and Qzz. In general, quadrupole moment of water molecules is represented
by an average value as Q = (Qxx + Qyy + Qzz)/3 = −e < r2 >

+e
∑

n Znr
2
n/3, where Zn is the atomic number of the nth nucleus, and r2n

is the square of its distance from the molecular center of mass. Glaeser and
Coulson [89] gave the average value as Q = −5.6(±1.0) × 10−26e.s.u. cm2.

However, its outupole moment is not yet available, but is non-vanished.
Water molecules also have a certain polarizability α, which describes

its electric feature and can be determined from the Debye method, or from
the Lorenz–Lorentz equation using index of refraction measurements. It
is often denoted by an average value α, Sänger and Steiger [86] found
α = 1.43 × 10−24 cm3 for water, Moelwyn-Hughes [87] obtained α =
1.68 × 10−24 cm3 using all but one point of their data. The value of
α for water, derived from refractive index data extrapolated to infinite
wavelength is α = 1.444 × 10−24cm3.

For the sake of completeness, we mention here the magnetic properties
of water. In general, water molecule has no unpaired electrons and is thus
diamagnetic. The magnetic susceptibility is a tensor, and the component
along each axis can be written as the sum of a negative diamagnetic
contribution and a smaller positive paramagnetic contribution. Thus χxx =
χd

xx +χp
xx, etc. The paramagnetic contributions for the principal axes of the

water molecule are χp
xx, χ

p
yy, χ

p
xx = (2.46, 0.77, 1.42) × 10−6e.m.u.mol−1,

but the individual diamagnetic contributions are not known, although
their mean value χd

xx can be found by subtracting the mean of the
paramagnetic contributions from the observed mean susceptibility. The
average susceptibility in water is [90] χ = (χxx + χyy + χzz)/3 ≈ −13 ×
10−6e.m.u.mol−1. If we suppose that χ of water vapor is within 15% of
liquid water, then we find χd ≈ −14.6(±1.9)× 10−6e.m.u.mol−1.

2.3.2. The Electric Features of Water and Its Singularities

The dielectric constant of water is an important mark of its electric
feature, which can be measured by means of electromagnetic waves
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having frequencies in the range of 103−108 Hz. Among the most accurate
measurement of the static dielectric constant of water ε0 is that Malmberg
and Maryott [91, 92], in which the values of ε0 were determined when its
temperature are changed from 0 to 100◦C at one atmospheric pressure.
They found that the dielectric constant decreased with increasing temper-
ature, which may approximately be represented by

ε0 = 87.740− 0.4008T + 9.398× 10−4T 2 − 1.41 × 10−6T 3, (2.1)

where T is the temperature of water in ◦C, which are smaller than deter-
mination values from 0 to 40◦C by Vidulich et al. [93]. The temperature
coefficient (∂Lnε0/∂T )P derived from Eq. (2.1) is nearly constant at
−4.55(±0.03) × 10−3/◦C m from 0 to 100◦C. Owen et al. [94] obtained
the pressure coefficient of ε0 and found that (∂Lnε0/∂T )P increased from
−45.1×10−6bar−1 at 0◦C to −52.4×10−6bar−1 at 70◦C. A single oscillation
of an electromagnetic field a molecule experiences on an average at lead
diffusion jumps, so that these properties yield no direct information about
the arrangements of molecules during very short interval of time. However,
Malmberg [91] found that the static dielectric constant of liquid-H2O is
larger than that of liquid-D2O, the latter in the range of 4–100◦C can be
expressed as

ε0 = 87.482− 0.40509T + 9.638× 10−4T 2 − 1.333 × 10−6T 3. (2.2)

Akerlof et al. [94] gained the static dielectric constant of water in equilib-
rium with its vapor by

ε0 = 5321T−1 + 233.76− 0.929T + 0.1417× 10−2T 2

−0.829241× 10−6T 3, (2.3)

which was obtained the boiling point to the critical point, where T is the
temperature in K.

On the other hand, many calculations of the dielectric constant of
water were carried out based on Kirkwood’s theory and equation of polar
dielectrics [95]. Kirkwood’s theory shows that the large dielectric constant
of liquid water arises not only from the polarity of the individual molecules,
but also from the corrected mutual orientations of the molecules. The
Kirkwood’s equation for the highly polar substances is denoted by

ε0 = 2πN∗(�m.�m∗)/kT, (2.4)

where N∗ is the number of molecules per unit volume, kT is the product
of Boltzmann constant and the absolute temperature, �m and �m∗ are
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quantities related to the molecular dipole moment, �m is the average dipole
moment of an H2O molecule surrounded by its neighbors. Its magnitude
is greater than that of µ, the dipole moment of an isolated molecule,
because each molecule is further polarized by the electrostatic fields of
its strongly polar neighbors in ice or water, which may be approximately
represented by m ≈ µ(n2 + 2)/3, here n is the refractive index of the
medium. For ice I, this equation predicts a value for m of 2.3 D. If F is the
uniform electrostatic field arising from neighboring molecules, and α is the
polarizability of the central molecule, then �m = �µ + α�F · �m∗ is the vector
sum of the dipole moment of an arbitrary “central” molecule and the dipole
moments of the neighboring molecules. Obviously, �m∗ depends both on the
magnitude of �m and on the relative orientations of neighboring molecules.
A function of �m and �m∗ that depends only on the relative orientations of
neighboring molecules is g, which is the Kirkwood correlation parameter,
given by

g = �m.�m∗/m2 = 1 +
∑
i=1

Ni〈cos γi〉, (2.5)

where m = |�m|, Ni is the number of neighboring molecules in the ith
coordination shell, and 〈cos γi〉 is the average cosine of angles formed by
the dipole moments of molecules in the ith shell with the dipole moment
of the central molecule.

Oster and Kirkwood [96] calculated the d N1 electric constant of water
by assuming that molecules in the water are approximately tetrahedrally
coordinated. They supposed that neighboring molecules are connected by
rigid hydrogen bonds, but that free rotation is possible about the bounds.
They took the area under the first peak of the radial distribution curves of
Morgan and Warren as the number of nearest neighbors. In calculating g,
they assumed that the directions of only the nearest neighbors are correlated
with the direction of the central molecule. Thus, it is denoted by

g = 1 +N1〈cos γ1〉,

where N1 is the number of nearest neighbors, 〈cos γ1〉 is the mean cosine of
the angles between the dipole moments of the neighbors and of the central
molecule. The resulting values of g range from 2.63 at 0◦C to 2.82 at 83◦C.
However, Pople [97] found for distorted hydrogen bond model that g is of

g = 1 +
∑
i=1

31−iNi cos2i α[1 − (kT/kφ)]2i,
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where 2α is the H–O–H angle, kφ is the hydrogen-bonded bending
force constant, i refers to the ith coordination shell of hydrogen-bonded
neighbors. He gave the values of 2.60 at 0◦C and 2.45 at 83◦C for g. Finally,
he obtained m = 2.15D at 0◦C and m = 2.08D at 83◦C.

In normal conditions water has a high dielectric constant, which can
reach 78.4 at 25◦C in the general case. The high dielectric constant of
water and its small molecular size combine together to endow water with
the strong ability to dissolve salts. Why? As it is known, water is a
polar molecule, in which the centers of positive and negative charges are
separated by about 0.1 nm. In a free water molecule, the charge of the
10 electrons is distributed so that a charge of 8.64 (where the charge on
the electron is taken as unity) is around the oxygen atom and 2× 0.68
at the hydrogen atoms, thus water molecule is polarized and has a large
electrical dipolar moment of 1.84 Debyes (1.84 ×10−18 e.s.u.). This means
that water molecules tend to align themselves with the field in an applied
electric field. But the hydrogen-bonded network of water molecules tends to
oppose this alignment. The degree to which a substance does this is called
its dielectric constant (permittivity). Because water possesses a hydrogen-
bonded network that transmits polarity shifts extensively through rapid
and linked collective changes in the orientation of its hydrogen bonds,
it has a high dielectric constant. This allows it to act as a solvent for
ionic compounds, where the attractive electric field between the oppositely
charged ions is reduced by about 56-fold, allowing thermal motion to
separate the ions into solution. On cooling, as the water network strengthens
and water’s dipole moment increases, the dielectric of liquid water climbs
to 87.9 (0◦C), increasing the conversion to ice then increasing further as
the ice is cooled. Thus, there is a singularity of dielectric constant of water
in this process. An ab initio molecular dynamics investigation showed that
the increase in the average dipole moment (due to hydrogen bonding) of
water molecules and the local alignment of these molecular dipoles both
contribute almost equally to this high dielectric constant [98]. On heating,
the dielectric constant drops, and liquid water becomes far less polar, down
to a value of about six at the critical point. The dielectric constant is
also depressed when the hydrogen bonding is broken by other methods
such as strong electric fields but not with pressure. The change in dielectric
feature with temperature results in a considerable and anomalous variations
in its solubilization and partition properties with temperature, which are
particularly noticeable in superheated water [99] where the dielectric is low,
and in supercooled water where the dielectric is high and increases (107.7
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at −35◦C, with a sudden jump to 10,000 at −135◦C in nano-sized pores
[100]) even as the density decreases.

In the meanwhile, experiments show that pressure can also increase the
dielectric constant of water to 101.138 at 0◦C and 500MPa due to its effect
on the density.

Ellison et al. [101] studied the features of dielectric constant of water
and dielectric relaxation time of supercooled water, and determined the
9.38GHz complex permittivity of light and heavy water from 1 to 90◦C,
in which they found the anomalous dielectric behavior of water over a
range of microwave frequencies between 2 and 100 GHz, where the real
(ε′) and/or the imaginary (ε′′) part of the complex permittivity increase
then decrease again with increasing temperature as shown in Fig. 2.4. The
results of two close frequencies for liquid (including supercooled) water are
opposite [101]. From the semi-phenomenological calculation of the influence
of temperature on wideband water spectra, Gaiduk et al. [102] confirmed
that this result is due to the shifts with temperature of the maximum
frequency of microwave absorption and the dielectric permittivity. Analysis
of the complex permittivity gives a discontinuity at about 30◦C.

Angulo-Sherman et al. [103] gave the dielectric spectroscopy of water at
low frequencies and found there is an isopermitive point at 2.96 ± 0.17 kHz
in this case, where the relative permittivity is independent of temperature.

Fig. 2.4. The changes of dielectric constant with the temperature of water [101].
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Fig. 2.5. The changes of dielectric constant and pressure coefficient of water with
varying temperature under action of microwaves [104].

Below this frequency, the relative permittivity increases with temperature,
above, it decreases. This may be due to the fact that the considering water
is a system of two species: ions and dipoles.

On the other hand, Marcus [104] calculated the ionic volumes in water
at 125–200◦C, and obtained that the dielectric constant is larger and
decreases considerably at low temperatures, but it is changed with respect
to pressure, i.e., ∂ε/∂P �= 0, which has a minimum at about 95◦C , as shown
in Fig. 2.5, due to the two-state structuring of liquid water as mentioned
above.

2.3.3. The Features of Change of Electromagnetic Property

of Water with Varying Electromagnetic and Static

Magnetic Fields and Temperature

We measured completely the changes in the electromagnetic property
of water under action of a magnetic field using the HP4294A electric-
impedance measured instrument made in USA, where the purified water is
prepared using the Simplicity 185 Water System (Millipore) made in USA.
In this experiment, we first measured the properties of the purified water
and the elementary elements contained in it using the instruments including
the mass and color spectrometers at 25◦C. The results are as follows. Its
pH value is 7.1–7.2, electric resistivity is about 1 MΩ.cm, absorption ratio
of light (254 nm, 1 cm light path) is ≤0.01, Ca, Si, Na, K, nitrate, oxide
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(or O) and soluble silicon (i.e., SiO2) involved in the purified water are
about 0.01, 0.005, 0.007, 0.002, 1, ≤0.08 and ≤0.02mg/L, respectively,
which are assessed and checked four times using the instruments. Therefore,
we can affirm that there are no metal and magnetic elements in the purified
water. The magnetized water used in this experiment is extracted from a
glass of 200mL of pure water at 25◦C exposed to different static magnetic
fields. In this experiment, we must guarantee that the magnetic lines of
force of the magnet or magnetic field can penetrate over whole water,
which is especially required, or else, it cannot be magnetized. This means
that water’s weight, which will be magnetized, should be suitable, else a
great number of water cannot be magnetized by a magnet. The scheme of
measured device inspecting the changes in the electromagnetic property of
water with varying electromagnetic and static magnetic field is shown in
Fig. 2.6. The magnetized water of 50mL is extracted from the beater with
100mL purified water exposed in the static magnetic field of 1500G about
30min. The purified water we use here is prepared using the Simplicity

Fig. 2.6. The measured device of electromagnetic property of water.
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185 Water System (Millipore) made in USA. In the experiment, we first
inject 50mL purified and magnetized water of 50mL into the sample bath
to measure their dielectric constant, resistance and electric conductivity
and their changed rules with increasing magnetized time under action of an
externally applied electromagnetic field with different frequencies using the
HP4294A instrument, respectively. From these measurements we know that
the dielectric constant, resistance and electric conductivity of magnetized
water are not constant, but change relative to those of purified water. The
values of dielectric constant, resistance and electric conductivity as well as
their changed features with magnetized time and frequency of externally
applied electromagnetic field are shown in Figs. 2.7–2.9, respectively, where
magnetized water is obtained from the pure water exposed to static
magnetic field of 1500G.

These results indicate that the electric conductivity of magnetized
water is larger than that of purified water, and increased with increasing
magnetized time and frequency of externally applied electromagnetic
field. However, the dielectric constant and resistance of magnetized water

Fig. 2.7. Changes of electric conductivity of magnetized water with increasing frequen-
cies of electromagnetic field and magnetized time in the field of 1500G.
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Fig. 2.8. Changes of dielectric constant of water with increasing frequencies of
electromagnetic field and magnetized time in the field of 1500 G.

are small than those of purified water, and decreased with increasing
magnetized time and frequency of externally applied electromagnetic field.

In the meanwhile, we also measured the variations of electromagnetic
properties of different magnetized water, which are obtained from the pure
water exposed to static magnetic fields of 400, 600 and 700G, with increas-
ing magnetized time under action of externally applied electromagnetic field
using the same instrument. But we find that their changed rules are same
with the above results. Thus, we have not listed these results.

As it is well known, there are hydrogen ion H+ or H3O+ (proton) and
hydroxide ion OH− in water. Light et al. [27] computed the fundamental
conductivity and resistivity of water and acquired that their mobilities are
different due to their difference of charged structures and weights. The
ionic mobilities of hydrogen ions and hydroxide ions are 339.9 and 206.5
(nm s−1)/(V m−1) at 25◦C, respectively, which are very high compared with
values for other small ions such as lithium (135.1 (nm s−1)/(Vm−1)) and
fluoride (57.0 (nm s−1)/(V m−1)) ions. Therefore, proton and hydroxide ion
mobilities are anomalously fast in an electric field. This can be explained
by the Grotthuss mechanism. Thus the limiting ionic conductivities
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Fig. 2.9. Changes of resistance of water with increasing frequencies of electromagnetic
field and magnetized time in the field of 1500 G.

(= mobility × charge × Faraday constant) for hydrogen ions and hydroxide
ions are 349.19 and 199.24 S cm2 mol−1 at 25◦C [27], respectively, which are
similarly very high compared with values for other small ions such as lithium
(38.7 S cm2 mol−1) and fluoride (55.4 S cm2 mol−1) ions. Bontchev et al.
[105] decided the effect of abnormal ion electromigration rate in aqueous
solutions and saw another anomaly, i.e., this effect is related to an increase
in both anion and cation mobilities at pH between 2.5 and 4.5 [105].

Han et al. [106] discussed the mechanism of proton transport in water
using ab initio simulation. From this study they found that it increases with
temperature and reaches a maximum at about 230◦C and then decreases as
shown in Fig. 2.10. The reason is due mainly to the increases of ionizations
of H+ and OH− ions in this case, which is exhibited simultaneously
in Fig. 2.10. The increments in the ionic concentrations reach also a
maximum value at about 249◦C. Above this temperature, for liquid water
in equilibrium with the vapor, the density is much reduced (for example, 0.7
g cm−3 at 300◦C) and this reduces the ability for ionization. Proton mobility
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Fig. 2.10. Variations of electric conductivity of water and H+ ionic concentration with
varying temperature [106].

Fig. 2.11. The changes of resistivity of water as the temperature increases [28].

decreases above 149◦C due to lowered amounts of “Zundel” cations (that
is, H5O+

2 ).
Light et al. [27] investigated the fundamental conductivity and resistiv-

ity of water and observed the change in the resistivity (= 1/conductivity)
of water with increasing temperature, as shown in Fig. 2.11, in which the
extrapolated values of great increase at low temperatures are shown in
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dashed lines. Interestingly, Pashley et al. [28] debated the hydrophobicity
of non-aqueous liquids and their dispersion in water under degassed
conditions, and determined that degassed water is a better cleaning
agent. From these studies they obtained that the electrical conductivity
of water increases on degassing [28]. Together, these properties support the
formation of ES clusters at low temperatures and in the presence of non-
polar gases, which involve localized and limited isotropic hydrogen bonding
and so prevent lengthy directed proton movements.

2.3.4. NMR Chemical Shift of Water and Its Peculiarities

It is well known that the proton occupies one of two energy levels, depending
on whether a component of its magnetic moment points in the direction
of the field or in the opposite direction, when it is placed in a magnetic
field. If an alternating electromagnetic field with the proper frequency is
then applied, it causes transitions of the proton between the two energy
levels, and the proton is said to be in resonance which takes place in an
alternating field of about. This is a so-called principle of nucleus magnetic
resonance (NMR) of the proton, in which the exact value of the magnetic
field strength for resonance depends on the local environment of the proton.
For example, when an O–H group of a water molecule forms a hydrogen
bond the magnetic field required for resonance decreases, and it is said that
“the signal shifts downfield”. Thus the change, with temperature and other
variables, of the magnetic field strength required for resonance can be used
as an index of the change in the average local environment of all protons
in the sample.

The chemical shift, δ, is a scale of the change in magnetic field strength,
H , required for resonance when the temperature of a proton changes. The
chemical (or association) shift found for the condensation of water vapor
to liquid water is given [107, 108] by

δ =
H(liquid.water, T ◦C, 1atom) −H(vapor.water, 180◦C, 10 atom)

H(vapor.water, 1800C, 10 atom)

= −4.58 + 9.5 × 10−3T,

in parts per million, where T is between 25 and 100◦C. Thus, the NMR
signal shifts downfield as steam condenses, and shifts further downfield as
water is cooled. Similar shifts are observed for other substances forming
hydrogen bonds, the shifts usually being larger for molecules which form
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stronger hydrogen bonds. Moreover, the magnitude of the chemical shift
upon condensation is roughly proportional to the change in X–H stretching
frequency during condensation. The latter quantity is often taken as an
index of the strength of hydrogen bonding.

The dependence of the chemical shift of liquid water on temperature is
clearly due to both hydrogen-bond breaking and hydrogen-bond distortion.
The former is based on the assumption that the observed chemical shifts
δ(T ) at temperature T is an average of the chemical shift of hydrogen-
bonded, δHB, and non-hydrogen-bonded protons, δN−HB, in the liquid,
which is [109]

δ(T ) = XHB(T )δHB + [1 −XN−HB(T )]δN−HB,

where XHB(T ) is the mole fraction of intact hydrogen bonds at tempera-
ture T . The resonance signal of the hydrogen-bonded proton is considerably
downfield from that of a proton in the vapor. On the contrary, the chemical
shift for a non-hydrogen-bonded proton in liquid water is quite small,
and becomes less negative with increasing temperature. Hindman [110]
introduced numerous assumptions about the character of hydrogen-bonded
in the liquid water and estimated that the fraction of non-hydrogen-bonded
water molecules increases from 0.155 at 0◦C to 0.35 at 100◦C. Davis
and Litovitz [111] obtained that XHB is 0.82 at 0◦C decreasing to 0.69
at 70◦C.

Stanley et al. [112] studied the puzzling statistical physics of liquid
water by NMR technique and detected the NMR spin-lattice relaxation
time. They found that the time is very small at low temperatures and
depends on the degree of structure of water. As the water cluster equilibrium
shifts towards a stiffer, tetrahedrally organized, structure (such as, ES) as
the temperature is lowered, the NMR spin-lattice relaxation time reduces
far more than would otherwise be expected as shown in Fig. 2.12. This
effect can be partially reversed by increasing the pressure, which reduces
the degree of structure.

Also, Mallamace et al. [113] inspected NMR evidence of a sharp change
in a measure of local order in deeply supercooled confined water. The
experiments exhibited that the NMR chemical shift increases to a maximum
at about 214K and then drops with increasing temperature in confined
water, which is shown in Fig. 2.13. Meanwhile, the same effect will be found
in supercooled unconfined water. The variation in NMR chemical shift with
temperature correlates with water’s hydrogen bonding and its logarithmic
temperature derivative is related to the specific heat and its anomaly.
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Fig. 2.12. The dependence of spin-lattice relaxation time T1 on temperature of
water [112].

Fig. 2.13. The variation of NMR chemical shift with the temperature of water [113].

2.4. Thermodynamic Properties of Water
and Its Anomalies

2.4.1. Thermal Energy and the Specific Heat of Water

and Their Temperature Dependences

The thermal energy of water, including enthalpy, entropy, and Gibbs free
energy, are both interesting and important problems in thermodynamics,
which were measured seriously. Dorsey [114] gave their values. The
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Fig. 2.14. The temperature dependence of the heat capacity CP , entropy variation (S−
S0)/2, enthalpy variation (H−H0) and Gibbs free energy (G−H0) of water in units of cal
mol−10◦C−1, 2 cal mol−10◦C−1, Kcal mol−1 under 1 atm pressure, respectively [4, 114].

temperature dependence of the heat capacity, enthalpy, entropy, and Gibbs
free energy of water under pressure are shown in Fig. 2.14.

These results are approximately obtained from the following thermo-
dynamic relations [4],

G = H − TS, ∆H = T∆S, ∆E = ∆H − P∆V,
∆G = ∆E + P∆V − T∆S, dP/dT = ∆S/∆V,

HT −H0 =
∫ T

0

CP dT + ∆Hpc,

ST − S0 =
∫ T

0

(CP /T )dT + ∆Spc, (2.6)

where E is the internal energy of the system, ∆Spc and ∆Hpc are the sum
of entropy changes and of enthalpy changes for all phase transitions occur-
ring between 0 and T ◦K, respectively. The heat capacity was determined by
direct measurement and the other quantities by integration of the proper
functions of the heat capacity. Because the value of PV for liquid water
at 1 atm pressure is less than 0.0005 Kcal mol−1, the internal energy and
Helmholtz free energy of this phase are equal to the enthalpy and Gibbs
free emery, respectively.
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It is known that the specific heat or heat capacity is defined as
the amount of heat required to raise the temperature of one mole of a
substance by one degree under the conditions that either volume or pressure
is constant, which are denoted by CP = (∂H/∂T )P , CV = (∂E/∂T )V ,
respectively. The most commonly used specific heat, CV , of water is about
1 cal g−1K−1 at 25◦C. It is much larger than that of other normal liquids,
such as for hexane, it is 0.6 cal g−1K−1, but for ammonia, it is 1.23 cal
g−1K−1 at 25◦C. Thus, we can say that specific heat of the substances with
hydrogen-bonded structure is larger than the value that is expected from
a regular non-hydrogen-bonded fluid. This reason is as follows. As water
is heated, the increased movement of water causes the hydrogen bonds to
bend and break. As the energy absorbed in these processes is not available
to increase the kinetic energy of the water, it takes considerable heat to
raise water’s temperature. On the other hand, as water is a light molecule
there are more molecules per gram, than most similar molecules, to absorb
this energy. Heat absorbed is given out on cooling, allowing water to act as
a heat reservoir, buffering against changes in temperature.

Water has about twice the specific heat capacity of ice or steam
(compare benzene where CP liquid = 1.03 × CP solid). At its melting point
the CP values of ice-Ih and water are 38 and 76J mol−1 K−1, respectively.
The CP values, of other ices may be up to about 40% higher (ice III) than
that of ice Ih but are all significantly lower than liquid water [115]. The
specific heats of polar molecules do increase considerably on melting but
water shows a particularly large increase [116]. As water is heated, much
of the energy is used to bend the hydrogen bonds; a factor not available in
the solid or gaseous phase. This extra energy causes the specific heat to be
greater in liquid water. The presence of this large specific heat offers strong
support for the extensive nature of the hydrogen-bonded network of liquid
water. The heat capacity (CV ) has a maximum [4].

The heat capacity at constant volume, CV , of liquid water is reported
as showing an opposite anomaly, giving a maximum in the supercooled
region. The increase in CP in the supercooled region is because most of
the anomalous enthalpy change is associated with the anomalous volume
change. The decrease in CV in the supercooled region is reported as due to
the decrease in van der Waals non-bonded interactions, due to water’s low
density [117].

The specific heat of liquid water is nearly twice that of ice at the melting
point, and more than twice that of steam at the boiling point. The heat
capacity at constant volume decreases by about 11% as water is heated
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Fig. 2.15. The temperature dependence of Cv at constant volume and CP at constant
pressure of water at 1 atm pressure [4, 114].

from 0 to 100◦C, whereas the heat capacity at constant pressure changes
by less than 1% over the same range, passing through a minimum of about
35◦C (D2O∼120◦C) with a particularly steep negative slope below 0◦C [30,
118]. This is shown in Fig. 2.15, where the values of CP were converted from
the values obtained by Stimson [119], where the molecular weight of water
of 18.01534 and I joule = 0.23895 Cal was used, corresponding values of CV

were obtained from CV = CP−TV β2/γT where β is the isopiestic coefficient
of thermal expansion, γT is the coefficient of isothermal compressibility. As
it is known, the water cluster equilibrium shifts towards less structure (for
example, CS) and higher enthalpy as the temperature is raised. In this
case, CP is directly proportional to the square of the entropy (or enthalpy)
fluctuations, i.e., CP = (δH/δT )P = T (δS/δT )P =< (∆S)2 >TP /kB =<
(∆H)2 >TPN /kBT

2. The extra positive ∆H due to the shift in equilibrium
(at low temperatures) as the temperature is raised causes a higher CP

than otherwise, particularly at supercooling temperatures where a much
larger shift occurs [120]. Specially, the thermal fluctuations (< (∆S)2 >TP )
increase with increasing temperature whereas the reverse is true of super-
cooled water. This addition to the CP , as the temperature is lowered,
is greater than the “natural” fall expected, so causing a minimum to be
created (note that CV equals CP at the temperature of maximum density).
Usually in liquids, CP is more than 20% greater than CV . The investigations
found that the minimum in CP is associated with a discontinuity in the
Raman depolarization ratio data of degassed ultrapure water and hence
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there is a weak liquid–liquid phase transition at 34.6◦C (5.35kPa) [121].
The large specific heat changes with temperature at low temperatures will
be reduced at higher pressures, thus this specific heat-pressure minimum
will also shift to lower temperatures. However, there is a minimum of CP

in liquid water with respect to pressure; ∼156MPa at 254 K [115]. This is
due to the break-up of the hydrogen bonding as the pressure increases up
to about 200MPa followed by its partial build-up, due to interpenetrating
hydrogen-bonded networks, at the higher pressures above about 200MPa.
But the CP of ice has a maximum at about −45◦C.

From this figure, we know that both CV and CP are not constant,
instead changes with increasing temperature of water, specially the vari-
ation of CV are more obvious. This means that water is not an ideal
or uniform thermodynamic system and cannot be correctly described by
thermodynamic relationship as shown in Eq. (2.6).

Dorsey [4, 114] thought that the specific heat of water comes of the
contribution arising from the excitation of mechanical degrees of freedom
(the vibrational heat capacity) and the contribution of the configurational
change (the configurational heat capacity). Thus they expressed the
observed heat capacity CV by

CV (observation) = CV (vibration) + CV (configuration). (2.7)

However, the term “vibrational” may be slightly misleading in this context
[4], since the degrees of freedom that contribute to CV (vibration) should
involve rotational and translational as well as vibrational contributions
because the energies of molecular rotation and translation contributing
to the heat capacity are considerable, which cannot be neglected. In the
meanwhile, the mechanism of contribution of the configurational change
is also not clear. Therefore, the theory of specific heat of water needs to
be improved further. We think that the observed CV involved also the
excitations of vibrations and changes of configuration, but their mechanisms
of generation are different from the above theory [4, 114, 116]. Because
there are free molecules and cluster of molecules including the linear
and ring chains in water as mentioned in Chapter 1, we think that the
mechanism of vibration is due to the vibrations of free molecules, which
should involve their motions of rotation and translation, however, the
mechanism of configuration change is caused by the changes of configuration
and conformation of the cluster of water molecules because each cluster
possesses certain configuration and conformation. So, our idea is quite
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Fig. 2.16. The separation of the experimental specific heat of water molecules into
vibrational and configurational contributions [4, 114].

clear and correct, CV (vibration) and CV (configuration) in Eq. (2.7) should
contain these contributions.

On the other hand, Dorsey [114] used Eq. (2.7) to calculate the specific
heat of water. Figure 2.16 shows the separation of the experimental specific
heat of water molecules into vibrational and configurational contributions
obtained by data from Dorsey [114] for 100–140◦C, from Fig. 2.15 for
0–100◦C and Giauque and Stout for −40◦ to 0◦C, [122]. Experimental
curve from −40 to 0◦C is actually CP , which is probably several tenths
of a Cal/Mol-◦C greater than CV .

Similarly, the internal energy, the coefficient of expansion, and the
compressibility of the liquid can each be regarded as the sum of a vibrational
and a configurational contribution, which was studied and computed by
Falk and Ford [123] and Benedict et al. [124]. Thus the thermal energy of
water is composed by the vibrational energy of the molecules including their
motions of rotation and translation and the energy of changes of clusters
of molecules. For the former, we easily understand, but the latter involved
the hydrogen-bond breaking and distortion as well as the deformations
of configuration and conformation of cluster structure of water molecules
because the heating can both break the hydrogen bonds, and distort and
deform the configuration and conformation of the cluster structure. The
hydrogen-bond breaking can be carried out by virtue of the mechanism of
0−H . . . 0 � 0−H + 0, H − 0 . . .H � H − 0 +H, and H . . . 0−H . . . 0 �
2(0 − H), H − 0 . . .H − 0 � 2(H − 0). In the former, the variation of
enthalpy is positive, this means that the temperature of water is raised, the
equilibrium shifts to the right and the configuration energy of the system
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increases. The latter is called as the transition from the hydrogen-bond
groups to the non-hydrogen-bond groups, which can be carried out by
absorbing thermal energy.

2.4.2. The Features of Molar Volume and Coefficients

of Thermal Expansion of Water

The thermodynamic relationships of temperature, pressure and volume
with the entropy, enthalpy and free energy, which are shown in Eq. (2.6)
are only appropriate to ideal and uniform thermodynamic systems, such
as ideal gas, but cannot be used to describe water because it is a non-
uniform system, in which there are a larger number of cluster structure of
molecules including linear and ring hydrogen-bonded chains, except for the
free molecules. Therefore, it is necessary to investigate the relationship of
temperature, pressure and volume in water.

Figure 2.17 exhibited [4] clearly the temperature dependence of the
molar volume of H2O and its isotopes at 1 atm pressure from −40 to
100◦C. Upon fusion, the molar volume of H2O ice drops by 8.3% to
18.0182cm3. As the temperature is raised, the molar volume of the liquid
water continues to fall, reaching 18.0158cm3 at 4◦C, and then gradually
increases to 18.798 cm3 at the boiling point. Please note that the decrease
in volume between 1 and 4◦C, amounts to only 0.013% of the volume at 4◦C,
and to only 0.31% of the increase from 4 to 100◦C. The molar volume of
liquid D2O passes through a minimum value of 18.1082cm3 nearly 11.2◦C.

The changes in the molar volume with respect to temperature is
denoted and given by the coefficients of thermal expansion, which are
represented by β = (1/V )(∂V/∂T )P . The investigations indicated that the
isopiestic coefficient of thermal expansion of water is negative from 0 to 4◦C,
where water contracts with increasing temperature, and then it is positive
above 4◦C. Thus, there is a peak value in the isopiestic coefficient at 4◦C.
Figure. 2.18 shows this behavior of water. The negative thermal expansion
of water from 0 to 4◦C in Figs. 2.18 is anomalous, or in other words, opposite
to that of other liquids, in which the volumes increase monotonically as it is
heated. We think that this effect is due to the supposition of following two
competing effects: the open structure arising from the four-coordination
of molecules weaken or breaks down, which reduces the volume through a
continuation of fusion. We think that the tetrahedron structures of solid
water (ice), which existed in the region of 0 to 4◦C, and cluster structures
of water molecules are broken down with increasing temperature, which
results in the decrease of molar volume.
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Fig. 2.17. The temperature dependence of the molar volumes of water and four isotopic
liquid substances at 1 atm pressure. The inset is an enlargement of the curve of liquid
water from −4 to 12◦C [4, 125].

Fig. 2.18. The temperature dependence of the isopiestic coefficient of thermal expansion
of water, β, at 1 atm pressure [126, 127].
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Fig. 2.19. The changes of the thermal expansivity of water at 3.984◦C [15].

As it is well known, water will expand when it freezes. Therefore, we
cannot put a bottle filled with water inside the refrigerator because it will
explode upon freezing. This is due to the “open” mode of packing water
molecules in ordinary ice [15].

Detailed investigation shows that the thermal expansivity of water is
zero at 3.984◦C, being negative below and positive above as shown in
Fig. 2.19 [15]. As the temperature increases above 3.984◦C, the cluster
equilibrium shifts towards the more collapsed structure (for example, CS),
which reduces any increase in volume due to the increased kinetic energy
of the molecules. Normally, the higher the volume a molecule occupies, the
larger is the disorder (entropy). Thermal expansivity (β),

β = (1/V )(∂V/∂T )P = 〈(∆V )(∆S)〉TPn/kBTV

= 〈(∆V )(∆H)〉TPn/kBT2V

∝ 〈(∆V )(∆S)〉TPn

depends on the product of the fluctuations in these factors. In water,
however, the more open structure (for example, ES) is also more ordered
(that is, as the volume of liquid water increases on lowering the temperature
below 3.984◦C, the entropy of liquid water reduces). Therefore, water has
a low thermal expansivity at 0.00021/◦C, but for CCl4 it is 0.00124/◦C at
20◦C, and its thermal expansivity reduces increasingly (becoming negative)
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at low temperatures. It is usual for liquids to expand increasingly with
increased temperature.

Kell [44] computed the density, thermal expansivity, and compress-
ibility of liquid water from 0 to 150◦C and gained that supercooled and
cold (<3.984◦C) water contract all when is heated. As the temperature
decreases, the cluster equilibrium structure shifts towards the expanded,
more open structure (for example, ES) which more than compensates for
any decrease in volume due to the reduction in the kinetic energy of the
molecules. Stepanov studied [128] the thermodynamics of substances with
negative thermal expansion coefficient, and found that the above effect
demands that the thermodynamic work (dW ) should equal −p∆V rather
than the usual +p∆V . The behavior at lower temperatures is shown as
dashed line in Fig. 2.19, where the blue line is the expansivity of ice.
Stepanov demonstrated [129] that (δS/δV )U is negative for substances
with negative thermal expansion, therefore he thought that the water with
negative thermal expansivity, both (∂S/∂V )T and (∂S/∂V )U are negative,
whereas normally both are positive.

Mallamace [130] verified that the thermal expansivity of water reaches
a minimum, when most of water is in the expanded, more open structure.
Then, the expansivity should increase to positive values on lowering further
the temperature. This minimum phenomenon has been shown to occur in
confined liquid water at about 225 K.

The thermal expansion of water increases with increased pressure up
to about 42◦C in contrast to most other liquids where thermal expansion
decreases with increased pressure. This is due to the collapsed structure of
water having a greater thermal expansivity than the expanded structure
and the increasing pressure shifting the equilibrium towards a more
collapsed structure.

Conversely, it is usual for liquids to contract on freezing. This is because
the molecules are in fixed positions within the solid but require more space
to move around within the liquid. Marion and Jakubowski [131] studied
the compressibility of ice and water to 2.0 kbar and knew that the volume
of water increases by about 9% under 1 atm pressure (compare liquid
argon shrinks 12% on freezing), when water freezes at 0◦C. If the melting
point is lowered by increased pressure, the increase in volume on freezing is
even greater (for example, 16.35% at −20◦C). The opposite is shown with
the molar volumes of ice and water along the melting point curve [131].
Nakayama et al. [132] pointed out that the structure of ice (Ih) is open with
a low packing efficiency where all the water molecules are involved in four
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straight tetrahedron constituted by the hydrogen bonds. On melting, some
of these ice (Ih) bonds break, others bend and the structure undergoes a
partial collapse. This is different from what happens with most solids, where
the extra movement available in the liquid phase requires more space and
thus the melting is accompanied by expansion. However, the high-pressure
ices, such as ice III, ice V, ice VI and ice VII) expand all on melting to
form liquid water (under high pressure). It is the expansion in volume when
going from liquid to solid. However, Molina-Garćıa et al. [133] thought that
freezing the more dense ice VI under high pressure directly causes possibly
little structural damage. Mills et al. [134] obtained that thin ice spikes are
formed due to the expansion on freezing, which occasionally grow out of
(pure water) ice cubes on freezing. This may be a general property of any
material that expands on freezing.

2.4.3. The Anomalous Peculiarities of the heat of fusion,

Heat of Vaporization, Heat of Sublimation, Entropy

of Vaporization and Thermal Conductivity of Water

The heat of fusion of water with temperature exhibits a maximum at
−17◦C, which was obtained by Dougherty et al. [118] from the results of
equilibrium structural model of liquid water. This effect is determined from
the differences of specific heat, Cp, between the ice and water. Hence, it may
be due to variation in the structuring of supercooled water. In practice, as
the temperature is lowered from 0◦C the energy of the hydrogen bond in
ice is increased because of the decrease in their vibrational energy, which
results in an increasing difference between the enthalpy of the water and
ice as temperature of water is depressed. At low temperatures below about
−17◦C the continued shift, with lowering temperature, in the supercooled
water CS � ES equilibrium towards the ES structure reduces the enthalpy
of water relative to that of the ice due to the consequent increase in the
energy of hydrogen bond, which gives rise to the depression of the heat of
fusion with lowering temperature.

Murphy et al. [38] from the study of “vapor pressures of ice and
supercooled water for atmospheric application” and Somayajulu [135] from
study of “new equations for enthalpy of vaporization from the triple point to
the critical point” obtained that water has the highest heat of vaporization
per gram of any molecular liquid (2257 J g−1 at boiling point), which can
reach 40.7 kJmol−1, relative to H2S, which is 18.7 kJ mol−1, which is shown
in Fig. 2.20. This is due to the fact that there is still considerable hydrogen
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Fig. 2.20. The comparisons of heats of fusion and vaporization of water with those of
other liquid molecules [135].

bonding (∼75%) in water at 100◦C. When the liquid water is converted into
gas state, where the water molecules are effectively separated, then a great
number of hydrogen bonds need be broken, in this case the system must
absorb a great deal of energy. The increased hydrogen bonding at lower
temperatures causes higher heats of vaporization of water, which reaches
44.8 kJ mol−1 at 0◦C. They found also that the heat of vaporization of
water reduces to zero at the critical point [38,135]. At the same time,
the high heat of vaporization causes water to obtain an anomaly of low
ebullioscopic constant, i.e., the effect of solute on the elevation of boiling
point is depressed to 0.51 K kg/mol relative to that of CCl4, which is 4.95
K kg/mol. This results in the anomaly of low cryoscopic constant of water.

Alternately, the above high heat of fusion and vaporization combine to
result also in that water has a high heat of sublimation, which is 51.059 kJ
mol−1 at 0◦C.

Water also has anomalously high entropy of vaporization, which is
109 J−1 K mol−1, due to the hydrogen-bonded order lost on vaporization
in addition to the order lost by virtue of being a liquid changing into a
gas. Although the heat of vaporization is also anomalously high, the ratio
(∆Hvap/∆Svap) is not anomalous. In this case, the entropy of vaporization
is inversely related to the absolute temperature from supercooled water to
above 156K, i.e., ∆Svap∞1/T .

Kell [136] studied the thermodynamic and transport properties of fluid
water and pointed out that water has also the highest thermal conductivity
relative to other liquids, apart from liquid metals. For most liquids the
thermal conductivity (the rate at which energy is transferred down a
temperature gradient) falls with increasing temperature but this occurs
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Fig. 2.21. Thermal conductivity along the saturation line (liquid–vapor equilibrium
line, the thermal conductivity becomes infinite at the critical point [138].

only above about 130◦C in liquid water, that is, the thermal conductivity of
water is high and rises to a maximum at about 130◦C, as shown in Fig. 2.21.
His study indicated that as the temperature of water is lowered, the rate
at which energy is transferred is reduced to an ever-increasing extent. In
this case he thought that the energy transferred between molecules was
stored in the hydrogen-bonding fluctuations within the increasingly large
clusters, which appeared at lower temperatures. When the thermal energy
is increased it can shift the ES�CS equilibrium towards the CS structure,
which has both greater flexibility and a greater number of bent hydrogen
bonds. This means that there is a minimum for the feature of thermal
conductivity–temperature behaviour at about −30±15◦C, thus the amount
of fully expanded network increases in line with that indicated by the much
higher value found for ice Ih. Andersson et al. [137] obtained that at lower
temperatures, transformation into low-density amorphous (LDA) ice results
in a steeply climbing curve (1.4 W K−1 m−1 at 100 K). Kumar et al. [138]
gave the minimum at ∼255 K using a modeling approach from TIP5P. If
the density remains constant, then the thermal conductivity is proportional
to the square root of the absolute temperature between 100 and 156◦C.
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2.4.4. Properties of Melting Point, Boiling Point Molar

Heat of Vaporization, Critical Point of Water

and Their Anomalies

Water has high melting point, boiling point, molar heat of vaporization
and critical point relative to those of methane (CH4), ammonia (NH3),
water (H2O), hydrofluoric acid (HF), and neon (Ne) (these substances
are all isoelectronic, i.e., they all have 10 electrons and protons; thus
themselves are electro-neutral), Pauling [139] calculated these data, which
are indicated in Table 2.2 and Figs. 2.22 and 2.23, respectively, where
water’s critical point is 374◦C, but CH3CH3 is only 32◦C. Looking at each
of these three columns in Table 2.2 we see that the values first increase,
then sharply decrease — and that the maximal value is attained by liquid
water. The values of melting point, boiling point and critical point of a
series of compounds of the general formula RHn, where R is a varying
atom down a column of the periodic table of the elements and n is the
number of hydrogens in the compound in Fig. 2.22. Figure 2.23 shows
that the critical point of water is over 250K higher than expected by
extrapolation of the critical points of other hydrides, such as, the critical
point (647 K, 22.06MPa 322kg m−3) is far higher than ethanol (514 K,
6.14MPa 276kgm−3), which is much larger and more massive of hydrogen
bonds. Also, the boiling point of water is over 150 K higher than O2 (54 K)
or H2 (20 K).

Jedlovszky [140] studied and analyzed the features of local structure
of water from ambient to supercritical conditions and gained that the
critical point can only be reached when the interactions between the water
molecules fall below a certain threshold level. Due to the existence of the
hydrogen-bonded network, much energy is needed to cause this reduction
in molecular interaction, which requires higher temperatures. Just so, even

Table 2.2. The values of melting point, boiling point, molar heat of vaporization of
water and some isoelectronic substances [9].

Molar Heat of Vaporization
Substance Melting Point (◦C) Boling Point (◦C) (cal mol−1)

CH4 −184 −161.5 2200
NH3 −78 −33.4 5500
H2O 0 +100 9750
HF −92 +19.4 7220
Ne −249 −246 415
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Fig. 2.22. The changes of (a) melting point and (b) boiling point of water and some
electronic sequences of hydride molecules [9, 139].

Fig. 2.23. The changes of critical points of water and hydride substance [15, 140].
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close to the critical point, a considerable number of hydrogen bonds remain,
albeit bent, elongated and no longer tetrahedrally arranged.

We see that in this homologous series of CH4, SiH4, GeH4, and SnH4,
the properties change “regularly” with the molecular weight, or with the size
of the molecule. Thus, we can conclude that the larger the molecular weight
of the substance, the higher would be the melting and boiling temperatures.

Alternately, the properties of the substances HF, H2O, and NH3 have
high values — far above the values, which can be obtained if we extrapolated
from the values of the same property of the homologous substance [139].
Very clearly, the high values of the melting points, boiling points, and the
heat of vaporizations of H2O, NH3, and HF are due to the existence of
hydrogen bonds, such as linear and ring hydrogen-bonded chains in these
hydride substances. In ice (Ih), all water molecules participate in four
hydrogen bonds (two as donor and two as acceptor) and are held relatively
static, but some of the weaker hydrogen bonds are broken to allow the
molecules to move freely in liquid water. The large energy required for
breaking these bonds should be supplied by absorbing the thermal energy
from the melting process and only a relatively minor amount of energy is
reclaimed from the change in volume (P∆V = −0.166Jmol−1). The free
energy change (∆G = ∆H − T∆S, where ∆H = ∆U+P∆V ) must be zero
at the melting point. As temperature is increased, the amount of hydrogen
bonding in liquid water decreases and its entropy increases. Melting will
only occur when there is sufficient change in the entropy term (−T∆S) to
provide the energy required for the bond breaking (∆H). The low entropy
(high organization) of liquid water causes this melting point to be high [139].

Water has also a high cohesive energy density, which is 2.6 times
that of methanol due to the existence of a large number of hydrogen
bonds in it, which results directly in high cohesion, which prevents water
molecules from being easily released from the water’s surface. Thus,
the vapor pressure is reduced. As boiling cannot occur until this vapor
pressure equals the external pressure, a higher temperature is required.
The pressure/temperature range of liquidity for water is much larger than
for most other materials, such as, under ambient pressure the liquid range
of water is 100◦C whereas for both H2S and H2Se it is about 25◦C.

In the meanwhile, the critical points (C.Pt.) of the molecules isoelec-
tronic with water shows water to have higher values. This is due to their
difference of hydrogen bonded structure. In fact, ammonia and hydrogen
fluoride also have somewhat raised values as they form molecular clustering,
albeit with three donor H-atoms and one lone pair acceptor group or one



December 3, 2013 11:57 9in x 6in Water: Molecular Structure and Properties b1656-ch02

134 Water: Molecular Structure and Properties

Fig. 2.24. The change of the melting point of ice under increase of applied pressure
[15, 141].

donor H-atom and three lone pair acceptor groups, respectively; giving a
maximum of two hydrogen bonds per molecule, on average. Although solid
HF forms stronger hydrogen bonds, these form linear zigzag chains with no
rings or polygons and hence its three-dimensional structure is weaker. The
hydrogen bonds in solid NH3 can form three-dimensional arrangements but
are distorted and weakened. Water has two donor H-atoms and two lone
pair acceptor groups close to tetrahedral angles giving the possibility of
four hydrogen bonds per molecule with little distortion.

Green et al. [141] debated the thermodynamic properties of water and
solutions at negative pressures by Raman spectrum and discovered that
increasing pressure promotes liquid water freezing, shifting the melting
point to higher temperatures, i.e., the pressure reduces ice’s melting point,
or in other words, 13.35MPa gives a melting point of −1◦C. This is shown
by a forward sloping liquid/solid line in the phase diagram in Fig. 2.24. In
water, this line is backward sloping with slope 13.46MPa K−1 at 0◦C and
101.325kPa. As the pressure increases, the liquid water equilibrium shifts
towards a collapsed structure (for example, CS) with higher entropy. This
lowers the melting free energy change (∆G = ∆H − T∆S) such that it will
be zero at a lower temperature. The liquid water can also exist without ever
freezing at the minimum temperature of −21.9355◦C at 209.9MPa; but at
higher pressures water freezes to ice-III, ice-V, ice-VI or ice-VII at increasing
temperatures. But the stretching ice has a reverse effect; i.e., this ice melts
at +6.5◦C at negative pressure −95MPa within stretched microscopic aque-
ous pockets in mineral fluorite. In this case, Szobota et al. [142] analyzed the
isochoric subcooling and found that water could be cooled below 0◦C within
a vessel that cannot change its volume (isochoric cooling). Clearly, when
ice forms, its increased volume causes an increase in pressure which would
lower the freezing point at least until the lowest melting point (−21.9355◦C)
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is reached at 209.9MPa. But the thermodynamic study indicated that
ice nucleation cannot arise above −109◦C during isochoric cooling, which
is close to the upper bound of the realm of deeply supercooled water
(−113◦C). Otherwise, the melting ice, within a filled and sealed fixed vol-
ume, may result in an apparently superheated state, where the metastable
isodense liquid water is stretched, relative to its equilibrium state at the
negative pressure, due to its cohesiveness. Then, the ES�CS equilibrium
state may be shifted towards the more-open ES structure in this case.

As a matter of fact, as water is supercooled it will convert mainly
into its expanded form (for example, ES) at ambient pressures, which
will result in it forming metastable LDA ice at low enough temperatures
(<−335◦C). Holten et al. [143] researched the properties of thermodynamics
of supercooled water and viewed that water below its thermodynamic
melting point is “supercooled”. Supercooled water has two phases and a
second critical point. Head-Gordon et al. [144] experimentally acquired
that LDA ice undergoes a 30% collapse forming metastable high-density
amorphous (HDA) ice in a continuous process without breaking the
hydrogen bonds, when the pressure on LDA ice is increased above about
200MPa. Stanley et al. [145], Stanley et al. [146] and Giovambattista
et al. [147] discussed the properties of the unsolved mysteries of water
in its liquid and glassy phases, the effect of hydrogen-bond cooperativity
on the behavior of water and the interplay of the glass transition and
the liquid–liquid phase transition in water, respectively, and affirmed that
the above phase change cannot continue to higher temperatures, which
creates a second critical point, as neither of these phases is stable in the
presence of liquid water although they may convert into their metastable
supercooled liquid forms. Chen et al. [148] and Kumar et al. [149] discussed
the violation and breakdown of Stokes–Einstein relation in supercooled
water and obtained that the presence of these low- and higher-density forms
of liquid (supercooled) water leads to the breakdown of the Stokes–Einstein
relationship in supercooled water occurring far above the glass-transition
temperature, in contrast to many supercooled liquids, but this phenomenon
exists only at the temperatures just above this transition.

2.4.5. The Properties of Thermal Diffusion Effect of Water

and Its Anomaly

The diffusion in substances is generally described by the Stokes–
Einstein equation for translational diffusion, Dt = (RT/N)(1/6πηr)
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and the Stokes–Einstein–Debye equation for rotational diffusion, Dr =
(RT/N)(1/8πηr3), where Dt and Dr are the translational and rotational
diffusivities respectively, R is the gas constant, N is Avogadro’s number, η
is dynamic viscosity and r is water’s molecular radius. The values for self-
diffusion are greatly reduced at lower temperatures where they anomalously
decrease as the density decreases. In general, these diffusion effects are
approximately proportional to the reciprocal of the viscosity, and viscosity
anomalously increases at lower temperatures. The inverse relationship
between water diffusivity and dynamic viscosity, and the ratio of trans-
lational to rotational diffusivity, are almost independent of temperature
between about −35◦C and +100◦C. However, Mazza et al. [148–150] studied
the connection of translational and rotational dynamical heterogeneities
with the breakdown of the Stokes–Einstein and Stokes–Einstein–Debye rela-
tions in water and found that there is a strong divergence from these Stokes–
Einstein relationships. Their ratio at lower and supercooled temperatures
(at 225 K) due to the differential effects of clustering caused by the presence
of both low and higher density aqueous phases, was obtained by Stillinger
et al. [151], where the extensive “sticky” low-density clusters reduce trans-
lational freedom, whereas rotational freedom is retained within the higher
density intervening spaces. Although such behavior is expected of liquids
close to their glass transition, that is not the case with water where it occurs
well above the glass-transition temperature. From the above diffusion equa-
tions, the radius of the water molecule can be obtained by assuming water
molecules to be a large spherical particles, which is r = 0.11nm at 25◦C. For
water, the temperature dependence of the diffusion is presented in Fig. 2.25.

Price et al. [152] measured the self-diffusion of supercooled water to
238 K using the NMR diffusion method and found that the activation
energy for this diffusion increases to about the equivalent of two hydrogen
bonds, which is 42.4 kJ mol−1 at 238K, where the diffusion coefficient is
1.41×10−10 m2 s−1. Bulavin et al. [153] debated the effects of the collective
self-diffusion in water and viewed that the importance of this activation
energy is depressed above about 315 K, when it appears to be less than
the thermal energy. The reason for the low diffusion at low temperatures
is due to the three-dimensional hydrogen-bond, network. Smith et al.
[154] calculated the self-diffusivity of amorphous solid water near 150K
and obtained that the diffusion coefficient of deeply supercooled water is
2.2× 10−19 m2 s−1 at 150K. On the other hand, this anomalous diffusional
behavior is not present when water diffuses in nitromethane in the absence
of hydrogen bonding.
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Fig. 2.25. The temperature dependence of the diffusion of water [148–150].

Fig. 2.26. The features of variation of the self-diffusion of water with varying pressure
and density of water molecules [15, 46].

From the above studies, we see that the self-diffusion is also affected by
pressure where (at low temperatures) both the translational and rotational
motions of water anomalously increase as the pressure increases.

At low temperatures, the self-diffusion of water increases as the density
and pressure increase, but the increase in self-diffusion with density (within
the range of about 0.9 g cm−3 up to about 1.1 g cm−3, at low temperatures)
is inverse to normal liquids where increasing density decreases self-diffusion
because the molecules restrict each other’s movements as shown in Fig. 2.26.
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The density increase may be due to increasing temperature, below 4◦C, at
1 atm pressure or due to increasing pressure at low temperatures. Ludwig
[155] studied the relation of change from clusters to the bulk in water and
gained that liquid water normally shows reduced self-diffusion when it is
squeezed but water at 0◦C increases its diffusivity by 35% under a pressure
of about 200MPa and the diffusivity of supercooled water at −30◦C lifts
by 60% with a similar pressure increase. Further increase in pressure
then reduces the diffusivity, which is the same with the behavior of other
liquids. The movement of water becomes restricted at low temperatures
as the more open (lower density) structure generated on cooling is formed
by stronger and more complete hydrogen bonding, which depresses the
self-diffusion. Errington and Debenedetti [156] discussed the relationship
between structural order and anomalies in water and discovered that the
strength of the hydrogen bonding is a controlling influence in this anomalous
region, where the hydrogen-bonded angles and the inter-molecular distances
are strongly coupled and this order decreases on compression due to the
collapse of ES structures to CS structures. Netz et al. [157] researched the
properties of translational and rotational diffusion in stretched water and
gave that self-diffusion goes through a minimum as the density of water is
reduced below about 0.9 g cm−3 followed by an increase with further density
reduction, as might be expected from most liquids, due to the disruption of
the network at low density as the now-stretched hydrogen bonds are broken,
which was obtained by Caffarena and Grigera [158]. The maximum in the
self-diffusion is brought about due to the fact that even at higher pressures
there is an increased packing density due to the gradual phase transition
to interpenetrating hydrogen-bonded networks.

Agmon [159] discussed the features of variation from symmetry distor-
tions to diffusive motion in water and found that the molecular rotational
movement of water (reciprocal rotational relaxation time; Debye relaxation
time, τD) also varies in direct proportion to the changes in self-diffusion
(translational movement). Thus rotation and translation of water are
coupled.

Yu et al. [160] computed thermal transport in liquid and glassy
water using normal modes and acquired that the thermal diffusivity
would be denoted by thermal conductivity/density×CP , which arises from
vibrations in the water network, shows less anomalous temperature and
pressure behavior than might be expected due to the dependence on the
anomalous behavior, but counteractive to thermal conductivity, density
and specific heat capacity. However, Abramson et al. [161] found thermal
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diffusivity of water at high pressures and temperatures, in which there is a
steep increase in thermal diffusivity at low temperatures and a maximum in
the low-temperature thermal diffusivity–pressure behavior at about 0.8GPa
at 25◦C.

It is well known that there will be a minimum in the thermal diffusivity–
temperature behavior at about −30± 15◦C at atmospheric pressure in line
with changes in CP and thermal conductivity. Kumar et al. [138] gave the
minimum at ∼250K through a modeling approach using TIP5P.

2.4.6. Thermodynamic Features of Differently Typical

Water and Their Anomalies

2.4.6.1. The features of supercooled water

As it is known, the so-called supercooled water is water, which is in
the frozen state below its thermodynamic melting point. The freezing of
liquid water on cooling involves ice crystal nucleation and crystal growth
that generally is initiated a few degrees below the melting point. In
the supercooled water the directional hydrogen-bonding capacity of water
would reduce its tendency to supercool as it would encourage the regular
structuring in cold liquid that may lead to a crystalline state. Experiments
found that liquid water is easily supercooled down to about −25◦C and with
more difficulty down to about −38◦C with further supercooling possible,
in tiny droplets (∼5µm diameter), down to about −41◦C under normal
atmospheric pressure and −92◦C at 200MPa. Supercooling increases with
increasing cooling rate and decreasing volume. Water, supercooled down to
−37.5◦C, is sustained. Koop et al. [162] studied water activity as the deter-
minant for homogeneous ice nucleation in aqueous solution, and determined
that the water activity is always 0.305 lower than that of water melting at
the same temperature in the limit of this supercooling. Kanno et al. [163]
debated that the additivity rule holds in supercooling of aqueous solutions
and found that the homogeneous freezing point is lowered about twice as
much as the melting point lowering, when the salts or hydrophilic solutes are
present.

Supercooled water’s maximal temperature (Ts) is about −92◦C at
210MPa, but at normal pressures the achievable supercooling is much
smaller (Ts/Tm∼0.15) due to the effect of the second critical point, where
Tm is temperature of the melting point of normal water. It should be
pointed that bulk water never forms a glass state because its glass-transition
temperature (Tg =∼136 K) is far lower, relative to its melting point,
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than expected; Tm/Tg ∼ 2 rather than Tm/Tg ∼1.3−1.5 as for more typical
liquids. Tanaka [164] discussed peculiarities of the apparent fragile-to-strong
transition in tetrahedral liquid water and observed that the supercooled
bulk water can crystallize before its temperature can be sufficiently lowered.
Water glass is obtained a lot of difficulty, and may only be produced by
extremely rapid cooling (105 K s−1) of tiny volumes of water (<∼100µm
diameter).

2.4.6.2. The properties of frozen water

Liquid water exists at very low temperatures and freezes on heating.
Smith et al. [165] researched the existence of supercooled liquid water
at 150K, their experiments support that the deeply supercooled liquid
water can be produced by the glassy amorphous ice between −123◦C
and −149◦C and may coexist with cubic ice up to −33◦C, which was
acquired by Jenniskens et al. [166] in the investigation of the features of
water in the domain of cubic crystalline ice Ic. Starr et al. [167] discussed
the prediction of entropy and dynamic properties of water below the
homogeneous nucleation temperature and gained that the above behavior
is anomalous as the deeply supercooled water is a more “fragile” liquid
relative to “normal” supercooled water that changes to crystalline solid
(cubic ice) on increasing the temperature whilst keeping the pressure
constant. Deeply supercooled water exists in the liquid state where it
appears to be too cold to diffuse sufficiently quickly to crystallize noticeably.
Angell et al. [168] studied the anomalies in perspective of tetrahedral
liquid water with and without liquid-liquid phase transitions and confirmed
that the above phenomenon is possibly due to the formation of strands
of icosahedral structures, which may also be used to explain the high
viscosity and low specific heat behavior of this extremely supercooled water.
Plazanet et al. [169] obtained from the studies of the freezing states of
heating of liquid solutions that these properties mentioned above were
also found in other liquids, such as methyl cellulose and some cyclodextrin
solutions.

2.4.6.3. The peculiarity of superheated water

Caupin and Herbert [170] and Chang [171] pointed out that liquid water
can be easily superheated above its boiling point away from its surface
with the atmosphere. In practice, while heating drinks in a microwave oven
the superheated water can occur, which may also cause the explosion.
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Superheating changes the boiling point and freezing point of water.
Eberhart [172] built a new four-parameter equation of state of water and
debated its application in predicting the spinodal temperature. From these
studies he obtained, that liquid water may be superheated to about +240◦C
to +280◦C in capillaries or small droplets within high-boiling immiscible
solvents at about 330◦C. Bunkin et al. [173] discussed the role of dissolved
gas in optical breakdown of water and differences between effects due to
helium and other gases, and acquired that degassing water increases its
tendency to superheat.

Superheating water is also apparent at low temperatures and negative
pressures, which is called the stretched water. Water may be superheated
by reducing the pressure to below −100MPa at 20◦C, which was obtained
by Caupin and Herbert [170]. Gutmann [174] investigated the fundamental
feature of liquid water, and found that superheating is facilitated by dis-
solved gas which may increase its hydrogen-bonded order, but is prevented
by the presence of gas bubbles or nanobubbles that act as initiation sites
for vaporization.

Chang [171] obtained that water vapor (gas) may easily be cooled below
its condensation temperature (dew point) for its partial pressure in the
absence of dust, or other, in which the particles or surfaces may help the
nucleation process.

2.4.6.4. Mpemba effect of water

The ability of hot water to freeze faster than cold water, is inversed to
general sense in which the hot water must first become cold water and
therefore the time required for this will always delay its freezing relative to
cold water. However, Auerbach [175] studied supercooling and the Mpemba
effect which shows that hot water freezes quicker than cold water and that
hot water (for example, 90◦C) does often (but by no means always) appear
to freeze faster than the same amount of cold water (for example, 18◦C)
under otherwise identical conditions. Jeng [176] debated the frozen state of
hot water and found that this phenomenon is called the Mpemba effect.
Balázovic and Tomacik [177] studied the Mpemba effect, Shechtman’s
quasicrystals and student exploration activities as well as their mechanism,
in which they thought that there is sufficient evaporation from the hot
water. Wang [178] discussed the cross-over temperature in the Mpemba
effect, Kell [179] researched the freezing of hot and cold water. From these
results, they thought further that this causes faster cooling plus a reduction
in mass, i.e. faster cooling even to the extent of the existence of a cross-over
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temperature between, initially hot and initially colder, cooling curves and
freezing. There does not seem to be sufficient mass lost in experiments
to support such an explanation as the sole cause, however, the effect is
apparent.

2.5. The Mechanical Properties of Water and Its Anomalies

2.5.1. The Coefficients of the Compressibility of Water

and Its Anomalies

As it is known, the pressure can vary the volume of water. Figure 2.27 shows
the changes in the molar volume of liquid water by varying the pressure.
From this figure we see that as the pressure increases, the minimum of the
volume is shifted to lower temperatures. At higher pressures the minimum
disappears and the water behaves as a normal liquid.

The changes in the molar volume with respect to the pressure are
denoted and given by the coefficients of compressibility, which is represented
by γT =−(1/V )(∂V/∂P )T . Figure 2.27 shows [15] the temperature depen-
dence of the coefficients of compressibility γT . Kell et al. [129, 130] gave the
power series representation of γT to be γT =(

∑3
n=0 cnT

n) × 10−6 bar−1,
where c0 = 50.9804, c1 = −0.374957, c2 = 7.21324 × 10−3, c3 = −46.1785

Fig. 2.27. The changes of molar volume of water (and ice) by varying its pressure and
temperature [15].
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× 10−6, c4 = 0.34304 × 10−6, c5 = − 0.684212 × 10−9. This expression
represents the data from 0 to 150◦C to within 0.04 × 10−6 bar−1.

The liquid water has high compressibility in the region from 0 to 4◦C
as the large cavities in it allow plenty of scope for the water structure
to collapse under pressure without water molecules approaching close
enough to repel each other. Okhulkov et al. [180] tested the properties
of fluctuation model by X-ray-scattering in liquid water at pressures of
up to 7.7 kbar and Bosio et al. [181] inspected the isochoric temperature
differential of the X-ray structure factor and structural rearrangements in
low-temperature heavy water. From these studies they pointed out that
the deformation causes the growth in the radial distribution function peak
at about 3.5 Å with increasing of pressure and temperature due to the
collapsing structure. Water has unusually low compressibility, which is 0.46
GPa−1 above 4◦C relative to that of CCl4, which is 1.05 GPa−1, at 25◦C,
which is due to water’s high-density, again due to the cohesive nature of
the extensive hydrogen bonding. This reduces the free space (compared
with other liquids) to a greater extent than the contained cavities that
increases it. At low temperatures D2O has a higher compressibility than
H2O (for example, 4% higher at 10◦C but only 2% higher at 40◦C ) due
its stronger hydrogen bonding producing an ES�CS equilibrium shifted
towards the more-open ES structure [136]. Also noteworthy is that solutions
of highly compressible liquids, such as diethyl ether (1.17GPa−1) in water,
reduce the compressibility of the water because they occupy its clathrate
cavities. Sun et al. [182] measured the hidden force opposing ice compression
and found that water and ice also have low compressibilities due to the
lengthening of the O–H covalent bond as the O· · ·H–O hydrogen bond is
compressed.

Figure 2.28 exhibits the temperature dependence of coefficients of
isothermal compressibility and adiabatic water. We see from this figure
that γT reduces as the temperature of isothermal water increases from 0◦C
and reaches a minimum at 46.5◦C and then increases again. This is a very
interesting result.

The decreases in the compressibility of isothermal water from 0 to
46.5◦C in Fig. 2.28 is anomalous, or in other words, opposite to that of other
liquids, in which the compressibility and volumes increase monotonically
as they are heated. Bridgman [125] found that these anomalies disappear
as water is compressed. The minimum in the compressibility near 50◦C
becomes less pronounced as pressure is applied and disappears completely
near 3000 atm. In practice, the behavior of the volume near 0◦C is more
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Fig. 2.28. The temperature dependence of coefficients of isothermal compressibility and
adiabatic water, γT , at 1 atm pressure [15, 119, 120].

complicated. The uppermost plot of volume against temperature is for
atmospheric pressure and shows the familiar minimum at 4◦C. As the
pressure is increased to 1000kg cm−2, the minimum is displaced to lower
temperatures. By 1500kg cm−2 a maximum appears near −10◦C in addition
to the minimum near −4◦C. At 2500kg cm−2, maximum and minimum
merge into a point of inflexion, and at still higher pressures the volume
increases smoothly with temperature. Thus, under high pressure, the molar
volume of water behaves like that of most liquids.

The adiabatic compressibility of water lies below the isothermal
compressibility except at the temperature of maximum density where they
are equal.

In a typical liquid the compressibility decreases as the structure
becomes more compact due to lowered temperature. In water, the cluster
equilibrium shifts towards a more open structure (for example, ES) as the
temperature is reduced due to it favoring the more ordered structure (that
is, ∆G for ES�CS becomes more positive). Kell [44] calculated the density,
thermal expansivity, and compressibility of liquid water from 0 to 150◦C and
found that as the water structure is more open at these lower temperatures,
the capacity for it to be compressed increases.

We think that the above temperature dependence of the molar volume
of water is due to the supposition of following two competing effects: (a) the
open structure arising from the four-coordination of molecules weakens or
breaks down, which reduces the volume through a continuation of fusion,
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and (b) the increases in the amplitudes of anharmonic intermolecular
vibrations, which enlarge the volume, when water is heated.

We also think that the tetrahedron structures of solid water (ice),
which existed in water, and cluster structures of water molecules are broken
down with increasing temperature, which results in the decreases of molar
volume. But the speeds of random motion of free water molecules and their
amplitudes of anharmonic vibration increase with increasing temperature,
which cause enlarging of volumes. The superposition of these effects and
their balance of each other result in the variations of molar volume of water
with changing temperature as mentioned above.

Franks [183] gave the properties of water, and thought the effect is
not a simple dependency on density, however, else the minimum at 46.5◦C
for isothermal (that is, without change in temperature) compressibility
γT = −(1/V )(∂V/∂P )T , or γT = −(1/ρ)(∂ρ/∂P )T ∝ 〈(∆V )2〉TPN and
the minimum at 64◦C for adiabatic (that is, without loss or gain of heat
energy, also called isentropic) compressibility (γS = −(1/V )(∂V/∂P )S)
would both be at minimum density (4◦C). Relationships between γS and γT

are calculated using the equation γT = γS +α2T/ρCP , or γS = γTCV /CP ,
where α = thermal expansivity (K−1), ρ = density (kg m−3), and CP =
isobaric specic heat (J kg−1 K−1).

Nilsson et al. [184] studied fluctuation features in ambient water
and pointed out that the compressibility depends on fluctuations in the
specific volume (or density) and these will be large where water molecules
fluctuate between being associated with a more open structure, or not, and
between the different environments within the water clusters. Kanno and
Angell [185] obtained anomalous compressibilities to 1.9 kbar and correla-
tion with supercooling limits at high pressures (for example, ∼200MPa) and
thought that this compressibility anomaly, although still present, is far less
apparent. Unusually, the very large differences in compressibility between
supercooled water and hexagonal ice increases further as the temperature
is lowered even as their densities are approaching similar values. Some
other liquids, such as formamide (also extensively hydrogen bonded), show
a compressibility minimum. However, there is a maximum value in this
compressibility–temperature relationship at sufficiently low temperature
of about −38◦C, as long as no phase change occurs. Angell et al. [168]
and Holten et al. [143] thought the compressibility decreases with reducing
temperature at much lower temperatures. This is expected to lie just below
the minimum temperature accessible on supercooling (232 K) close to the
temperature of minimum density.
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2.5.2. The Viscosity of Water and Its Properties

The so-called viscosity of a liquid is determined by the ease with which
molecules can move relative to each other. It depends on the forces holding
the molecules together (cohesiveness). This cohesiveness is large in water
due to its extensive three-dimensional hydrogen bonding. Therefore, water
has a high viscosity of 0.359 cP at 25◦C, relative to the pentane (0.22 cP),
but it is not so high that it causes too much difficulty being moved around
within organisms. Cho et al. [186] calculated thermal offset viscosities of
liquid H2O, D2O and T2O, and saw the Arrhenius energy of activation for
viscous flow is similar to the hydrogen-bond energy (H2O is 21.5 kJmol−1;
D2O is 24.7 kJmol−1; T2O is 26.2 kJ mol−1), which are obtained from the
calculation, all at 0◦C. However, large viscosity increases as the temperature
is lowered, as shown in Fig. 2.29. The increase in the viscosity with lower
temperatures is particularly noticeable within supercooled water. The water
cluster equilibrium shifts towards the more open structure (for example,
ES) as the temperature is lowered in this case. This structure is formed by
stronger hydrogen bonding. In turn, this creates larger clusters and reduces
the ease of movement (increasing viscosity).

At the same time, the viscous flow occurs by molecules moving through
the voids that exist between them. As the pressure increases, the volume

Fig. 2.29. The temperature- dependence of the viscosity of water [15, 186].
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Fig. 2.30. The changes of the viscosity of water with varying temperature and pressure
[15, 187].

decreases and the volume of these voids reduces, so normally increasing
pressure increases the viscosity. Bett et al. [187] studied the effect of
pressure on the viscosity of water and found that the viscosity of water
decreases with the decrease of pressure at temperatures below 33◦C as
shown in Fig. 2.28, which exhibited the changes the viscosity of water with
varying temperature and pressure. Water’s pressure–viscosity behavior in
Fig. 2.30 is caused by the deformation of the hydrogen-bonded network and
their reduction of the strength, which is also partially responsible for the
changes in the viscosity under increased pressure (up to about 150MPa).
This reduction in cohesiveness more than compensates for the reduced void
volume. Tanaka et al. [164] obtained a direct consequence of the balance
between hydrogen-bonding effects and the van der Waals dispersion forces
in water; where hydrogen bonding is prevailing at lower temperatures and
pressures. Inversely, Kawamoto et al. [188] discussed the changes in the
structure of water deduced from the pressure dependence of the Raman
OH frequency, and observed that at higher pressures (and densities), the
balance between hydrogen-bonding effects and the van der Waals dispersion
forces is tipped in favor of the dispersion forces and the remaining hydrogen
bonds are stronger due to the closer proximity of the contributing oxygen
atoms. Viscosity, then, increases with pressure. The dashed line (opposite)
indicates the viscosity minima. Okada et al. [189] researched the pressure
response of Raman spectra of water and its implication to the change in
hydrogen-bond interaction and acquired that the variation of viscosity with
pressure and temperature has been used as evidence such that the viscosity
is determined more by the extent of hydrogen bonding rather than hydrogen
bonding strength.
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Fig. 2.31. The a log–log relationship of temperature dependence of the viscosity in
water [190].

Stumpf and Porter [190] discussed the temperature–viscosity relation-
ship and gained that the dynamic viscosity varies with the temperature
above a baseline temperature, which are viscosity = (T − T0)−1.337 for
H2O and viscosity = (T − T0)−1.7353 for D2O; where T0 = 225.4 for
H2O and 231.9 for D2O, both these values being close to the respective
homogeneous nucleation temperatures. The exponents are close to the
golden mean, (1 +

√
5)/2(= 1.3935) as shown in Fig. 2.31, H2O values

are shown by squares and D2O values are shown by diamonds. The red
line is y = (T − 225.4)−1.332 for guidance. This exponential law in water
does not quite obey the rule of thumb that candidate power laws should
exhibit an approximately linear relationship on a log–log plot over at least
two orders of magnitude in both the x and y axes.

2.6. The Properties of Changes in the Structure
and Distribution of Molecules in Water
in Different Cases

2.6.1. The Changes in the Molecular Structure of Water

Under Action of High Pressure

Strässle et al. [191] studied the changes in the molecular structure of dense
water under action of high pressure of 6.5GPa by neutron scattering and
discovered that liquid water underwent a significant change in structure
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Fig. 2.32. The features of change of covalent and hydrogen bonds in water molecules
under the increases of pressure [15, 182].

at about 200MPa, in which the viscosity, self-diffusion, compressibility and
structural properties of water as well as the loss of the density maximum —
the discontinuity in fast sound in water and molecules move further away
from each other — were changed. The reasons are that the increase in
interpenetration of hydrogen-bonded networks and clusters bonding with
each other at about 200MPa (at 254K) result in wide bending and breaking
of the hydrogen bonds. Jedlovszky et al. [192] discussed the structure of
coexisting liquid phases of supercooled water: Analogy with ice polymorphs,
Salmon found that the above changes of structure of water are similar with
those of ice phases at high pressure. Sun et al. [182] found that as covalent
bonds reduce under high pressure, some anomalous changes occur further,
such as, the O–H covalent bond length in water molecules increases as
the pressure increases in both liquid and solid phases due to the hydrogen
bond shortening under pressure, as shown in Fig. 2.32 for ice. This result
indicated that the hydrogen-bonded structure of water molecules can be
changed under action of pressure, which also verified experimentally the
real existence of hydrogen-bonded chains and cluster of molecules in water.
Therefore, this investigation is very interesting and important in physics.

2.6.2. The Changes in the Number of Nearest Neighbors

of Water Molecules in Different Cases

Drewitt et al. [193] computed the density-driven structural transformations
in network forming glasses: a high-pressure neutron diffraction study of
GeO2 glass up to 17.5GPa, Robinson obtained that each water molecule in
hexagonal ice has four nearest neighbors. On melting, the partial collapse
of the open hydrogen-bonded network allows non-bonded molecules to
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approach more closely, thus increasing this number. This means that
the number of nearest neighbors increases on melting in water. However,
normally in some liquids the movement of molecules, and the extra space
they find themselves in, means that it becomes less likely that they
will be found close to each other; for example, argon has exactly 12
nearest neighbors in the solid state but only an average of about 10 on
melting. Zhu et al. [194] gained from the studies that in the liquid phase,
molecules approach more closely due to the partial collapse of the open
hydrogen-bonded network. As the temperature of liquid water increases,
the continuing collapse of the hydrogen-bonded network allows non-bonded
molecules to approach more closely thus increasing the number of nearest
neighbors. Thus, the nearest neighbors increase with temperature in water,
relative to ice. This is also in contrast to normal liquids where the increasing
kinetic energy of molecules and space available due to expansion, as the
temperature is raised, means that it becomes less likely that molecules will
be found close to each other.

2.6.3. The Properties of Motion of Hydrogen Atoms

and Molecules in Water

Flammini et al. [195] calculated the mean kinetic energy of hydrogen atoms
in water and obtained that it reaches a maximum at about 7◦C and
reduces on cooling to a minimum value at about 0◦C at low tempera-
ture. However, at supercooled temperatures below this, the mean kinetic
energy increases considerably. This indicates that, under supercooling, the
hydrogen-bonded donor protons in liquid water clusters undergo coherent
transfer to their acceptor hydrogen-bonded partner water molecules, which
is as follows [195].
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Fig. 2.33. The changes of distance between water molecules with increasing pres-
sure [180].

Okhulkov et al. [180] found that when water is put under pressure
(below about 200MPa) the water molecules approach their neighbors more
closely, as might be expected from the increase in density, but if the
pressure is increased from about 200 to 400MPa, the average distance
between neighboring water molecules increases. At higher pressures the
distances reduce again (but less so) with increasing pressure. This means
that under high pressure water molecules move further away from each
other with increasing pressure as shown in Fig. 2.33. Sun et al. [196] saw
by Raman spectroscopic studies that a corroborative behavior of the O–H
stretch vibration frequency (v1), which increases with pressure between
about 200 to 400MPa, whilst reducing with pressure at higher or lower
pressures. Okada et al. [189] discovered that the O–H stretch data has been
confirmed at 23◦C, but not found at 52◦C, indicating that it requires larger
clusters to be recognized. Obviously, the effects are due to the increase in
interpenetration of hydrogen bonded networks at about 200MPa (at 290
K); and of hydrogen-bonded clusters, which are preferred over more extreme
bending or breaking of the hydrogen bonds under the high pressure.

Chaplin [197, 198] studied the properties of the water molecule, liquid
water, hydrogen bonds and water networks in water, and found that similar
anomalies occur also in other substances. When water is put under pressure
below 200MPa, its molecules approach their neighbors more closely, which
results in the increase in density of water. Liu et al. [199] researched the
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features of dry water and obtained that the bond lengths in the tetrahedral
glass GeO2 also behaves similarly as they increase under increasing pressure
from 5 GPa to ∼30GPa when the coordination of the Ge atoms increases.

Pietropaolo et al. [200] discussed the excess of proton mean kinetic
energy in supercooled water, and acquired that the above effect was
also observed in supercooled water where the distance between the
water molecules decreases as the density decreases when the supercooling
temperature is lowered due to the reduction in nearest neighbors. This
phenomenon is produced also in the high density ices, such as, ice-VII with
two interpenetrating cubic ice lattices under a pressure of over 2200MPa
(density 1.65 g cm−3) has an average O· · ·O nearest neighbor distance of
about 3.5% greater than that in cubic ice (density 0.92 g cm−3 at 0.1MPa).
But the neighboring molecules in hexagonal ice lie closer than those in
liquid water, where the ice density is less due to ice molecules having only
four neighbors.

2.6.4. The Changes of Vibrational States in Different

Water

Lock et al. [201] researched the temperature dependence of vibrational
relaxation in liquid H2O and found that the lifetime of an excited molecular
vibration in liquid would decrease when the temperature increases as
the energy and likelihood of interactions with other molecules also both
increase. The investigations show that the lifetime of the excited liquid
HCl stretch vibration decreases from 2.1 ns at 173 K to 1.0 ns at 248 K. In
liquid water, the excited OH-stretch vibration has a lifetime of 0.26 ps at
298 K and this lifetime increases to 0.32 ps at 358K. This is possibly due to
the effects of the hydrogen-bonded network. As it is known, the OH-stretch
vibration normally relaxes by transferring energy to an overtone of the H–
O–H bending vibration. However, as the temperature increases the hydro-
gen bonds of water is weakened, which leads to an increase in the frequency
of the stretch vibration and a decrease in the frequency of the bending
vibration. Thus, the overtone of the bending mode shifts out of resonance
with the stretching mode, which makes the energy transfer less likely.

2.6.5. Changes of Thermodynamic Feature of H2O and

D2O Liquids

As it is known H2O (H=hydrogen, 1.0078 g mol−1), and D2O (where
D = deuterium, 2.0141 g mol−1), are the isotopic forms of water. The
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Table 2.3. The comparisons of values of melting
and boiling points of H2O and D2O as well as
T2O liquids [9].

Melting Point (◦C) Boiling Point (◦C)

H2O 0.00 100
D2O 3.82 101.42
T2O 4.49 101.51

former should be called light water, the latter heavier water. The different
isotopic forms of compounds behave, in general, very similarly to each other.
However, the physical properties of H2O and D2O liquids have considerable
or plenty of distinctions due to the differences in structure or conformation
including the binding forces among the molecules and hydrogen-bonded
cluster. Table 2.3 shows the values of melting points and boiling points
of H2O, D2O and T2O liquids, where D2O and T2O (where T = tritium,
3.0160 gmol−1) liquids have the larger values of both the melting points
and the boiling points compared to H2O water, which indicate clearly there
are stronger interaction energies in D2O and T2O molecules relative to that
of H2O in the entire liquid range of temperatures of 0◦C to 100◦C. Thus, the
average number of hydrogen bonds and the distances among these molecules
are different in these substances.

At the same time, D2O liquid has a larger molar volume compared to
H2O water in the entire liquid range of temperatures of 0 to 100◦C as shown
in Fig. 2.34 due to the mode of packing water molecules in such a way that

Fig. 2.34. The comparisons of temperature dependence of molar volume of H2O and
D2O liquids (a) and their amplification in minimum (b) at P = 1atm respectively [9].
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Fig. 2.35. The comparisons of variations of temperature dependence of heat capacities,
(a) CP and (b) CV , of H2O and D2O liquids at P = 1 atm, respectively [9].

low local density is correlated with strong binding energy. Figure 2.35 shows
the comparisons of variations of temperature dependence of heat capacities,
(a) CP and (b) CV , of H2O and D2O liquids, respectively. Please note the
curve of CP of H2O liquids undergoes a minimum at about 35◦C, but there
are a maximum of both (a) CP and (b) CV , for D2O liquid at about 20◦C.
This is a very interesting result.

The temperature dependence of isothermal pressibility of H2O and D2O
liquids at different pressures are shown in Fig. 2.36 [9]. From this figure, we
see that there are a minimum of isothermal compressibilities of both H2O
and D2O liquids as the pressure increases up to 3000 atm, but both the val-
ues of isothermal compressibility of D2O liquids are larger than that of H2O
and the temperatures corresponding to the minimum are different, D2O liq-
uids, which at about 46◦C is higher than that of H2O which is about 44◦C.

Figure 2.37 [15] shows the distinction in temperature dependence of
density of H2O, D2O and T2O liquids, in which they all are density-
maximum, but the values of both the density and its minimum are not
same for H2O, D2O and T2O liquids, for example, the minimum is about
4◦C for H2O, 11◦C for D2O and 15◦C for T2O, respectively. Therefore, the
density maxima of these substances are really existent, which are opposite
to other liquids, such as He, Te, BeF2, Si and SiO2, in which the occurrence
of a density-maximum is rare due to variety of reasons.

Polyakov et al. [202] discussed the pressure effects on the reduced
partition function ratio for hydrogen isotopes in water and obtained that the
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Fig. 2.36. Comparisons of variations of temperature dependence of isothermal com-
pressibility of H2O and D2O liquids at P = 1 atm [9].

Fig. 2.37. Comparisons of variations of temperature dependence of density of H2O,
D2O and T2O liquids at P = 1atm [15].

phase changes of liquid H2O and D2O are different, in which the triple point
of D2O is 3.82◦C and 49 Pa, which is higher than that of H2O, their vapor
pressure curves crosses at 221◦C and the critical point of D2O is 3.25◦C
and 393 kPa lower. This isotope effect may be due to the decrease of the
zero-point vibration of D2O that reduces also its van der Waals volume (by
about 1%) and its associated repulsive effect within the hydrogen bonds
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at lower temperatures. Thus, it also increases the strength of D2O–D2O
hydrogen bond. However, the transition to the excited state is more easily
achieved in D2O (∼2450 cm−1, relative to H2O ∼3280cm−1) with respect
to H2O at higher temperatures. Alternately, because of the asymmetry of
the vibration, this increases D2O’s effective van der Waals volume, which
reverses the relative repulsive effect. Thus, the D2O–D2O hydrogen-bond
strength is reduced at higher temperatures.

On the other hand, if hydrogen (1H) is replaced by deuterium (2H),
then the volume of hexagonal ice will be increased (about ∼0.1%). This
is contrary to that of other substance, such as solid 20Ne which is 0.6%
more voluminous than 22Ne, due to the expected greater nuclear motion
of lighter isotopes. Pamuk et al. [203] studied anomalous nuclear quantum
effects in ice and found the anomalous effect in water, which increases with
temperature, although a normal isotope shift decreases with temperature.
They thought further that this anomalous effect may be due to the
significantly greater covalent O–H asymmetric vibration.

Why do liquid H2O and D2O have these differences? Obviously, this is
due to their distinctions in structure and property, which are represented
by Tables 2.4 and 2.5 [9]. The properties of molecules of H2O and D2O are
shown in Table 2.4, where the data come from Eisenberg and Kauzmann [4]
based on measurements by Benedict et al. (1956), all entries in this table
refer to the equilibrium values. The x-axes passes through the center of

Table 2.4. The properties of molecules of H2O and D2O [9].

H2O D2O

Bond length ×108cm 0.9572 0.9575
Bond angle 104.523◦ 104.474◦
Momemt of intertia
Ix × 1040 g cm2 2.9376 5.6698
Iy × 1040 g cm2 1.9187 3.8340
Iz × 1040 g cm2 1.0220 1.8384

Table 2.5. The vibrational frequencies and zero-point energy of H2O and D2O [9].

H2O D2O

v1, symmetric stretching 3656.65 2671.46
v2, asymmetric stretching 3755.79 2788.05
v3, bending vibration 1594.59 1178.33
Zero point energy 4634.32 3388.67

(13.2 kcal mol−1) (9.8 kcal mol−1)
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mass of the molecule and is perpendicular to the plane of the molecule.
The z-axis is a bisection of the bond angle, and the y-axis is perpendicular
to x and z axes. The vibrational frequencies and zero-point energy of H2O
and D2O are shown in Table 2.5, where the data come from Eisenberg and
Kauzmann [4] based on measurements by Benedict et al. (1956), the values
of ν1, ν2 and ν3 are in cm−1. 1 cm−1 = 2.859 cal mol−1.

From these results, we see that the basic properties and charges of
H2O are significantly different with those of D2O. Therefore, we think
that the distinctions of physical features between the H2O and D2O liquids
mentioned above are caused by their differences in basic property and the
changes and breaking of hydrogen-bonded clusters in different conditions.

2.6.6. The Influences of Solutes and Non-Polar Gases

on the Features of Water and Its Solubility

The solutes can interfere with the cluster equilibrium by favoring either
open or collapsed structures, which can cause the physical properties of
the solution, such as density or viscosity, to change. In the meanwhile,
solutes can change also both the cryoscopic (i.e., effect of solute on
freezing point depression, 1.86K kgmol−1, relative to CCl4 30 Kkg mol−1)
and ebullioscopic constants due to water’s low molar mass and high
heats of fusion and evaporation, respectively. The colligative properties of
water consist of freezing point depression, boiling point elevation, vapor
pressure lowering and osmotic pressure, which depend on the changes in
the entropy of water due to dissolving the solute, which is determined by the
concentration of the solute molecules or ions. The reason for this effect is the
increase of entropy on mixture solution composed of the solutes and water.
In this process, increased entropy provides extra energy available in the
solution which has to be overcome when ice or water vapor is formed. It is
helpful to break the bonds of the ice causing melting at a lower temperature
and to reduce the entropy loss when water condenses, thus the condensation
is increased and the vapor pressure is depressed. So, dissolving a solute in
liquid water makes it more stable [15, 204–207].

On the other hand, the non-polar gases are difficult to solubilize
in water. Most gaseous solutes dissolve more in most solvents as the
temperature is lifted. But non-polar gasses oppose, it is more soluble in
water at low temperatures. The noble gases have low polarizability, but their
solubility increase considerably as the temperature is lowered as shown in
Fig. 2.38, their values of solubility properties are listed in Table 2.6, which
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Fig. 2.38. The temperature dependences of polarizability of the noble gases in water
[204–207].

Table 2.6. The Solubility properties of the noble gasses [204, 207–209].

Property He Ne Ar Kr Xe Rn

Atomic number 2 10 18 36 54 86
Atomic radius, Å 1.08 1.21 1.64 1.78 1.96 2.11
∆G◦ of solution in H2O

at 25◦C, kJ mol−1
29.41 29.03 26.25 24.80 23.42

∆H◦ of solution in H2O
at 25◦C, kJ mol−1

−0.59 −3.80 −11.98 −15.29 −18.99

∆S◦ of solution in H2O
at 25◦C, J mol−1 K−1

−100.6 −110.1 −128.2 −134.5 −142.2

Solubility,mM, 5◦C, H2O 0.41 0.53 2.11 4.20 8.21 18.83
101, 325 Pa D2O 0.49 0.61 2.38 4.61 8.91 20.41

Solubility minima,◦C H2O 30 50 90 108 110

D2O 53 53 98 108 116

was obtained by Ivanov et al. [204] from the investigation of structural
contribution to the effect of hydrophobic hydration of noble gases. Vanov
and Abrosimov [205] studied the specific features of hydration of gaseous
nitrogen and oxygen, revealed from data on their solubility in water H/D
isotopomers, and obtained that the notice, oxygen (O2) and nitrogen (N2)
molecules behave similarly (solubility minima at N2 74◦C and O2 94◦C,
although their solubilities are low (O2, 1.92mM in H2O, 2.14mM in D2O;
N2, 0.94mM in H2O, 1.05mM in D2O; all at 5◦C, 101,325 Pa). The changes
in the hydration of the noble gases are caused by the two processes of the
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endothermic opening of clathrate pocket in the water and the exothermic
placement of a molecule in that pocket due to the multiple van der Waals
interactions. Filipponi et al. [206] discussed the structural determination
of the hydrophobic hydration shell of Kr, and acquired that the krypton
dissolved in water is surrounded by a clathrate cage with 20 Kr · · · OH2

interactions. The greater solubility of O2 over N2, in spite of its lesser
clathrate forming ability, is due to the formation of weak hydrogen bonds
to water [205].

Ivanov et al.’s results [204] showed that the solubilization process is
exothermic and has negative ∆H , the solubility of the noble gases in water
decreases with temperature rise. But the natural clustering is much reduced
at high temperatures and high pressures. Thus, the solubilization process is
endothermic and solubility goes through a minimum before increasing with
temperature rise.

On the contrary, the lower solubility of non-polar gases in water, in
spite of the negative enthalpy change on dissolution, is produced by positive
free energy change (+∆G) attributed to the anomalously large negative
entropy change (−T∆S) due to the structural enhancement of the water
(ES) clusters which enhances the specific heat of these solutions (+Cp). This
structural enhancement included the fixing of the cluster centers, preventing
the randomizing flickering between clusters as well as ordering the inner
dodecahedral water shells surrounding the solute molecules. Meanwhile,
there is also a reduction in volume (−∆V ), which shows a reduction in the
unoccupied space within the water solvent.

Otherwise, the change in solubility of non-polar gases with respect
to their diameters has a maximum, thus their free energy of hydration
has also a minimum, when diameters are about the same as that of the
dodecahedral cavities (∼4.5 Å) in the icosahedral network, which was
obtained by Graziano [210]. Please here note that the solvent properties
of liquid superheated water are also changed with temperature as water’s
dielectric permittivity reduces towards that of common organic solvents as
the temperature rises towards its critical point. But the solubility of gases
(and other solutes such as salts) in ice is very low because of the usefulness
of freeze-thaw process under reduced pressure for degassing water.

2.6.7. The Affections of Salt on Properties of Water

Craig [211] studied that bubble coalescence and specific ion effects in water
and found that higher concentration of salts (about 0.1M) can prevent the
coalescence of small gas bubbles, which is in contrast to the expectation
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from the raised surface tension and reduced surface charge double-layer
effects. Tsang et al. [212] discussed the bubble-size dependence of the critical
electrolyte concentration for inhibition of coalescence, and gained that
the phenomenon for the water with higher critical concentrations require
smaller bubble size. Buch et al. [213] debated the features of water surface,
and determined that the reason of the above effect is that the salts do not
directly follow the Hofmeister effects with both the anion and cation having
importance together with one preferentially closer to the interface than the
other; for example, excess hydrogen ions tend to negate the effect of halides,
which was gained by Craig et al. [214]. In this case, the bubble coalescence
entails a reduction in the net gas–liquid surface due to an increase in the
interactions between the oppositely charged ions.

From the study, the link between ion-specific bubble coalescence and
Hofmeister effects is the partitioning of ions within the interface. Henry
and Craig [215] proposed that anions and cations should be divided into
two groups α and β with α cations (Na+,K+,Mg2+,NH+

4 ) and α anions
(OH−,F−,Cl−,Br−, SO2−

4 ) avoiding the surface and β anions (ClO−
4 ,

CH3CO−
2 , SCN−) and β cations (H+, (CH3)4N+) attracted to the interface;

αα and ββ anion–cation pairs then cause inhibition of bubble coalescence
whereas αβ and βα pairs do not. They believe that the bubble coalescence
is inhibited when a bulk solvated or a surface active ion pair is present
in solution (αα or ββ, respectively), creating an effectively uncharged
interface [215].

Craig et al. [214] discussed the effect of electrolytes on bubble coales-
cence and exhibited that the concentration of salt in water corresponding
to the minimum should be controlled for optimal prevention of bubble
coalescence where small bubbles are much less harmful than large bubbles.

Marcus [216, 217] studied the standard partial molar volumes of ions
in solution at 0–100◦C and obtained that the molar ionic volumes of salts
at infinite dilution depend on both the positive intrinsic volume of the
ions and the negative volume change of the water due to the ion’s electric
field pulling on their neighboring water molecules. Thus, the molar ionic
volumes of salts show a maxima with respect to temperature. When the
temperature of water is raised, this effect is able to disrupt the structuring
in water (i.e., contract its clustering). Marcus [216, 217] provided further
that the behaviors of two ionic kosmotropes, SO2−

4 (intrinsic volume 52.94
cm3 mol−1) and Mg2+ (intrinsic volume 1.62 cm3 mol−1) and two ionic
chaotropes, ClO−

4 (intrinsic volume 60.15 cm3 mol−1) and Cs+ (intrinsic
volume 21.38 cm3 mol−1) are opposite. They all are able to hold water
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strongly (relative to water holding itself) at higher temperatures. The
kosmotopes and chaotropes behave differently with the chaotropes’ molar
volumes changing less with temperature and reaching their maxima at
higher temperatures.

2.6.8. The Features of Changes of Speed of Propagation

of Sound in Water

As it is known, when the sound is propagated in a longitudinal pressure
wave through the longitudinal vibrations of molecules in water, its energy
will result in the deformations of water because the energy is transferred
from one vibrational molecule to another. The speed of sound in water
is almost five times greater than that in air (3135m s−1). Its speed (u)
of propagation is defined by u2 = 1/ργs = [∂P/∂ρ]S, where γs is the
adiabatic compressibility, ρ is the density and P the pressure. Pfeiffer and
Heremans [218] calculated the sound speed in ideal liquid mixtures from
thermal volume fluctuations and its changes. Figure 2.39 indicated the
temperature dependence of speed of sound in water [30]. From this figure,
we know that high compressibility and density cause a lower speed of sound
at low temperatures, as the temperature increases the compressibility drop
and goes through a minimum, whereas the density and speed of sound go
through a maximum and then drop again, i.e., the speed of sound is slow
and increases with temperature (up to a maximum at 74◦C) [30]. Also,
increasing the pressure increases the speed of sound and shifts the maximum
to higher temperatures, both in line with the effect on the density. This
is an anomalous nature of both compressibility and density. Meanwhile,

Fig. 2.39. The temperature dependence of speed of sound in water [30].
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Venkataramana et al. [69] studied the effects of chlorides of magnesium,
calcium, strontium and barium on the temperature of the sound velocity
maximum of water and acquired that salt can cause a small shift in the
temperature maximum in line with the Hofmeister series; reducing the
temperature at higher concentrations. Ionic kosmotropes cause a slight
increase in the temperature maximum at low concentrations.

Li et al. [219] pointed out that the structural transition from low density
water to high density water is evident, which was obtained by high pressure–
temperature Brillouin study in which there is a discontinuity in the pressure
response to sound velocity that occurs at 254MPa and 293K consistent with
gradual phase transition to interpenetrating hydrogen-bonded networks at
the higher pressures, as seen with other anomalies.

On the other hand, Trinh and Apfel [220] computed the sound velocity
of supercooled water down to −33◦C using acoustic levitation and gained
that there is a minimum in the speed of sound at low temperatures in the
dependence of the frequency due to either the compensation in the changes
in density decrease and compressibility increase with lowering temperature
or the increasing strength of hydrogen bonding and consequential transition
to “fast sound” at lower frequencies.

The speed of sound in the oceans has a minimum at about 1000mM
where the increase in speed due to increasing pressure balances the
decreasing speed with a drop in temperature. Santucci et al.’s studies [221]
exhibited that water has a second sound “anomaly” (called “fast sound”), in
which liquid water behaves as though it is a glassy solid rather than a liquid
and sound travels at about twice its normal speed (∼3200m s−1; similar to
the speed of sound in ice Ih) over a range of high frequencies (>4 nm−1).
Thus, there is a “fast sound” in high frequencies and little effect of temper-
ature below 20◦C. At lower temperatures, the speed of sound increases from
its low frequency value towards the high frequency value. Then, a minimum
occurs in the temperature-speed of sound relationship [221], the lower speed
of sound (∼1500 m s−1) is due to the hydrogen-bonding network structure
of water. Slosarek et al. [188, 222] calculated the mobile segments in
rabbit skeletal-muscle F-actin detected by H−1 nuclear magnetic resonance
spectroscopy, and found that there is a discontinuity anomaly at a higher
pressure (∼300 MPa) and density of about 1.12 g cm−1 (at 273K) that may
indicate a structural rearrangement [188, 221], due to the gradual phase
transition to interpenetrating hydrogen-bonded networks at the higher
pressures.
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2.6.9. Changes Density of Distribution of Molecules

in Water and its Anomaly in Different Conditions

As it is known, water has a maximal density that increases on heating
up to 3.9354◦C, this is due to the cohesive nature of the hydrogen-
bonded network, with each water molecule capable of forming four
hydrogen bonds. The tetrahedron structure of hydrogen-bonded network
of molecules with larger volume in ice are partially destructed with
increasing temperature, which results in water molecules falling in the
cavity of residual tetrahedron. Thus, the free volume of water reduces
to ensure a relatively high density. Its density, however, is not as great
as that of closely packed, isoelectronic, liquid neon (1207kgm−3 at 27K,
with molar volume 92.35% of water). Chaplin et al. [223, 224] studied
the structure of plantago ovata arabinoxylan and the importance of cell
water and Vedamuthu et al. [225] studied properties of liquid water with
density anomalies. From these studies, they obtained the features of the
anomalous temperature–density behavior of water. The density maximum
and molar volume minimum are caused by the opposing effects of increasing
temperature, which causes both structural collapse that increases density,
and thermal expansion that lowers density. Pietropaolo et al [200] obtained
that the distance between the water molecules decreases as the density
decreases as the supercooling temperature is lowered, the decrease in
density being primarily due to the reduction in nearest neighbors. At
lower temperatures there is a higher concentration of ES, whereas at
higher temperatures there is more CS and fragments, but the volume
they occupy expands with temperature. The change from ES to CS as
the temperature rises is accompanied by positive changes in both entropy
and enthalpy due to the less ordered structure and greater hydrogen-bond
bending, respectively. The density maximum ensures that the bottoms
of freezing freshwater lakes generally remain at about 4◦C and unfrozen.
The change in density with temperature causes an inversion in cold water
systems as the temperature is raised above about 4◦C. Thus in water below
about 4◦C, warmer water sinks whereas when above about 4◦C, warmer
water rises. As water warms up or cools down through 4◦C, this process
causes considerable mixing with useful consequences such as increased gas
exchange. Shown in Fig. 2.40 is the variation in the density of ice, liquid
water, supercooled water and water vapor in equilibrium with temperature.
This figure is helpful to explain why liquid water cannot exist only in this
phenomenon.
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Fig. 2.40. The variation of the density of ice, liquid water, supercooled water and water
vapor in equilibrium with temperature [223–225]

Whilst, Dougherty [226] researched critical phenomena in the PV T

surface of water and obtained that rapid approach of the densities
of supercooled water and ice (at about −50◦C, 100kPa at about the
homogeneous nucleation temperature (∼−45◦C, 101kPa). Alternately, the
inset in Fig. 2.40 shows the variation of the molar volume of water with
varying temperature of water. Figure 2.41 shows the variation of density of
liquid water with temperature and pressure. Caupin et al. [227] discussed
the properties of exploring water and other liquids at negative pressure
and gained that at low temperatures the right-hand curves continue
(metastably) for severalMPa of negative pressure.

Brovchenko et al. [228] researched the liquid–liquid phase transitions in
supercooled water using computer simulations of various water models and
found that there is a minimum in the density of supercooled water, i.e., at
a temperature below the maximum density anomaly there is a minimum
density anomaly so long as no phase change occurs and the density increases
with reducing temperature at much lower temperatures, which is expected
to lie below the minimum temperature accessible on supercooling (232 K,
[168]), Poole et al. [229] calculated the features of density minimum and
liquid–liquid phase transition and found that both maximum ES structuring
and compressibility occur, with the liquid density close to that of hexagonal
ice. It is evident that most anomalous behavior must involve a quite
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Fig. 2.41. The properties of change of density of water with varying temperature and
pressure [226, 227].

sudden discontinuity at about the homogeneous nucleation temperature
(∼228K, where the densities of supercooled water and ice approach) as
the tetrahedrally arranged hydrogen-bonding approaches its limit (two
acceptor and two donor hydrogen bonds per water molecule) and no further
density reduction is possible without an energetically unfavorable stretching
(or breaking) of the bonds. Mallamace et al. [230] debated the features of
anomalous behavior of the density of water in the range 30K< T <373K
by the use of optical scattering data of confined water and a model that
divides the liquid water into two forms of low and high densities, the
density minimum occurs at 203±5 K, which is opposite to those drawn
from Clegg and Wexler results [231] as shown in Fig. 2.42. In practice,
Clegg and Wexler found the densities and apparent molar volumes of
atmospherically electrolyte solutions with the solutes H2SO4, HNO3, HCl,
Na2SO4, NaNO3, NaCl, (NH4)2SO4, NH4NO3, and NH4Cl from 0 to 50◦C,
etc. Meanwhile, a density minimum at 210 K has been experimentally
determined in supercooled D2O contained in one-dimensional cylindrical
pores of mesoporous silica [232].

If the pressure is increased, then the water equilibrium state will
be shifted towards a more collapsed structure (for example, CS). Then
the density of water is increased at all temperatures, but it is not
disproportionate at lower temperatures, where there is a maximum density
in lower temperatures. At high enough pressures, the density maximum is
shifted to below 0◦C (at just over 18.84MPa). Holten et al. [233] pointed
out that increased pressure reduces the temperature of maximum density.
Above 28.33MPa, it cannot be observed above the melting point (now
at 270.97K), except in supercooled water, and it cannot be observed at
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Fig. 2.42. The variation in the density of water with varying temperature where the
blue line show determinations on confined water [231].

all above about 200MPa where it encounters the homogeneous nucleation
limit. Khan et al. [234] explained the anomalous density variation of liquid
D2O and shifting of density maximum under pressure by a liquid water
model and obtained that the stronger and more linear hydrogen-bonding in
D2O gives rise to a 25% smaller shift in the temperature of maximum den-
sity (from 11.85◦C at 0.1MPa) with respect to increasing pressure. Mekki
Azouzi et al. [235] gave a coherent picture of water at extreme negative
pressure, and obtained that under negative pressure, which increases the
stretching of liquid water, the temperature of maximum density increases
to about 300◦C (∼−140MPa, 922.8 kgm−3). Yang et al. [236] discussed the
features of a very small bubble formation at the solid–water interface and
observed that the temperature of maximum density shows a maximum with
respect to pressure in this negative pressure region, as the hydrogen bonds
are stretched beyond breaking point at higher negative pressures.

Alternately, if salt concentration is increased, which behaves like
increased pressure in breaking up the low-density clusters, a similar effect
may also occur. Thus, the temperature of freezing and maximum density
coincide at −1.33◦C in 0.36 molal NaCl. But higher salt concentrations
reduce the temperature of maximum density in the supercooled liquid.
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Fig. 2.43. The range of change of anomaly of the density with varying temperature
[15, 237].

Stumpf [190] studied the pressure–density relationship of liquid water
and obtained that the density of liquid water tends towards an integral
sixth power relationship with respect to pressure, which is denoted as (P +
P0)/(T + T0) = ρ6, where P is the pressure (MPa), P0 is 3735MPa, T is
the temperature (K), T0 is 355 K and ρ is the density (g/mL).

The above results show that there are considerable anomalies in the
changes of density of water. Errington and Debenedetti [237] gave the
relationship between structural order and the anomalies of liquid water,
which is shown in Fig. 2.43 [15, 237]. It is obtained from the modeling,
instead of experimental data, where the “Structural” bounds indicate where
water is more disordered when compressed, the “Dynamic” bounds indicate
where diffusion increases with density, and the “Thermodynamic” bounds
show where there is a temperature of maximum density; with the data
shifted from 38K (upwards) to give the correct temperature of maximum
density under standard pressure. As density increases with increasing
pressure, a similar relationship holds with pressure along the horizontal
axis.

2.7. The Properties of Surface Water and Interfacial Water
and Their Anomalies

2.7.1. The Features of Surface Tension Coefficient

of Water and Its Anomalous Changes

We know that the surface tension coefficient of liquid is defined as the ratio
of the surface free energy or Gibbs free energy, G, with respect to surface
area of the liquid, A, in the case of constancies of the temperature and
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pressure at a gas liquid interface, which is denoted by γ = (dG/dA)TPn,
which here is simply called the surface tension. Therefore, it represents
basically the mechanical features of attractive interaction among the
molecules on the surface of liquid water. Then the surface tension is
produced by the attraction between the molecules being directed away from
the surface as surface molecules are more attracted to the molecules within
the liquid than they are to molecules of the gas at the surface. In contrast,
molecules of water in the bulk are equally attracted in all directions. In
order to achieve the greatest possible interaction energy, surface tension
causes the maximum number of surface molecules to enter the bulk of the
liquid and, hence, the surface area is minimized or contracted.

Scatena et al. [238] studied the weak hydrogen-bonding and strong
orientation effects in water at hydrophobic surfaces, and discovered that
water has an abnormally high surface tension, which is 72.75 mJ/m2 at
20◦C relative to that of CCl4, which is 26.6 mJ/m2, and surface enthalpy
with an abnormally tightly packed surface compared to bulk liquid water.
Water molecules at the liquid–gas surface have lost potential hydrogen-
bonds directed at the gas phase and are pulled towards the underlying
bulk liquid water by the remaining stronger hydrogen bonds. Energy is
required to increase the surface area (removing a molecule from a well
hydrogen-bonded interior bulk water to the lesser hydrogen-bonded surface
of water). Hence, the surface area is minimized or contracted and held
under the tension. As the attractive forces between the water molecules are
large on a per-mass basis, compared to those between most other molecules,
and the water molecules are very small, then the surface tension is large.
Lowering the temperature will increase the hydrogen bonding in the bulk
causing increased surface tension, which is shown in Fig. 2.44.

Hacker [239] measured the, experimental values of the surface tension
of supercooled water, Pellicer et al. [240] inspected the experimental
values of the water surface tension, and Hrubý Holten [241] established
a two-structure model of thermodynamic properties and surface tension of
supercooled water. From these investigations they found that there are an
inflection points at about +4 and 262◦C in the surface tension/temperature
behavior, which can be explained by a two-state mixture model composed
by the low-density and high-density water clusters. But Pérez-Dı́az et al.
[242] found from himself research of the effect of the partial pressure of water
vapor on the surface tension of the liquid water–air interface that the surface
enthalpy/temperature relationship has an anomalous behavior with a clear
minimum at the temperature dependence of maximum density. This is a
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Fig. 2.44. Temperature dependences of surface tension and surface enthalpy of water
[15, 238].

result of the minimum in the surface entropy/temperature behavior. The
phenomenon indicates the linear reduction of surface tension with increas-
ing relative humidity; ∼0.1% drop per 1% increase in humidity at 5◦C.

Khan et al. [243] explained the variation in the surface tension of water
with temperature using a new liquid water model that found experimentally
that the decreases of surface tension with respect to the temperature for
water is increased to 0.155mJ m−2 K−1 at 25◦C, which is similar to
that of the liquid metals. It can be quantitatively explained by spherically
symmetrical water clustering. Vavruch [244] evaluated the surface tension–
pressure coefficient for pure liquids, and gained that the thermodynamic
change in surface tension with pressure is very high at 25◦C, which was also
found in the experiment. Hub et al. [245] researched the influences of organic
molecules on the surface of water droplets — an energetic perspective, and
that surfactants can lower the surface tension of water because they prefer
to sit in the surface, attracting the surface water molecules in competition
to the bulk water hydrogen bonding that reduced the net forces away from
the surface (that is, the surface tension). Many organic molecules, both
hydrophilic (ethanol) and hydrophobic (neopentane), prefer the surface of
water to its bulk.
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Brunet et al. [246] discussed vibration-induced climbing of drops, and
acquired that water’s high surface tension may result in the occurrence
of some singular properties. For example, water drops may rise up to an
inclined plate, against gravity, when subjected to symmetrical vibrations
of about 100Hz. This is due to unequal changes in contact angle at the
top and bottom surfaces, creating upwards forces greater than that due to
gravity, and the non-linear friction effects. Aussillous et al. [247] debated the
effect of liquid water marbles, and obtained that when a water’s drop (about
1 mm diameter) is coated in a fine (about 20 µm diameter) hydrophobic
dust, the drop can roll and bounce without leakage, and the aqueous
spheres can even float on water. The phenomenon of capillarity, which holds
the dust, at the air–liquid interface with the elasticity is due to the high
surface tension.

Petersen et al. [248] experimentally validated the Jones–Ray effect.
From this study they found that salts can also affect the properties of
surface tension of water. For example, some salts can make the surface
tension-concentration reach a minimum, which is called the Jones–Ray
effect. Langmuir [249] discussed the repulsive forces between charged
surfaces in water, and the case of the Jones–Ray effect, and knew that
at low concentration (<1mM) the surface tension of KCl solutions drops
(∼−0.01% change) with increasing concentration. The increase in surface
tension with higher concentrations of salt is thought to be due to the relative
depletion of salt within the surface, which means that when ions do absorb
at the surface a depletion layer must be created deeper in.

Diehl et al. [250] debated the surface tension of an electrolyte–air inter-
face using a Monte Carlo method, and obtained that higher concentrations
of such salts will greatly increase the bulk salt concentration, thus the
attractive forces on the surface water molecules and corresponded surface
tension are increased because kosmotropic cations and anions prefer to be
fully hydrated in the bulk water. Garrett [251] studied the properties of
ions at the air/water interface, and found that the above effect is noticeable
in NaCl solutions, such as seawater; in which the weakly chaotropic Cl−

occupying surface sites reside whereas the weakly kosmotropic Na+ only
resides in the bulk water. Frank [252] established structural models on the
surface of water, and studied the features of the surface of water. From the
results, he obtained that the polarizability of large chaotropic anions plays
an important role in this effect due to the asymmetric solvent distribution
at the surface and increases the strength of chaotrope–solvent interactions
on the surface. On the other hand, Roeselová et al. [253] investigated
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the features of hydroxyl radical at the air–water interface, VandeVondele
and Sprik et al. [254] researched the properties of molecular dynamics of
the hydroxyl radical in solution applying self-interaction-corrected density
functional methods. Their results show that the hydroxyl radicals also
prefer to reside at air–water interfaces, the radicals donating one hydrogen
bond, which are similar with those of chaotropic ions.

2.7.2. The Surface is more Dense than that in Bulk

The structure and properties of the surface of water are different from those
of bulk water, for example, the surface is more dense and will contract due
to contact with the air and existence of surface tension as mentioned above.
In general, thermodynamic properties can be derived from the formula
[dV/dA]TPn , which represents the change in volume associated with forming
more surfaces and can measure the difference between surface density
and bulk density. Greef and Frey [255] studied the properties of surface
water in the paper “The water-like film on water” and infered that the
density of surface water varies less with temperature than the bulk at low
temperatures and equals it at 3.9354◦C, and the refractive index of the
surface of water at 22◦C is higher than that of the bulk, this is opposite in
behavior to other liquids (for example, ethanol). Thus, this surface water
appears to behave like water at a lower temperature, and hence has higher
density. Zhang et al. [256] acquired from the investigation of “ultrafast
vibrational energy transfer at the water/air interface revealed by two-
dimensional surface vibrational spectroscopy” that the above phenomenon
is related to the anomalously fast and efficient intermolecular vibrational
energy transfer processes at aqueous interfaces.

2.7.3. Thermodynamics of the Liquid–Gas Interface

for Water

Pitzer [257] discussed the thermodynamic features of the liquid–gas inter-
face in Thermodynamics. Comparing the thermodynamics of bulk water we
must seriously consider the influences of surface energy and chemical poten-
tial on the interface states in such a case. Thus, he built the thermodynamic
relationship in this case and its differential form is represented by

dG = −SdT + V dP + γdA+ Σi µdni, (2.8)

where G,U, S, T, V, P, γ, A, µ and ni are the thermodynamic parameters
of Gibbs (free) energy, internal energy, entropy, temperature, volume,
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pressure, surface tension, surface area, chemical potential and number
of moles of substance i, respectively, where γdA and Σi µdni denoted
the effects of surface energy and chemical potential. In this case, some
thermodynamic relationships can be obtained from Eq. (2.8), which are(
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where [dA/dV ]TPn is the reciprocal of [dV/dA]TPn and can serve as a mea-
sure of a difference in density between the interface density and bulk density.

Since H = G+ TS, then there is the relationship of(
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Thus, the surface enthalpy is [dH/dA]TPn = γ + [dγ/dT ]TPn .
Then from inspection of the surface tension changes with temperature,

they obtained that this surface enthalpy is always positive.
As H = U + PV , there is the relationship of(
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where [dU/dV ]TPn = Πi = internal pressure, therefore they gained(
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.

Then the internal (cohesive) pressure, Πi, is the work required to increase
the volume at constant temperature, external pressure and solute concen-
trations, having the same units as pressure [21]. Then it yields

dU = TdS − PdV, [∂U/∂V ]Tn = T [∂S/∂V ]Tn − P.

Therefore, [∂U/∂V ]Tn = T [∂P/∂T ]Tn − P and [∂P/∂T ]Tn = [∂P/∂V ]Tn ×
[∂V/∂T ]Tn = α/γT .

Leyendekkers [21] studied the structural thermodynamic internal
pressure of water and gave the internal pressure from [∂P/∂T ]Tn =
[∂P/∂V ]Tn × [∂V/∂T ]Tn = α/γT and Πi + P = Tα/γT , where α is the
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coefficient of thermal expansion and γT is the coefficient of isothermal
compressibility.

Vavruch [258] debated the evaluation of the pressure coefficient of a
liquid–gas interface using the thermodynamic method and obtained(
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where

[dA/dV ]TPn = (Πi + P ) × [γ − T (dγ/dT )TPn]−1

and

(dγ/dP )TPn = [γ − T (dγ/dT )TPn](Πi + P )−1.

As Tα/γT is zero at 3.984◦C, so is (Πi + P ) and both are negative below
this temperature, as [dA/dV ]TPn ; Πi is zero at 3.99◦C when cohesive and
repulsive components of the hydrogen bonding are equal. Salzmann et al.
[259] studied the isobaric annealing of HDA ice between 0.3 and 1.9GPa and
gave in situ density values and structural changes. They obtained further
that the densities of surface and bulk water are equal at 3.984◦C as, below
this temperature, the surface density contracts relative to the bulk density
(rather like what happens at the surface of hexagonal ice). Thus below
3.984◦C, bulk liquid is less dense than the surface liquid, but above this
temperature the bulk liquid is more dense than the surface liquid. Teschke
and de Souza [260] measured also the feature of water molecular clusters
at water/air interfaces using atomic force microscopy and gained further
that these clusters are apparently built up from ∼100 H2O molecules; the
same size that forms the core to the ES clusters in the icosahedral model
of water and as found by X-ray analysis in Mo-based nanodrops.

2.8. The Quantum Effect of Water and Its Ultrafast
Vibrational Dynamics

2.8.1. The Isotopic Quantum Effect of Water

As is known, the quantum mechanical nature of the hydrogen bond in
water is of fundamental importance and has wide ranging implications
for understanding the structure of aqueous solutions including water. The
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development of new experimental techniques such as isotopic substitution
in high energy x-ray diffraction provides a new way of extracting detailed
structural information on the quantum mechanics of the hydrogen bond in
the liquid state. These experiments are made possible since electromagnetic
radiation experiments are nearly isotope independent (because the radia-
tion scatters from the electron density surrounding the nucleus), enabling
the observation of small structural variations between different isotopically
enriched samples. For water, the largest isotope effects are manifested in
the O–O partial radial distribution function, making high energy X-ray
diffraction an ideal probe for direct comparison to theory. Moreover, the
reduced librational amplitudes and straighter hydrogen bonds of D2O
compared to H2O at the same temperature have been shown to be analogous
to a temperature effect, where D2O at 23◦C has a similar structure to that of
H2O at 17◦C. Experimental advances have been paralleled in recent years
by developments in molecular dynamics using Feynman–Hibbs molecular
dynamics (FHMD) path-integral and Car–Parrinello molecular dynamics
(CPMD) approaches [261].

The so-called “quantum effect” is, in general, the freezing point of
heavy water, D2O, at 4◦C in water. Previous classical simulations on
water using some simple potential predicted only identical structural and
thermodynamic properties for H2O and D2O. Therefore, it is very necessary
to improve the calculated method and idea, in which the zero-point motions
of light and heavy water molecules should be included. The properties of
vibrations, rotations and translations of molecules, which are shown in
Fig. 2.45, are described by quantum mechanics. Benmore et al. [261] pointed
out that heavy water is closer to classical approximation, whereas light
water exhibits larger degree of motion. Quantum effects appear as small
differences in the X-ray structure factor for different isotopic enrichments
of water. High energy diffraction technique experiments on H2O, and D2O
provide a direct insight into the quantum mechanical part of the hydrogen
bond in water, information which is not accessible using neutron diffraction.
Meanwhile, the effects of substituting the hydrogen for deuterium as well
as the oxygen isotope 16O for 18O have also been measured. The total mass
change from H16

2 O to H18
2 O is the same as H16

2 O to D16
2 O but the mass dis-

tribution is different. Since the oxygen atom is nearly at the center of mass
of the molecule, the effect of substitution at the proton sites (D for H) is
dominated by rotational and vibrational molecular motions, while hindered
translational motions may be expected to be the most prevalent effect in
16O/18O substitution. The structural isotope difference for the 16O/18O
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Fig. 2.45. Representation of the local structure and rotation, vibration and translation
of water molecules [261].

substitution is found to be approximately one-quarter of the magnitude
of the observed H versus D effect [262]. The experiment shows that the
16O/18O substitution effect is small and limited to the first coordination
shell, while a simulation has predicted larger structural rearrangements
in both the first and second coordination shells [263]. At 26◦C it has
been found that H2O may be considered to have the same structure as D2O
at ∼32◦C [264]. This difference increases dramatically at lower temper-
atures due to quantum mechanical tunneling [265]. Quantum molecular
dynamics simulations [266] have shown that water is essentially tetrahedral
with an additional loosely bound fifth molecule, and as the quantum effects
increase the average distances of the tetrahedra increase. Their experiments
have shown that the total structural isotope effect increases by a factor of
3.5 as the temperature is decreased from 45◦C to −5◦C [262].

Although previous simulations qualitatively reproduce the measured
structural isotopic quantum difference, there is a large variation in the
magnitude of different calculations. Despite their importance in accurately
describing the hydrogen bond, little is known about the variation of
quantum effects in water with temperature and pressure. An existing
FHMD simulation has predicted that there is hardly any change in the
magnitude of the difference between the X-ray radial distribution functions
of light and heavy waters between room temperature and the boiling point
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[266]. Thus, Hart et al. [262] studied the temperature dependence of isotopic
quantum effects in water. They carried out X-ray diffraction experiments
on H2O and D2O over the temperature range 6 to 45◦C, which show
that the magnitude of the measured isotopic quantum effect is in fact
inversely proportional to the temperature, varying by a factor of 2.5 over
this temperature range. In addition, experiments on H16

2 O and H18
2 O have

been carried out to investigate the role of center-of-mass quantization. The
structural isotope difference for the 16O versus 18O substitution is found to
be approximately one-quarter of the magnitude of the observed H versus
D effect. The experimental results presented here provide a rigorous test of
intermolecular potentials and ab initio quantum mechanical calculations
for water. The largest corrections to the classical model of molecular
interactions are believed to be caused by the coupling of intramolecular and
intermolecular modes via hydrogen bonding by differences in their ground
state librations and by many body effects. While ab initio calculations, in
principle, take these effects into account, agreement between the magnitude
of the measured and predicted H versus D isotope effects, and how they
change with temperature, helps to establish the validity in estimating the
size of these contributions. These experiments also provide information on
the accuracy of the H/D substitution technique in neutron scattering exper-
iments at different temperatures, where the difference in intermolecular
structure between isotopically labeled samples is approximated as zero.

Hart et al. [262] measured the temperature variation of hydrogen
versus deuterium isotopic quantum effects on the structure of water
using the technique of high energy X-ray diffraction. The magnitude
of the effect is found to be inversely proportional to the temperature,
varying by a factor of 2.5 over the range 6 to 45◦C. In addition, the
H16

2 O versus H18
2 O effect has been measured at 26◦C and the structural

difference has been shown to be restricted to the nearest neighbor molecular
interactions. The results are compared to recent simulations and previously
measured isochoric temperature differentials; additionally, implications for
H/D substitution experiments are considered. Figure 2.46 shows the isotope
quantum effect as a function of temperature measured at DORIS III at
DESY (HASYLAB). Meanwhile, the H16

2 O–H18
2 O data compared to the

difference between the quantized minus classical treatment of center-of-mass
modes using path-integral simulations by Kuharski and Rossky [263]
are shown in Fig. 2.47. The experimental data and simulations show
approximately similar effects in the region of the nearest neighbor O–
O shell at about 0.28nm, as the intensity of the lighter molecule moves
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Fig. 2.46. The isotope quantum effect as a function of temperature measured at
HASYLAB. (a) ∆Sx(Q) for H2O–D2O at (from top to bottom) 45, 35, 23, 15, and
6◦C with error bars. (b) Summations over ∆Sx(Q) for H2O–D2O (squares, HASYLAB;
triangle, SPring-8) and H16

2 O–H18
2 O (circle) [262].

Fig. 2.47. (a) H16
2 O–H18

2 O difference correlation function (solid line) compared to
quantized minus classical path-integral MDM simulation from Kuharski and Rossky
(dashed line) [268]. (b) A comparison of H2O–D2O difference data at 35◦C (upper
solid line) with simulation results from Chen et al. [269] (dashed line) and experimental
6◦C data (lower solid line) with Guillot and Guissani [266] (dot–dashed line). Details
are given in [262].

to slightly longer distances. However, the experiment shows that the 16O
versus 18O substitution effect is small and limited to the first shell, while
the simulation predicts large structural rearrangements in both the first
and second shells. The results from H2O–D2O molecular dynamics (MD)
simulations of water are also shown in Fig. 2.47(b). The FHMD simulation
has approximately a three times larger magnitude than the largest measured
H versus D isotope effect at 6◦C, but has excellent agreement with the shape
of the effect [262]. In contrast, the CPMD overestimates the abruptness of
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the H2O–D2O isotope electron difference in the first O–O shell at 0.28 nm
but gives a much smaller H2O–D2O difference curve, which is much closer
to the experimental results obtained at 35◦C. A different approach to
modeling water using thermodynamically equilibrated ensembles of clusters
of molecules qualitatively predicts decreasing quantum difference with
increasing temperature, in accordance with their results [267].

Tomberli et al. [264] studied the isotopic quantum effects in water struc-
ture including both intra- and intermolecular effects by electromagnetic
radiation scattering techniques and measured the structural differences
between light and heavy waters. A maximum isotopic effect of 1.6%
relative to the magnitude of the X-ray structure factor was observed.
The uncertainties of the experimental results are an order of magnitude
smaller than those of previous Gamma-ray measurements [270]. Thus, we
may test accurately the available quantum simulation results on water,
the SPC and TIP4P potentials reproduce the measured results in r-space
moderately well for intermolecular effects at distances greater than 0.25 nm.
This means that H2O is a slightly more disordered liquid than D2O at the
same temperature.

Hart et al. [271] measured further the difference in electronic structure
factors between liquid H2O and D2O at temperatures of 268 and 273K using
high energy X-ray diffraction, and found that the total structural isotope
effect increases by a factor of 3.5 over the entire range, as the temperature
is decreased. They compared further these data to a thermodynamic model
based upon a simple offset in the state function by using the structural
isochoric temperature differential and isothermal density differential func-
tions. The model works well in describing the magnitude of the structural
differences above approximately 310 K, but fails at lower temperatures.
Their experimental results are debated based on several quantum molecular
dynamics simulations and are in good qualitative agreement with the
temperature dependent, rotationally quantized rigid molecule simulations.

Anita Zeidler et al. [272] researched the features of oxygen as a
site specific probe of the structure of water and oxide materials. In the
method, the oxygen isotope substitution in neutron diffraction is used to
measure the structure of light versus heavy water, thus circumventing the
assumption of isomorphism between H and D as used in more traditional
neutron diffraction methods. The intramolecular and intermolecular O–H
and O–D pair correlations are in excellent agreement with path-integral
(PI) molecular dynamics simulations, both techniques showing a difference
of 
0.5% between the O–H and O–D intramolecular bond distances. The
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results obtained support the validity of a competing quantum effects
model for water in which its structural and dynamical properties are
governed by an offset between intramolecular and intermolecular quantum
contributions.

2.8.2. The Nuclear Quantum Effect of Water

As it is known, the equilibrium state of the protons in water and ice was
studied by neutron Compton scattering experiments, in which the proton
momentum distribution were measured [273] that provided complementary
information to what is garnered from diffraction techniques that measure
the spatial correlations among the nuclear positions [274, 275]. Due to the
non-commuting character of position and momentum operators in quantum
mechanics, the proton momentum distribution is sensitive to the local
environment. In particular, the differences in the momentum distribution
of the solid and liquid water phases reflect the breaking and distortion
of hydrogen bonds that occurs upon melting. In systems such as con-
fined water [276, 277] and the quantum ferroelectric potassium phosphate
[278], the momentum distribution provides signatures of tunneling and
delocalization.

Molecular simulations with quantum nuclei are made feasible by the
Feynman PI representation of the equilibrium density matrix at finite
temperature. This approach is used in conjunction with empirical force
fields in studies showing that quantum fluctuations soften the structure
of liquid water. The effect is illustrated by a broadening of the radial
distribution function (RDF) compared to those generated from classical
nuclei. These works indicated that quantum nuclei affect the structure in
a similar way to a temperature increase in a classical simulation. On the
other hand, the empirical force fields have been employed with “open”
PI molecular dynamics methodologies to compute the proton momentum
distribution in ice and water [279, 280]. The calculated distribution, which
is in agreement with the experiment in many respects, did not reproduce
the shorter tail that is observed in ice, signaling a lack of transferability
of the empirical potentials. The faster decaying ice distribution reflects a
red-shift of the OH stretch frequency that is a consequence of the recovery
of an intact hydrogen-bonded network upon freezing.

To investigate whether this effect can be reproduced in ab initio
simulations, Tuckerman et al. [281] performed an “open” path integral Car–
Parrinello molecular dynamics (PI-CPMD) study of water in the liquid
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and solid phases. In this approach, the nuclear potential energy surface
is derived on the fly from the instantaneous ground state of the electrons
within the Density Functional Theory (DFT). Their study was motivated
by a previous, pioneering PI-CPMD simulation of liquid water [269]. This
study reached the counter-intuitive conclusion that nuclear quantum effects
harden the structure of the liquid in the comparison to classical CPMD
simulations at the same temperature. Numerous studies have shown that
such simulations generate an over-structured liquid [282–284]. Therefore,
nuclear quantum effects would increase the discrepancy between experiment
and simulation. If this is true the result would have severe implications for
the accuracy of current DFT approximations of water.

Morrone et al. [285] used the PI-CPMD simulation to study the features
of nuclear quantum effect of water and ice, and found that the inclusion
of nuclear quantum effects systematically improves the agreement of first-
principles’ simulations of liquid water with experiment. In addition, the
proton momentum distribution is computed utilizing a recently developed
open PI molecular dynamics methodology. It is shown that these results
are in good agreement with experimental data.

In addition, Nagata et al. [286] discussed the functions of nuclear
quantum effect of water and obtained that it can affect the bond orientation
of water at the water–vapor interface using combined theoretical and
experimental approaches. In this study, they demonstrated that the bond
orientation of water at the water–vapor interface depends markedly on
the water isotope (H–D) composition. In the meanwhile, the interfacial
water structures of H2O and D2O are indistinguishable. At the surface
in HDO, the OD bonds preferably orient down towards the bulk water,
but the OH bond tends to orient up into the vapor phase due to the
intramolecular symmetry breaking. Their path-integral molecular dynamics
simulations revealed that the distinct interfacial bond orientations originate
from nuclear quantum effects, which are in good agreement with surface-
specific sum-frequency generation (SFG) spectroscopy results, thus the
localization of the heavier D atom is enhanced.

Briesta et al. [287] studied the properties of nuclear quantum effects
in water clusters, which can play the role of the molecular flexibility.
In this research, they have performed Feynman’s PI simulations of the
rigid TIP4PQ/2005 [288] and the flexible q-TIP4P/F [289] water models.
The global minimum energy configurations for clusters with up to 20
molecules were also obtained for these two models. For this purpose,
they have used the basin-hopping global optimization algorithm, starting
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Fig. 2.48. Global minima configurations of the (H2O)NN)2–7 for the TIP4PQ/2005
water model. For N = 3,4, 5, the cyclic geometry was found to be the global minimum,
whereas for N = 6, the cage geometry was the global minimum (the same structures were
found to be the global minimum for q-TIP4P/F, TIP4P/2005, and TIP4P) [287–289].

the search from random configurations and also from the TIP4P global
minima structures. The structures obtained from both types of searches
were found to be coincident, which gives us some confidence that a
global minimum was, indeed, found. For the rigid models, the decrease
in energy in the order TIP4P, TIP4P/2005,IP4PQ/2005 just reflects the
increase in the magnitude of the proton charge in these rigid models.
Figure 2.48 represents the global minima structure of the water cluster
up to N = 7 for the TIP4PQ/2005 model. The global minima structures
up to N = 20 for the rigid TIP4P/2005 and TIP4PQ/2005 models and
for the flexible q-TIP4P/F model are given. At the largest studied sizes,
the translational kinetic energy of the quantum system is slightly larger (by
about 0.16 kcal/mol) than that obtained from classical simulations as shown
in Fig. 2.49, whereas the rotational kinetic energy of the quantum system
is much larger than that of the classical system (by about 0.88 kcal/mol).
This is not surprising, because quantum effects arise from the interplay
between the atomic masses and intermolecular forces. The strength of the
hydrogen bond causes a hindered rotation libration that it is quantized.
Thus, quantum effects are reflected mainly in the rotational degrees of
freedom [287–289].

From these studies they obtained the following results: The global
minima of TIP4PQ/2005 and q-TIP4P/F water clusters are quite similar to
those of the TIP4P model [290]. When clusters form, the bond angle ΦHOH

reduces significantly. There is an increase in the OH bond length relative to
that of the gas. This lengthening of the OH bond length increases with the
cluster size, the bond length is affected by isotopic substitution so that it is
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Fig. 2.49. Quantum and classical kinetic energies per water molecule for several water
clusters predicted by the rigid TIP4PQ/2005 model at temperature T = 50 K as a
function of size. Squares represent the quantum translational kinetic energy, circles

represent the quantum rotational kinetic energy, and the dotted line represents the
classical translational or rotational kinetic energy (i.e., 3/2 RT) [287–289].

about 0.005 Å lower for tritiated water than for water clusters. For the rigid
water model, the deviation between classical simulations and PI simulations
of clusters is larger, the contribution of quantum effects arises mainly from
the hindered rotation of the molecules (libration) when forming hydrogen
bonds. The formation energies of water clusters for the rigid model are
about 0.6 kcal/mol lower than those for the flexible one. The difference
seems to be constant and could be corrected, although in an ad hoc way.
For flexible models, using classical statistical mechanics to obtain formation
energies of clusters yields an error of about 1.8 kcal/mol when compared to
the quantum results of the same potential model [287–290].

2.8.3. Unraveling Quantum Effect of Water and Its

Validation

As it is well known, the ratio of hydrogen isotopes in each is slightly altered
because of their different phase affinities, when two phases of water are at
equilibrium. This isotopic fractionation process can be utilized to analyze
water’s movement in the world’s climate. During cycles of evaporation,
condensation, and precipitation of water in the nature, the isotopes
hydrogen (H) and deuterium (D) naturally undergo partial separation due
to their differing masses, thereby leading to different H/D ratios in the two
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phases. Hence, by comparing the ratio of H to D, one can estimate the
origins of a water sample, the temperature at which it was formed, and the
altitude at which precipitation occurred. Equilibrium fractionation, where
the two phases are allowed to equilibrate their H/D ratio, is entirely a
consequence of the effects of quantum mechanical fluctuations on water’s
hydrogen-bond network. Quantum mechanical effects such as zero-point
energy and tunneling are larger for H due to its lower mass. Despite
numerous studies, the extent to which quantum fluctuations affect water’s
structure and dynamics remains a subject of considerable debate. However,
more recent work has suggested that a competing quantum effect may exist
in water [269, 295], namely that the quantum kinetic energy in the OH
covalent bond allows it to stretch and form shorter and stronger hydrogen
bonds, which partially cancels the disruptive effect. This hydrogen bond
strengthening has only been recently appreciated, as many original studies
drew their conclusions based on models with rigid or harmonic bonds.
Thus, Markland et al. [291] unraveled the quantum mechanical effects
in water using isotopic fractionation, in which they showed equilibrium
fractionation ratios, an entirely quantum mechanical property, as a sensitive
probe to assess the magnitude of quantum mechanical effects in water.
Fractionation ratios is directly related to quantum kinetic energy differences
between H and D in liquid water and its vapor, which can be calculated
exactly for a given water potential energy model using PI simulations.
The large number of accurate experimental measurements of these ratios
allows for sensitive comparisons of theory and experiment over a wide-
range of temperatures [292]. Their studies showed including anharmonicity
in the OH bond when modeling water is essential to obtain agreement
with the experimentally observed H/D fractionation ratios and that these
ratios provide an excellent method to assess the accuracy of the quantum
effects predicted by models of water. Therefore, the fractionation ratios
can be used to assess the accuracy of ab inito predictions of the effect of
quantum fluctuations on water’s structure and dynamics [269, 295]. Since it
has recently been shown that the competition between quantum mechanical
effects applies to other hydrogen-bonded systems [294, 295], it is likely that
many of the conclusions obtained will be relevant to the understanding of
isotopic fractionation in these systems. By comparing the predictions of a
series of water models, they indicated that those describing the OH chemical
bond as rigid or harmonic greatly overpredict the magnitude of isotope
fractionation. Models that account for anharmonicity in this coordinate
are shown to provide much more accurate results because of their ability to
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give partial cancelation between inter- and intramolecular quantum effects.
These results give evidence of the existence of competing quantum effects
in water and allow us to identify how this cancelation varies across a wide-
range of temperatures. In addition, this work demonstrates that simulation
can provide accurate predictions and insights into hydrogen fractionation.

ScienceDaily [296] published review paper “New technique for under-
standing quantum effects in water” to point out that the quantum effect in
water can be elucidated by the oxygen isotope substitution and predicted
further that the use of oxygen isotope substitution will lead to more
accurate structural modeling of oxide materials found in everything from
biological processes to electronic devices. In fact, this new technique allowed
a team from the Institute Laue-Langevin (ILL), University of Bath, Oak
Ridge National Laboratory and Stanford University to validate the new
theoretical model for water’s structure by measuring subtle differences
between the molecular organization of light and heavy waters that result
from quantum mechanics.

It is known that oxygen has three isotopes: 16O, 17O and 18O and, like
hydrogen, is an ubiquitous element on the earth and plays an important
role across scientific disciplines. It, in general, was generally believed that
the difference in scattering length between these isotopes is too small
to make isotopic substitution with neutron scattering feasible. However,
ILL challenged this assumption via neutron interferometry — a technique
where neutrons, acting as coherent quantum waves, allow for a very precise
measurement of the scattering lengths of atoms in a sample. With the highly
sensitive equipment at ILL, the team showed that the difference between
the scattering lengths of two of the oxygen isotopes was actually six times
larger than the literature suggested. In order to demonstrate the powerful
potential of their new technique, the team turned to the structure of
liquid water where the imprecise results from hydrogen isotope substitution
had created some uncertainty. In particular, the team were interested in
comparing structural differences between light water (H2O) and heavy
water (D2O) [296].

Using oxygen isotope substitution, Prof. Salmon et al. analyzed the
difference between the lengths of the O–H and O–D bonds within water
molecules. They found that O–H bonds were 1

2
% longer than the O–D

bonds — the first time anyone had measured with such pin-point accuracy
this important difference between the molecular structures of light and
heavy waters.
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Fig. 2.50. A snapshot of distribution of hydrogen and oxygen atoms in water, taken
from a PI molecular dynamics simulation of liquid water. The oxygen atoms are shown
by red spheres and the hydrogen atoms are shown by multiple white spheres (bubbles)
which represent their positional uncertainty in the quantum simulation. (Source: Image
courtesy of Institute Laue-Langevin (ILL)) [296].

Their findings [296] were then compared with quantum mechanics,
predictions using path-integral methods to see if they could clarify some
uncertainty around the structural model for liquid water. Earlier math-
ematical models often assumed simple rigid molecules, where the bond
lengths do not vary, but it turns out that such models are not sufficient
to account for the quantum effects leading to the observed structural
differences between H2O and D2O. Quantum mechanics gives a fuzzy
uncertainty to the positions of the H and D atoms in a water molecule,
and since D is twice as heavy as H, the fuzzy effect is not as strong for D as
compared to H. This leads to the observed structural differences which can
be predicted using a more appropriate flexible model for the water molecule.
Salmon and his team thus identified the type of theoretical model that is
needed for understanding the true structure of water, and confirmed that
this model can explain the structural differences between H2O and D2O due
to quantum mechanics. Figure. 2.50 exhibited a snapshot of distribution of
hydrogen and oxygen atoms in water, which was taken from a path integral
molecular dynamics simulation of liquid water.

2.8.4. Ultrafast Vibrational Dynamics at Water Interfaces

As mentioned above, the features of water interfaces are different from
those of bulk water, but the interfaces play an essential role in plenty
of physical, chemical, and biological processes. The properties of both
bulk and surfaces of water are governed to a large extent by the network
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of hydrogen bonds linking the water molecules. The network is highly
dynamic, and can move and interact with other substances. Recent time-
resolved vibrational spectroscopic studies on the sub-picosecond time scale
acquired a host of valuable information on hydrogen H bonding in bulk
water. The focus has been on the OH stretch modes, because they are
strongly correlated with H bonding and their dynamics over tens to
hundreds of femtoseconds reflect directly the dynamics of excitation and
relaxation in the H-bonding network [297–299]. However, the dynamic
studies of water interfaces have been hardly studied because of experimental
difficulties. Given that water surfaces have a quite different structure than
that of the bulk, one might suspect that their vibrational dynamics would
be very different, for example, differences of distribution of the H-bonding
network and neighbor interactions among the H-bonding networks as well
as the changes of surface dynamics may occur. Alternatively, we should
affirm whether the more ordered surface structure could lead to faster, as
suggested by the observed ultrafast dynamics in isotopically diluted bulk
ice compared with bulk water [300]. These problems require further study.
In recent years, surface-specific sum-frequency vibrational spectroscopy
(SFVS) and time-dependent SFVS have proven well suited to probing static
vibrational spectra of water interfaces, which could be used to identify ice-
like, liquid-like, and dangling OH structures in the terminated H-bonding
network of the water interfacial layer [301–305]. In this case, McGuire
and Shen [306] used the time-resolved SFVS to study and probe surface
vibrational dynamics of water and hitherto neglected ultrafast vibrational
dynamics of neat water interfaces. They conducted a surface spectral hole
burning experiment in which a femtosecond infrared (IR) pump pulse first
created a hole in the spectrum of OH stretches and subsequently time-
delayed SFVS probed the evolution of the hole.

The basic principle of surface-specific SFVS was used in Shen’s
investigation [307]. The SF signal reflected from an interface is proportional

to |êSF
↔2
χS(ωSF = ωvis + ωIR) : êvis êIR|2, where

↔2
χS(ωSF = ωvis + ωIR) is

the surface nonlinear susceptibility tensor and êi is the unit polarization
vector of the field at ωi. In the case of spectral hole burning,

↔2
χS is equal to

↔2
χS0 initially but becomes time-dependent after the pump pulse excitation.
Information about surface structural dynamics is contained in the time
variation of

↔2
χS.

In the experiment [307], 1-kHzTi:sapphire laser pumping two
KTiOPO4-based optical parametric amplifier systems was used to produce
tunable pump and probe IR pulses of 130 and 160 fs durations, respectively,
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and 70 to 85 cm−1 spectral width. The pump energy was about 10µJ per
pulse and the probe was about 5µJ per pulse. Time-resolved SFVS probing
was achieved by overlapping the IR probe pulse with the Ti:sapphire
fundamental laser pulse on samples at different time delays after the IR
pump pulse. The spot sizes of the IR pump, IR probe, and 800-nm laser
pulses at the sample were ∼300, ∼400, and ∼150µm, respectively. The
SF signal was collected in the reflected direction. Two water interfaces
at room temperature were researched, one with silica to study dynamics
of bonded OH modes and the other with octadecyltrichlorosilane (OTS)-
coated silica to research dynamics of the dangling OH mode. Deionized
distilled water at pH= 5.7 was utilized in the experiments. In both the cases,
a silica prism was used as the substrate so that the total-internal reflection
geometry could be utilized to probe the interfaces. The finite differences
in incident angles of the beams resulted in the lengthening of the third-
order correlation width between the IR pump and the SF probe pulses to
‘∼170 fs. The SF output, 800nm pulse, IR probe, and IR pump were S-, S-,
P-, and P-polarized, respectively, where S and P refer to the polarization
perpendicular and are parallel to the plane of incidence, respectively. In
this experiment, they measured first the dangling OH mode at 3680 cm−1

Fig. 2.51. (a) Time-resolved SF probing of the population relaxation of dangling OH
mode at the water–OTS–fused-silica interface, where solid curve is a single-exponential fit
to the data, yielding a relaxation time of 1.3± 0.1 ps. Also shown is the third-order cross-
correlation between the IR pump and SF probe pulses (arrows). (b) The SF spectrum
of dangling OH mode obtained with a narrow-band picosecond laser-optical parametric
amplifier system. a.u., arbitrary units [299, 308, 309].
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Fig. 2.52. Spectral hole burning at water–fused-silica interface. (a) The SF vibrational
spectrum of the interface (solid curve) obtained with a narrow-band picosecond laser-
optical parametric amplifier system and the spectral profiles of the pump pulse at
3200 cm−1 (dash dotted curve) and 3400 cm−1 (dashed curve). (b) and (c) The spectral
holes induced in the SF vibrational spectrum by the pump at 3200 and 3400 cm−1,
respectively, at three pump-probe delay times. The SF signal at each probe frequency is
normalized by the SF signal before the IR pump. The solid curve in (b) is a Lorentzian
fit to the data points for a pump-probe delay of 200 fs. The curves on the other data sets
in (b) and (c) are guides to the eye. Error bars indicate the standard error of the mean
[299, 308, 309].

as shown in Fig. 2.51(b), which denoted the feature of hydrophobic water
interface (8), but the spectral hole burning has not been observed because
the peak was much narrower than the pump band width. The SF signal
probed the population recovery of the mode after pump excitation, which
occurred with a single exponential time constant of 1.3±0.1 ps as shown in
Fig. 2.51(a). The dephasing time of the mode is about 300 fs, as judged from
the peak width in the static spectrum of Fig. 2.51(b). Spectral hole burning
was observed in the bonded OH stretch region of the water–silica interface
as shown in Fig. 2.52. From these figures we see that the spectral holes,
initially, were appreciably broader than the pump band-width and changed
with time, which indicated the onset of spectral diffusion or energy transfer
between OH stretch modes before relaxation [299, 308, 309]. At longer time
delays, the signal recovery overshot at the blue side and undershot at
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Fig. 2.53. Time-resolved SF probing of the spectral holes induced by the pump
pulse at (a) 3200 cm−1 and (b) 3400 cm−1 and described in Figs. 2.52(b) and 2.52(c)
[299, 308, 309].

the red side of the broad OH stretch band. To probe the recovery more
explicitly, they monitored the SF signal at more closely spaced time delays
with various probe frequencies after pumping either band, which are shown
in Fig. 2.53, in which the data show the SF signal, normalized against that
in the absence of pump, as a function of pump-probe delay at different
probe frequencies. The solid curves are biexponential fits to the data using
Fig. 2.51. The traces for different probe frequencies are displaced vertically
for clarity. The solid pulses at the bottom of the right-hand graphs in (A)
and (B) describe the third-order cross-correlation traces of the IR pump
and the SF probe pulses [299, 308, 309].

At each probe frequency (except 2900 cm−1 with pump at 3200 cm−1),
the signal first decreased due to hole burning and rapid spectral diffusion
and then recovered toward a quasi-steady state value that lasted over 50 ps,
which is higher than the initial equilibrium value on the blue side of OH
stretch band and lower on the red side. But the signal recovery can be fit
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to a biexponential decay with time constants of 300 and 700 fs and pre-
exponential coefficients that vary with pump and probe frequencies [299,
308, 309].

Therefore, John et al. [306] finished the measurements on interfacial
bonded OH stretch modes revealed relaxation behavior on sub-picosecond
time scales in close resemblance to that of bulk water, acquired that
the vibrational excitation is followed by spectral diffusion, vibrational
relaxation, and thermalization in the hydrogen-bonding network. As well
as the dephasing of the excitation occurs in ≤100 fs. At the same time, they
observed a recovery time of about 1.3 ps for the dangling OH stretch mode,
substantially slower than the OH dynamics in bulk water. However, the
observed dynamics were fairly similar to those in bulk water; the recovery
underwent changes on similar time scales as in the bulk and dictated by
spectral diffusion, vibrational relaxation, and lastly thermalization in the
H-bonding network in the bonded OH region [297, 310, 311]. Their results
appear to reflect the fundamental dynamics of the OH stretch modes and
associated H bonds connecting neighbors and, as such, are insensitive to
the detailed configuration of the H-bonding network. They support the
general proposition that vibrational excitation and relaxation of H-bonding
molecules in condensed media are governed by vibrational relaxation and
energy transfer through H bonds. The experimental technique verified also
that we should open broad opportunities for ultrafast surface dynamic
studies of liquid water in general.

References

1. N. E. Dorsey, Properties of Ordinary Water Substances (Reinhold, New
York, 1940).

2. L. Pauling, The Nature of the Chemical Bond, 2nd edn. (Cornell University
Press, New York, 1940).

3. O. Y. Samoilov, Zh. Fiz. Khim. 20, 12351 (1946).
4. D. Eisenberg and W. Kauzmann, The Structure and Properties of Water

(Oxford, London, 1969).
5. F. Franks, Water: A Comprehensive Treatise, Vol. 1 (Plenum Press, New

York, 1972).
6. G. W. Robinson, S.-B. Zhu, S. Singh and M. W. Evans, Water in Biol-

ogy, Chemistry and Physics: Experimental Overviews and Computational
Methodologies (World Scientific, Singapore, 1996).

7. P. Ball, H2O: A Biography of Water (Amazon.Co.uk. Orion Books, London,
1997).

8. F. Franks, Water: A Matrix of Life, 2nd edn. (The Royal Society of
Chemistry (RSC), Cambridge, UK, 2000).



December 3, 2013 11:57 9in x 6in Water: Molecular Structure and Properties b1656-ch02

The Properties of Water and Its Anomalies 191

9. A. Ben-Naim, Molecular Theory of Water and Aqueous Solutions (World
Scientific. Pub. Co., Singapore, 2009).

10. H. E. Stanley, S. V. Budyrev, M. Canpolat, M. Meyer, O. Mishima, M. R.
Sadr-Lahijany, A. Scala and F. W. Starr, Physica A 257, 213–232 (1998).

11. H. E. Stanley, S. V. Buldyrev, G. Franzese, N. Giovambattista and F. W.
Starr, Phil. Trans. R. Soc. A 333, 509–523 (2005).

12. P. Ball, Nature 423, 25–26 (2003).
13. P. Ball, Nature 452, 257–292 (2008).
14. C. A. Angell, Science 319, 412–417 (2008).
15. M. Chaplin, Water Structure and Science. http://www.lsbu.ac.uk/water/

images/ice13.gif.
16. Smithsonian Physical Tables, 9th edn. (Knovel, New York, 2003).
17. H. Preston-Thomas, International temperature scale of 1990, Metrologia 27,

3–10 (1990).
18. D. R. Lide (ed), CRC Handbook of Chemistry and Physics, 80th edn. (CRC

Press, Boca Raton, 1999). Some data were obtained from the 57th edn.
R. C. Weast (1976).

19. J. Horita and D. R. Cole, Stable isotope partitioning in aqueous and
hydrothermal systems to elevated temperatures, in Aqueous Systems at
Elevated Temperatures and Pressures: Physical Chemistry in Water, Steam
and Hydrothermal Solutions, D. A. Palmer, R. Fernández-Prini and A. H.
Harvey (eds). (Elsevier, Amsterdam, 2004), pp. 277–319.

20. V. F. Petrenko and R. W. Whitworth, Physics of Ice (Oxford University
Press, Oxford, 1999).

21. J. V. Leyendekkers, J. Phys. Chem. 87, 3327–3333 (1983).
22. R. Torre, P. Bartolini and R. Righini, Nature 428, 296–299 (2004).
23. M. N. Rodnikova, J. Mol. Liq. 136, 211–213 (2007).
24. G. K. Anderson, J. Chem. Thermodynamics 35, 1171–1183 (2003).
25. A. A. Aleksandrov and D. K. Larkin, J. Eng. Phys. Thermophys. 34, 73–75

(1978).
26. Y. Marcus, J. Phys. Chem. B 113, 10285–10291 (2009).
27. T. S. Light, S. Licht, A. C. Bevilacqua and K. R. Morash, Electrochem.

Solid-State Lett. 8, E16–E19 (2005).
28. R. M. Pashley, M. Rzechowicz, L. R. Pashley and M. J. Francis, J. Phys.

Chem. B 109, 1231–1238 (2005).
29. A. Crabtree and M. Siman-Tov, Thermophysical properties of saturated

light and heavy water for advanced neutron source applications, Oak Ridge
National Laboratory (1993).

30. National Institute of Standards and Technology, A gateway to the data
collections. Available at http://webbook.nist.gov [accessed on 19 January
2001].

31. G. J. C. Limpert and J. L. Raber, Materials Performance 24, 40–45 (1985).
32. M. P. Verma, Computers Geosci. 29, 1155–1163 (2003).
33. P. Jedlovszky, M. Mezei and R. Vallauri, Chem. Phys. Lett. 318, 155–160

(2000).



December 3, 2013 11:57 9in x 6in Water: Molecular Structure and Properties b1656-ch02

192 Water: Molecular Structure and Properties

34. N. N. Greenwood and A. Earnshaw, Chemistry of the Elements, 2nd edn.
(Butterworth Heinemann, Oxford, 1997).

35. D. Eisenberg and W. Kauzmann, The Structure and Properties of Water
(Oxford University Press, London, 1969).

36. M. F. Chaplin, J. Royal Soc. Health. 118, 53–61 (1998).
37. M. Kinoshita, Fronteirs Biosci. 14, (2009) 3419–3454.
38. D. M. Murphy and T. Koop, Review of the vapour pressures of ice and

supercooled water for atmospheric applications, Q. J. R. Meteorol. Soc.
131, 1539–1565 (2005).

39. K. N. Marsh, Recommended Reference Materials for the Realization of
Physicochemical Properties (Blackwell, Oxford, 1987).

40. R. Feistel and W. Wagner, J. Phys. Chem. Ref. Data 35, 1021–1047 (2006).
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J. Spooren, S.-H. Chen and H. E. Stanley, Proc. Nat. Acad. Sci. 105,
12725–12729 (2008).

114. N. E. Dorsey, Properties of Ordinary Water-substance (Reinhold, New York,
1940).

115. V. Tchijov, J. Phys. Chem. Solids 65, 851–854 (2004).
116. S. V. Lishchuk, N. P. Malomuzh and P. V. Makhlaichuk, Phys. Lett. A 375,

2656–2660 (2011).
117. Y. Y. Efimov and Y. I. Naberukhin, Spectrochim. Acta A Mol. Biomol.

Spectr. 42, 1789–1794 (2004).



December 3, 2013 11:57 9in x 6in Water: Molecular Structure and Properties b1656-ch02

The Properties of Water and Its Anomalies 195

118. R. C. Dougherty and L. N. Howard, J. Chem. Phys. 109, 7379–7393 (1998).
119. H. F. Stimson, Am. J. Phys. 23, 614 (1955).
120. T. S. Carlton, J. Phys. Chem. B 111, 13398–13403 (2007).
121. N. K. Alphonse, S. R. Dillon, R. C. Dougherty, D. K. Galligan and L. N.

Howard, J. Phys. Chem. A 110, 7577–7580 (2006).
122. W. F. Glauque and J. W. Stout, J. Am. Chem. Soc. 58, 1144 (1936).
123. M. Faix and T. A. Ford, Can. J. Chem. 44, 1699 (1966).
124. W. S. Benedict, H. H. Claassen and J. H. Shaw, J. Res. Nath. Bur. Stand

49, 91 (1952).
125. P. W. Bridgman, The Physics of High Pressure, (Bell, London, 1931).
126. G. S. Kell, J. Chem. Energy Data 12, 66 (1967).
127. G. Dantl, Z. Phys. 166, 115 (1962).
128. I. A. Stepanov, Computer Modelling & New Technologies 4, 72–74 (2000).
129. I. A. Stepanov, (δS/δV)U is negative for substances with negative thermal

expansion, in Trends in Chemical Physics Research, A. N. Linke (ed.) (Nova
Science Publ. Inc., Hauppauge, New York, 2006), pp. 129–134.

130. F. Mallamace, Proc. Nat. Acad. Sci. 106, 15097–15098 (2009).
131. G. M. Marion and S. D. Jakubowski, Cold Regions Sci. Tech. 38, 211–218

(2004).
132. H. Nakayama, H. Yamaguchi, S. Sasaki and H. Shimizu, Physica B

219/220, 523–525 (1996).
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154. R. S. Smith, Z. Dohnálek, G. A. Kimmel, K. P. Stevenson and B. D. Kay,

Chem. Phys. 258, 291–305 (2000).
155. R. Ludwig, Angew. Chem. Int. Ed. 40, 1808–1827 (2001).
156. J. R. Errington and P. G. Debenedetti, Nature 409, 318–321 (2001).
157. P. A. Netz, F. Starr, M. C. Barbosa and H. E. Stanley, J. Mol. Liq. 101,

159–168 (2002).
158. E. R. Caffarena and J. R. Grigera, Physica A 342, 34–39 (2004).
159. N. Agmon, Acc. Chem. Res. 45, 63–73 (2012).
160. X. Yu and D. M. Leitner, Chem. Phys. Lett. 398, 480–485 (2004).
161. E. H. Abramson, J. M. Brown and L. J. Slutsky, J. Chem. Phys. 115,

10461–10463 (2001).
162. T. Koop, B. Luo, A. Tsias and T. Peter, Nature 406, 611–614 (2000).
163. H. Kanno, K. Miyata, K. Tomizawa and H. Tanaka, J. Phys. Chem. A 108,

6079–6082 (2004).
164. H. Tanaka, J. Phys. Condens. Matter 15, L703–L711 (2003).
165. R. S. Smith and B. D. Kay, Nature 398, 788–791 (1999).
166. P. Jenniskens, S. F. Banham, D. F. Blake and M. R. S. McCoustra, J. Chem.

Phys. 107, 1232–1241 (1997).
167. F. W. Starr, C. A. Angell and H. E. Stanley, Physica A 323, 51–66 (2003).
168. C. A. Angell, R. D. Bressel, M. Hemmati, E. J. Sare and J. C. Tucker, Phys.

Chem. Chem. Phys. 2, 1559–1566 (2000).
169. M. Plazanet, C. Floare, M. R. Johnson, R. Schweins and H. P. Trommsdorff,

J. Chem. Phys. 121, 5031–5034 (2004).
170. F. Caupin and E. Herbert, Cavitation in water: A review, C. R. Physique

7, 1000–1017 (2006).
171. H. Chang, Endeavour 31, 7–11 (2007).
172. J. G. Eberhart, WATER 1, 85–91 (2009).
173. N. F. Bunkin, B. W. Ninham, V. A. Babenko, N. V. Suyazov and A. A.

Sychev, J. Phys. Chem. B 114, 7743–7752 (2010).
174. V. Gutmann, Pure Appl. Chem. 63, 1715–1724 (1991).
175. D. Auerbach, Am. J. Phys. 63, 882–885 (1995).
176. M. Jeng, Hot water can freeze faster than cold? preprint, arXiv:physics/

0512262 v1 (2005).
177. M. Balázovic and B. Tomácik, Phys. Educ. 47, 568–573 (2012).



December 3, 2013 11:57 9in x 6in Water: Molecular Structure and Properties b1656-ch02

The Properties of Water and Its Anomalies 197

178. A. Wang, M. Chen, Y. Vourgourakis and A. Nassar, On the paradox
of chilling water: Crossover temperature in the Mpemba effect, preprint,
arXiv:1101.2684v1 [physics.pop-ph] (2011).

179. G. S. Kell, Am. J. Phys. 37, 564–565 (1969).
180. A. V. Okhulkov, Y. N. Demianets and Y. E. Gorbaty, J. Chem. Phys. 100,

1578–1588 (1994).
181. L. Bosio, S.-H. Chen and J. Teixeira, Phys. Rev. A: At., Mol. Opt. Phys.

27, 1468–1475 (1983).
182. C. Q. Sun, X. Zhang and W. Zheng, Chem. Sci. 3, 1455–1460 (2012).
183. F. Franks, Water: 2nd Edition A Matrix of Life (Royal Society of Chemistry,

Cambridge, 2000).
184. A. Nilsson, C. Huang and L. G. M. Pettersson, Fluctuations in ambient

water, J. Mol. Liq. (2012) Article in press, doi:10.1016/j.molliq.2012.06.021.
185. H. Kanno and C. A. Angell, J. Chem. Phys. 70, 4008–4016 (1979).
186. C. H. Cho, J. Urquidi, S. Singh and G. Wilse Robinson, J. Phys. Chem. B

103, 1991–1994 (1999).
187. K. E. Bett and J. B. Cappi, Nature 207, 620–621 (1965).
188. T. Kawamoto, S. Ochiai and H. Kagi, J. Chem. Phys. 120, 5867–5870

(2004).
189. T. Okada, K. Komatsu, T. Kawamoto, T. Yamanaka and H. Kagi, Spec-

trochim. Acta A Mol. Biomol. Spectr. 61, 2423–2427 (2005).
190. M. P. H. Stumpf and M. A. Porter, Science 335, 665–666 (2012).
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Chapter 3

The Magnetic Field Effects on Water
and Its Magnetization

In this chapter, we study the properties of interaction of magnetic field
with water. Techniques for magnetization of water as well as its features,
magnetism and experimental verification are studied systematically based
on the non-uniform and complicated structure of water molecules described
in Chapter 1. From these investigations, we can confirm that water can
be really magnetized in a magnetic field using a regular method and
technique. Magnetized water has several novel properties, such as memory
and saturation effects relative to those of pure water. Magnetization of
water is caused by the ring proton currents in the closed hydrogen-
bonded chains with different molecular weights under action of Lorentz
force of the externally applied magnetic field. Based on Pang’s theory of
proton transfer along the hydrogen-bonded chains of water molecules we
established the theory of magnetization of water, which was also confirmed
by our experimental results. Finally, we gave our theory’s applications in
biology/medicine, industry and agriculture. Thus, the correctness and truth
of magnetized water were confirmed further.

3.1. Investigations on the Interaction of Magnetic
Field with Water

The interactions of magnetic field with water were both experimentally
and theoretically studied by several scholars over the past more than 100
years. Plenty of interesting results were obtained, for example, Hakobyan
and Ayrapetyan [1] studied the effect of a constant magnetic field on the
electrical conductivity of water and found that its electronic conductivity
increases. Hirota et al. [2] and Sugiyama et al. [3] discussed the changes
in the dissolution rates of water in some materials, e.g., oxygen and
copper sulfate and discovered that the magnetic field can significantly

203
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accelerate the dissolution rate. Aleksandrov et al. [4] found that magnetic
field increases can reduce critical supercooling and prompt equilibrium
solidification of water when the strength of the magnetic field is higher
than 0.5T. Bikul’chyus et al. [5] observed that the self-diffusion coefficient
of water can be altered under action of a magnetic field and water was
magnetized. Magnetized water can reduce the corrosion rate of steel.
Hosoda et al. [6] measured the refractive index of water at atmospheric
pressure under magnetic fields of up to 10T and found an increase of
approximately 0.1% as a result of a more stable hydrogen bonding. They
also found that the magnetic fields can weaken the van der Waals bonding
between water molecules. The effect of the magnetic field in enhancing the
hydrogen bonding was confirmed by Krems [7]. Inaba et al. [8] studied the
effect of the magnetic field on the melting transition of H2O and D2O, which
was measured by a high resolution and supersensitive differential scanning
calorimeter, and obtained that the strength of magnetic field of 6 T both
increases the melting point of H2O and D2O and reduces the entropy in
water. They thought that these phenomena resulted from the strengthening
of the hydrogen bonds. Lielmezs and Aleman [9] and Viswat et al. [10]
investigated the changes in the viscosity of pure water under a magnetic
field of 10T. Ishii et al. [11] indicated that the relative change of viscosity
of pure water under a transverse magnetic field of 10T is less than 10−4.

On the other hand, many researchers believe that magnetic field actu-
ally has an efficacy on the morphology of precipitated calcium carbonate
[12–17]. Some researchers reported in [18–21] that magnetic field can affect
the light absorbance, pH value, zeta potential and surface tension. A
few studies focused on the phenomenology of magnetic field [17, 22, 23].
Chibowski et al. [20] reviewed the results and further debated magnetic
field effects on in situ precipitated calcium carbonate in specially well-
defined and controlled systems and conditions. They found that their
results supported some of magnetic field effects reported in the literature
but disagreed with some others. They concluded that more experimental
evidences had to be collected for verifying the controversial hypotheses
dealing with mechanism of magnetization of water. Cho and Lee [21]
discussed also the reasons of reduction of surface tension of water under
the action of a magnetic field to check the above results. Amiri et al.
[24] collected more than 200 tests to study the reduction in the surface
tension of water under the influence of a magnetic field in various conditions
during a six-month period, in which they found changes in the surface
tension of water with time. However, the surface tension of water is too
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sensitive, to experimental conditions, to be considered as safe and reliable
indicator for studying the effects of magnetic field on water (MFW). It
was found that meaningful changes in the surface tension of magnetically
treated water after a day can be a good indicator to check the presence of
physical or chemical changes in the sample, although relating the dye flow
visualization to the changes in the surface tension of the water is possible
[21]. Although attractive, this technique should not be used for evaluating
the effect of MFW or physical water treatment (PWT) as it is still a
controversial issue. Experiments have shown that the water vaporization
rate, an essential process for all biological processes, is significantly affected
by the application of a static magnetic field in both air and oxygen
environments, which was obtained by Nakagawa et al. [25].

As it is known, the limescale problem in hard water arises because
the solubility of CaCO3 decreases with increasing temperature [26]. Huge
amounts of energy are wasted because hard scale forms in boilers, heat
exchangers and domestic hot-water systems. Various magnetic, electro-
magnetic and electrostatic devices are used to control limescale formation.
Typical products incorporate arrangements of permanent magnets; large
magnet structures are in daily use in industries ranging from brewing to
hydroelectric power generation. Belief in the beneficial effects of magnetic
fields on water has led to the sale of millions of magnetic products in
China. Despite the ubiquity of magnetic treatment, it is not yet clear how
it works. Obviously, unlike chemical water softening, magnetic treatment of
water should have no direct effect on water chemistry (unless the magnets
are in contact with the water); yet, it can alter the morphology and
adhesion of calcium carbonate scale. However, the published data are often
contradictory. For example, there is some dispute as to whether the deposits
of calcium carbonate from magnetically treated water are predominantly
calcite or aragonite. These are the two common natural forms of CaCO3,
with rhombohedral and orthorhombic crystal structures, respectively. Arag-
onite has higher density, and it is less prone to form hard scale. Baker and
Judd’s studies showed [27] that the efficacity of magnetically treated water
can last from tens of minutes to hundreds of hours. Coey and Cass [28]
studied further the magnetically treated water’s effect on this process. In
this experiment, they conducted blind tests using identically treated pairs of
samples with and without magnetic fields. Thus, two experimental groups
were chosen and tests were conducted, each using different water and a
different magnetic device. The first test was conducted on groundwater
drawn from a well sunk in limestone in West County Dublin, Ireland. The
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water could either be drawn through a plastic filter assembly containing
a stack of Teflon-coated ferrite ring magnets 1, or bypass the magnet
assembly. The water was sealed in 1-L polythene bottles, and all tests were
conducted in blind [28]. The experimenter was unaware whether a particular
sample had been drawn through the magnetic device, or through the bypass
valve. The second group of experiments was conducted on a commercial still
mineral water, which was simply poured out of its 500mL bottle with or
without a 20mm split-ring collar containing Nd–Fe–B magnets around the
neck of the bottle [27]. In each case, the water was exposed to a maximum
field of ∼0.1T, and a field gradient of ∼10T/m, respectively. Coey and Cass
[28] found that the only discernable difference after magnetic treatment
was a decrease in Fe and Mn content of the well water and obtained finally
that the carbonates formed by heating water containing ∼120mg(Ca)/L
can be characterized by X-ray diffraction and electron microscopy. The
inspection on 32 pairs of samples establish, at the 99.9% probability level,
that drawing water through different static magnetic fields (such as ∼0.1T
and a field gradient of ∼10T/m) increases the aragonite/calcite ratio in
the deposit. There is an incubation period of several hours and the memory
of magnetic treatment extends beyond 200h. Therefore, their experimental
results confirmed the effects of magnetically treated water on the formation
of aragonite which can persist for more than 200 h. These results are helpful
to reveal the mechanism of elimination of the limescales formed in boilers,
heat exchangers and domestic hot-water systems.

Chang and Weng [29] studied the changes in the structure of aqueous
NaCl electrolyte solutions under action of magnetic fields and observed
that salt mobility is enhanced in strong magnetic fields (1–10T) causing
some disruption to hydrogen bonding. However, this only causes a net
reduction in hydrogen bonding at high salt concentrations (for example, 5M
NaCl), whereas at lower concentrations (1M NaCl) the increase in water
hydrogen bonding in the presence of such high magnetic fields more than
compensates for this effect. Kozmutza et al. [30] compared the extent of
hydrogen bonding in H2O–H2O and H2O–CH4 systems under affection of a
magnetic field and found that it may assist the clathrate formation. Hosoda
et al. [31] measured the refractive indexes of water and aqueous electrolyte
solutions under high magnetic fields and gained their increase with magnetic
field, which may attribute to the increased hydrogen bond strength. Holysz
et al. [32] discussed the effects of static MFW and electrolyte solutions,
and viewed that weak magnetic fields (15mT) increased the evaporation
rate, which are consistent with the magnetic fields weakening the van der
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Waals bonding between the water molecules. Thus, water molecules are
more tightly bound as the magnetic field reduces the thermal motion of the
inherent charges by generating dampening forces [8]. Due to the fine balance
between the conflicting hydrogen bonding and non-bonded interactions
in water clusters, any such weakening of the van der Waals attraction
will lead to a further strengthening of the hydrogen bonding and greater
cyclic hydrogen bonded clustering. This effect of the magnetic field on the
hydrogen bonding has been further supported by an increase in the melting
point of H2O (5.6mK at 6T) and D2O (21.8mK at 6T) [8]. Meanwhile,
Wang et al. [33] investigated the effects of magnetic field on the sol–gel
transition of methylcellulose in water, and obtained the 3◦C lowering of the
sol–gel transition (at 0.3T) in methylcellulose, both indicating a weakening
of the van der Waals bonding of the water molecules within a magnetic
field. Otsuka and Ozeki [34, 35] debated the changes in the property of
magnetically treated water and found that its properties have far greater
effects on contact angle where Raman bands have been shown to occur using
strong magnetic fields (6T) when the water contains dissolved oxygen (but
not without the paramagnetic oxygen), indicating effects due to greater
clathrate-type water formation.

On the other hand, Finney [36] discovered that static magnetic effects
can cause an increase in the ordered structure of water formed around
hydrophobic molecules and colloids, which was shown by an increase in
fluorescence of dissolved probes [37]. Surprisingly, even very small magnetic
fields may affect the solubility of gasses in seawater (solubility increasing
with magnetic field (20–50µT), probably by their effect on the clathrate
stability, which was obtained by Pazur and Winklhofer [38] from the
studies of magnetic effect on CO2 solubility in seawater. This reinforces
the view that it is the movement through a magnetic field, and it is
associated with electromagnetic effect, that is important for disrupting
the hydrogen bonding. Wiggins [39] thought that such fields can also
increase the evaporation rate of water and the dissolution rate of oxygen
(due to its paramagnetic nature) but unfortunately they cannot, despite
claims by certain expensive water preparations, increase the equilibrium
amount of oxygen dissolved in water above its established, and rather
low, equilibrium concentration. Madsen [40] researched the crystallization
of calcium carbonate in magnetic field in ordinary and heavy water and
indicated that magnetic fields can increase proton spin relaxation, which
may speed up some reactions dependent on proton transfer. Yakovenko
et al. [41] debated the structure of the vibrational absorption spectra of
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water in the visible region and obtained that magnetically treated water
used by about 1 T can increase the strength of mortar due to its greater
hydration.

In the meanwhile, an external magnetic field can also affect the
molecular structure of water. Lee et al. [42] and Iwasaka and Ueno [43]
studied the variations of the molecular structure of water, including the
size of the water cluster, when exposed to a magnetic field. They found
that these clusters become larger in this case. The use of a magnetic field
to generate large water cluster is of considerable interest in a number of
practical applications. Zhou et al. [44] viewed changes in the internal energy
and heat capacity of pure water under the influence of an external magnetic
field using Monte Carlo simulations. Chang and Weng [45] examined
the effect of a static magnetic field on liquid water at an equilibrium
temperature of 300K using molecular dynamics simulation, in which the
strength of the external magnetic field was increased from 0 to 10T and
the radial distribution function of the water molecules was calculated.
The corresponding number of hydrogen bonds was found to increase by
approximately 0.34%, indicating the formation of larger water molecule
clusters. This means that an applied electric field and an external magnetic
field exert opposite effects on the number of hydrogen bonds. Namely,
an electric field breaks the hydrogen bond network, but a magnetic field
enhances the hydrogen-bonding ability. This manifests that the magnetic
field induces a tighter bonding between water molecules and improves the
stability of water. Then the structure of water changes and more water
molecules are forced between the water shells under the influences of the
magnetic field. In this case, these molecules connect the shells to create
a more stable and larger cluster of water molecules. Then the movement
and transport properties of the water molecules, which is indicated by the
self-diffusion coefficient, are restricted, thus its self-diffusion coefficient is
reduced when water is exposed to a magnetic field. Therefore, the magnetic
field changes both the thermal conduction and the viscosity in the liquid
state.

From the above investigations, we know the properties and molecular
structure of water are changed when it is acted in a magnetic field. Thus,
we have reasons to say that water is magnetized in this case. So-called
magnetization of water refers to changes in its structure and properties
including electromagnetism, thermodynamics, optics and mechanics, as
compared with those of pure water, when exposed to magnetic fields (here,
we refer to it as magnetized water). At present, plenty of experiments
show that water is magnetized [46–55] except for these results mentioned
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above, even though the magnetized effect is small. Just so, magnetized
water has extensive applications in industry, agriculture and medicine, for
example, it can aid in the digestion of food and is helpful to eliminate
dirt in industrial boilers, growth of plants and so on [16, 46, 50, 56, 57].
For example, Grewal and Maheshwari [58] demonstrated that magnetically
treated irrigation-water enhances early growth and nutrient contents of
seedlings of the snow pea and chickpea seeds, in which the effects of
magnetic treatment of irrigation water (MTW) and snow pea (Pisum
sativum L var. macrocarpon) and Kabuli chickpea (Cicer arietinum L) seeds
on the emergence, early growth and nutrient contents of seedlings were
investigated under glasshouse conditions. The treatments included MTW,
magnetic treatment of seeds (MTS), magnetic treatment of irrigation water
and seeds (MTWS) and no magnetic treatment of irrigation water or seeds
as control treatment. In this experiment, a magnetic treatment device with
two permanent magnets (magnetic induction: 3.5–136mT) was used for the
above treatments, where seeds were sown in washed sand and seedlings were
harvested at 20 days. The results showed that MTW led to a significant
(P < 0.05) increase in emergence rate index (ERI: 42% for snow pea and
51% for chickpea), shoot dry weight (25% for snow pea and 20% for
chickpea) and contents of N, K, Ca, Mg, S, Na, Zn, Fe and Mn in both
seedling varieties compared to control seedlings. Meanwhile, there were
significant increases in ERI (33% for snow peas and 37% for chickpea), shoot
dry weight (11% for snow pea and 4% for chickpea) and some nutrients of
snow pea and chickpea seedlings with MTS in comparison with the controls.
These results mean that both MTW and MTS have the potential to improve
the early seedling growth and nutrient contents of seedlings.

Moussa [59] researched the impact of magnetic water application
for improving common bean production, in which the irrigation of com-
mon bean plants with magnetic water increased significantly growth
characteristics, potassium, GA3, kinetin, nucleic acids (RNA and DNA),
photosynthetic pigments (chlorophyll a, chlorophyll b, and carotenoid),
photosynthetic activity (14CO2-fixation), and translocation efficiency
of photoassimilates (14CO2-assimilation) as compared with control plants.
Treatment with magnetized water had no significant effect on water content,
malondi aldehyde, and H2O2 contents relative to that the controlled group.
Also, there is a stimulation effect in the activities of the antioxidant
enzymes (catalase, peroxidase, and superoxide dismutase (SOD)) in the
magnetized plants over the control. This means that use of magnetized
water (30 mT) can lead to improved quantity and quality of common
bean crops. Thus, we can infer that magnetic water could stimulate
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defense system, photosynthetic activity, and translocation efficiency of
photoassimilates in common bean plants.

Ma et al. [60] studied the effect of magnetized water on enzyme
activities by potentiometric enzyme electrode method and found that the
activity of glutamate decarboxylase was increased by 30% in magnetized
water relative to that of pure water.

3.2. Method of Magnetization of Water and Its Technique
of Inspection

The above studies manifested clearly that magnetization of water is really
existent and is a scientific problem. However, some think that water cannot
be magnetized at all because it is diamagnetic [61–65]. At the same
time, others have not obtained apparent results from their experiments.
Therefore, they doubt the validity and science of magnetized water. The
solution to first problem is related to the mechanism of magnetization of
water, which will be described in detail in Section 3.5. Here, we affirm
that magnetization of water is not related with diamagnetism of water at
all, but associated with polarized feature of water molecules, which has
a large electrical dipolar moment of 1.84 Debyes (or 1.84 × 10−18 e.s.u.),
and ring structure of hydrogen-bonded chains of water molecules described
in Chapter 1. Therefore, we cannot absolutely deny the existence of
magnetized water using this problem.

The second problem is associated with usage of the correct methods and
techniques of magnetization of water and its inspection, which are currently
being researched.

Absence of proven methods and techniques of magnetization of water
and its inspection results in different conclusions in present investigations of
magnetized water. Therefore, it is worth studying the correct methods and
techniques of magnetization of water and its inspection. Here, we provide
our methods and techniques obtained from long time investigations.

3.2.1. The Correct Method of Magnetization of Water

(a) The standard pure water must be used in the experiments. Practice
manifests that we cannot use any water, but only use standard pure
water to research the magnetized phenomenon of water, else the results
obtained would be incorrect or unreliable [66]. The purified water we
used was prepared using the Simplicity 185 Water System (Millipore)
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USA. After this, we measured the properties of purified water and
the elementary elements contained in it using instruments such as
the mass and color spectrometers at 25◦C. Its pH value was 7.1–7.2,
electric resistivity was 1MΩ.cm, absorption ratio of light (254nm,
1 cm light path) was ≤0.01; Ca, Si, Na, K, nitrate, oxide (or O)
and soluble silicon (i.e., SiO2) involved in the purified water was
0.01mg/L, 0.005mg/L, 0.007mg/L, 0.002mg/L, 1mg/L, ≤0.08mg/L
and ≤0.02mg/L, respectively. Therefore, there were no metallic and
magnetic elements in the purified water. In the experiments, the
magnetized water was obtained and extracted from a glass container
of pure water.

(b) A standard magnetized device must be used. However, what are the
requests of standard magnetized device? A standard magnetized device
is required to ensure the strength of the magnetic field and to guarantee
that the magnetic lines of force of the magnet can penetrate over
total water through wise arrangement. This is very important, else
the water cannot be magnetized. Therefore, the magnetized device is,
in general, made by NdFeB or superconductivity magnets. The pure
water is lightly placed into an appropriate position in this device to
guarantee that its magnetic lines of force can penetrate over total water
and that its magnetized effect is not destructed in this case. This means
that to enable magnetization, the weight or mass of pure water should
not be too high [66].

(c) After pure water is magnetized, we should inject immediately the
magnetized water into the sample baths of the instrument to measure
its properties because the time, in which the magnetization effect can
be retained, is finite [66].

(d) The experiments should be repeated about 2–3 times for their credibil-
ity [66].

3.2.2. Identified and Inspected Technique of Magnetized

Effect of Water

However, how does one carry out inspection and identification of magne-
tized water? This is a very important and difficult issue that has not been
resolved until now, but must now be firstly solved. Obviously, we cannot
use traditional methods and instruments to inspect the magnetized effect
or magnetism of magnetized water because the magnetized effect is very
small, as confirmed by the following experimental result. In this case, we
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must look for a new method of inspection of magnetized water. In order
to seek this new method, we must first find out a parameter of magnetized
water, which is directly proportionately changed with increasing strength
of the magnetic field. We collected the spectra of infrared absorption of
purified and magnetized water of 2mL at 26◦C using a Nicolet Nexus
670-FT-IR spectrometer with resolution of 4 cm−1 and ZnSe liquid pool
transmission method made in USA, where magnetized water was extracted
from the beater with 100mL of pure water exposed in the magnetic field
of 4400G. Subsequently, the purified and magnetized water of 2mL was
injected into ZnSe liquid pool, as shown in Fig. 3.1, to collect its infrared
spectra of absorption, respectively. The infrared spectra of absorption in
the region of 400–4000cm−1 at different magnetizing times of 0 (pure
water), 10, 30 and 60 min are shown in Fig. 3.2 [66], which indicates
that the property of infrared absorption of magnetized water differs from
that of pure water. This means that water has been magnetized in the
magnetic field. Meanwhile, we found that the intensities of absorbed
peaks of magnetized water were all directly proportionately increased with
increasing magnetized time, when compared with that of pure water. If
the strengths of the magnetic fields are changed, this phenomenon could
still occur [67–74]. Thus, we concluded that the magnetized effects of water
could be identified and inspected by its sizes of increment or changes of
infrared spectrum of absorption in the region of 400–4000cm−1. This is
one of the techniques that could be used to inspect the magnetized effect
of water arising from a magnetic field [55, 67].

However, some experiments of magnetization of water are faulty or not
successful because such experiments are not conducted in accordance with

Fig. 3.1. Schematic diagram of the device used in multiple attenuated total-reflection
method for measurement of infrared spectrum.
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Fig. 3.2. Changes of infrared absorption of magnetized and pure water with acted time
of magnetic-field, where 1, 2, 3 and 4 denote the results of magnetized times of 0 min
(pure water) and 10, 30 and 60min for magnetized water, respectively.

the above methods and techniques. Thus, some scientists deny the existence
of magnetized water and think that it is a pseudoscience. This is not correct
because water can be certainly magnetized if only the above method and
technique are used correctly.

In accordance with the methods and techniques, we doubt the correct-
ness of Ichiro et al.’s theory that “pure water cannot be magnetized” and
their mechanism of magnetization of water [34] and conclude that such
a theory and mechanism are incorrect because their studied method and
conclusions do not concord with the above method and technique. Our
review is described as follows.

(a) The measurement of contact angle cannot be served as the criterion to
judge magnetization of water at all.

As it is known, magnetization of water is a very weak effect.
Therefore, a great amount of water cannot be well magnetized because
the magnetic lines of force of the magnet or magnetic field are very
difficult to penetrate over whole water. Meanwhile, we cannot also
use general method and instruments, such as magnetometer, so we
would opt for special methods and sensitive instruments to measure
and inspect the magnetized effect of water. However, Ichiro et al. [34]
did not do so, but chose the measurement of contact angle of water
to judge its magnetization. In our view, this cannot be accepted as
it violates the general rule for choosing the measurement criterion
because they did not obtain that the contact angles of magnetically
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treated water are proportionally changed with increase in the strength
of magnetic field or magnetized times. In general, the contact angles of
pure and magnetized waters on the surface of hydrophilic materials are
almost unchanged, however, its change between pure and magnetized
waters is less for the hydrophobic materials, thus the contact angles of
magnetically treated water are proportionally changed with increase in
the strength of the magnetic field or magnetized times in all materials
[66–70]. Therefore, we cannot use the changes of contact angle to judge
magnetization of water at all.

(b) No changes in the contact angle of water by magnetic treatment
in Ichiro et al.’s experiment [34] is caused by the incorrect method
of measurement, therefore, this result cannot be used to deny the
magnetized effect of water. In practice, in Ichiro et al.’s experiment
[34] two sets of greaseless Pyrex distillation flasks with a vacuum valve
were made, which were separable in order to connect to the vacuum
chamber for contact angle measurements. The flasks were connected to
a vacuum line (1mPa) with greaseless glass joints. One of the flasks
containing the distilled water was treated by the reciprocating motion
of 30 times/min in the region of more than 2T across the center
(6 T) of a steady magnetic field of a magnet at 298K for 2.5 h for
magnetic field treatment (MT), another flask was also treated by the
same procedures at a zero field under the same conditions for non-
magnetic field treatment (NMT). The two flasks containing the distilled
water were connected to the chamber with greaseless flanges without
invasion of air and water droplets were gently dropped down from each
flask on a Pt plate in vacuum, O2, or air. The contact angle of both
MT and NMT water was measured at the same time for both sides of
several drops with a CCD camera system.

From this experimental process, we can find the reasons for nil changes
in the contact angle between magnetized and pure water, which are
summarized as follows.

(a) Ichiro et al. [34] have not explained nor checked that Pt plate is on earth
like-hydrophobic or like-hydrophilic, thus it is very difficult to identify
the distinction of contact angle between magnetized and pure water on
a Pt plate. Perhaps, the distinction between them is so small that they
did not consider it worthy of reporting the difference in this case.

(b) The weight of water in the flasks, which has not been explained clearly
in Ichiro et al.’s experiment [34], is possibly too large to be well
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magnetized in the magnetic field due to the fact that the magnetic
lines of force of the magnet have not penetrated over whole water.
This results in extremely small distinction of contact angle between
magnetized and pure water.

(c) The water droplets with certain weight were dropped down from each
flask, instead of static injection, on a Pt plate in their experiment.
Subsequently, the magnetized feature and soaking effect of MT water
on Pt plate is necessarily changed or destructed due to the collision
between them. This influence on the contact angle cannot be neglected
in this case according to our experience.

(d) As it is known, the values of contact angle of water shown in Fig. 1
in Ichiro et al.’s paper [34] were manually obtained from the data in
CCD camera pictures, instead of automatically securing it from the
computer. In this case, the visual error results in small change of
data of contact angle in Fig. 1 from the real data. This small change
may also obscure and blanket the distinction of contact angle between
magnetized and pure water because the distinction is in itself quite
small.

In summary, there are a lot of problems in Ichiro et al.’s experiment,
necessitating further studies. A nil or very small change in the contact angle
between NMT and MT water is caused by the inspected method and used
instruments, instead of the intrinsic properties of the magnetized water.

On the other hand, we doubt also the credibility of Ichiro et al.’s
experiment. As it is known, Ichiro et al. gave only some positions of contact
angles of MT and NMT water on a Pt plant in Fig. 1 [34] by some diamonds,
triangles, squares and circles, which obscure the real distinction of contact
angle between magnetized and pure water. In this case, why did they not
provide the real and concrete values of contact angles of MT and NMT
water and their average values? Thus, it is very difficult to assess the
correctness of their result. Why Ichiro et al. did not use modern optical
video contact angle locators, which can exhibit clearly and automatically
the sizes of contact angles, to inspect accurately the contact angle of MT
and NMT water? Why didn’t they first inspect the properties of distilled
water and magnetized effect of MT water using an effective method? Why
didn’t they measure the contact angles of MT water on materials other
than Pt and Cu? These problems are just the defects of Ichiro et al.’s
experiment and results which depress greatly the trust and credibility of
their conclusions.
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3.2.3. Ichiro et al.’s Mechanism of Magnetization of Water

Cannot be Accepted

Ichiro et al. [34] conclude from their investigations that only when water
dissolves O2, not ionic species, is the water magnetized by changing the
magnetic flux over the water. We cannot agree with this conclusion. Why?
The reasons are described in the following.

Obviously, this conclusion has been arrived based on their investigation
shown in Fig. 1 [34], namely, (a) when the MT was carried out after O2 was
dissolved in the water at 0.2 ∼ 700Torr, the contact angle (65◦) decreased
markedly to reach a stationary value, e.g., 57.5◦ at 700Torr after a dead
time of approximately 30min; (b) the MT effect was promoted with O2

concentration and enhanced by air (1 atm) down to 56◦. The existence of
O2 may be a dominant factor for magnetization of water. The two results
can be represented clearly and simply as follows. The contact angle of MT
water + O2 system increases with increasing O2 concentration relative to
that of MT water, but the contact angle of the NMT water + O2 system
is not changed.

However, we can obtain an inverse conclusion from Ichiro et al.’s
two results [34]. Why? Clearly, the two results represent only that the
relationship between O2 in MT water and its contact angle, i.e., the contact
angle of MT water containing O2 is increased relative to that of MT
water due to the incorporation of O2 with MT water and its variation
of hydrophilic feature. However, we cannot absolutely conclude from this
experimental result that MT water, in which O2 is dissolved, is magnetized
in this case because no reasons manifest and explain the necessary
relationship of the magnetization of water with the change of contact angle
of MT water, i.e., we cannot use the contact angle as a criterion and method
for judging and assessing the magnetization of water as mentioned above.

In the meanwhile, we also knew clearly from Fig. 1 [34] that the contact
angles of NMT water containing O2 have not been changed. This means that
O2 cannot incorporate with NMT water. Then we can conclude from Ichiro
et al.’s two results that the molecular structure of MT water is completely
different from that of NMT water. This manifests clearly that the externally
applied magnetic field changed truly the molecular structures of water, thus
we may say that MT water could be magnetized in this case. This is the
inverse conclusion with Ichiro et al., which is obtained from their experiment
results. Ours is a very interesting result.

In this case, we must clarify what is magnetization of water? How can
we inspect and measure water to be magnetized? The two problems are
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basic for magnetization of water [66–70] that have been not clarified and
explained up to now. The following descriptions about the two problems
have been obtained from our investigations of many years, which can be
used to explain the incorrectness of Ichiro et al.’s conclusion [34].

As a matter of fact, magnetization of water is very complicated and
poses a scientific challenge, therefore, we must systematically evolve a
scientific method. The so-called magnetization of water refers to changes
in water’s properties, including the electromagnetism, thermodynamics,
optics, mechanics, relative to those of pure water, and its occurrence of
magnetism. This means that we can confirm and determine water to be
magnetized only if plenty of properties of MT water were changed and if
its magnetism existed [66–71]. Therefore, we must measure and collect not
only the changes in properties but also the magnetism of MT water using
new methods and instruments with high precision in the investigation of
magnetization of water. Then, we cannot conclude that water cannot be
magnetized if one property of water has not been changed because the
externally applied magnetic field cannot vary all properties of water. Thus,
Ichiro et al.’s conclusion mentioned above is not correct because it is only
obtained from nil changes in the contact angle.

3.3. Basic Properties of Magnetized Water

3.3.1. Optical Features of Magnetized Water and

Corresponding Light Spectra

Since lights can always interact with water, we [67–74] measure changes in
the optical features of magnetized water including ultraviolet, infrared and
Raman spectra. The results are as follows.

3.3.1.1. Properties of visible and ultraviolet spectra of magnetized
water

We first measure spectra of visible and ultraviolet (UV) light for purified
water with 20mL and magnetized water with 20mL at 25◦C in the region of
220–400nm using UV-2201 ultraviolet spectrometer, made in Japan, having
1 cm optical path and 0.2µm aperture with quartz liquid pool transmission
pool. Here, purified water with the above properties is obtained from the
Simplicity 185 Water System (Millipore), and magnetized water is extracted
from a glass of 250mL of pure water at 25◦C exposed in a static magnetic
field of 4400G for 20min. After this, they are injected into the quartz
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Fig. 3.3. Absorption spectra of ultraviolet light for pure water (curve 1) and magnetized
water at different magnetized times.

liquid pool to collect their UV spectra, respectively. This result is shown
in Fig. 3.3, where the result of pure water is denoted in curve 1. This
experiment is reproduced many times using pure water collected at different
times and in different places and the results are the same as for Fig. 3.3. This
figure shows clearly that the intensity of absorption of ultraviolet light for
magnetized water is evidently larger than that of pure water, and increases
exponentially with decreasing the wavelength of ultraviolet light in the
region of 150–260nm. This means that the externally applied magnetic
field enhances greatly the feature of ultraviolet absorption of water. This
rule of exponential variation of ultraviolet absorption for magnetized water
with its frequency was not observed showing that water was magnetized by
a magnetic field. In the meanwhile, we show also the results of absorption
of ultraviolet light for magnetized water at different magnetized times of
10, 40 and 60min in Fig. 3.3, where the curves 1, 2, 3, 4 and 5 represent the
intensities of the ultraviolet absorption of pure and magnetized waters at
magnetizing times of 10, 20, 40 and 60min, respectively. From this figure, we
see that the intensity of absorption of ultraviolet light for magnetized water
increases with increasing magnetized times, i.e., the larger the intensity of
absorption of magnetized water or the effort of magnetization of water, the
longer would be the magnetized time or the stronger the strength of the
magnetic field. However, the rule of exponential increase of absorption of
water with decreasing the wavelength of ultraviolet light does not change
at any magnetized time. Therefore, the result is an intrinsic nature of
magnetized water and its essence is worth studying deeply. Obviously, this
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is due to the effects of clustering structure of molecules and polarization
of atoms as well as enhancement of transition dipole-moment of electrons
in molecules, according to the theory of emission of ultraviolet light, when
water is exposed in a magnetic field.

3.3.1.2. Raman spectra of scattering of magnetized water

We measure also the Raman spectra of pure and magnetized waters with
20mL at 25◦C by using a JY- U1000 Raman spectrum instrument with
a power of 400mW and a source of an Ar+ ionic laser made in Japan,
respectively, where pure water with the above properties is obtained from
the Simplicity 185 Water System (Millipore) and magnetized water is
extracted from the beater with 200mL of pure water exposed in the
magnetic-field of 4000 G for 30 min. After this, they are injected into the
liquid pool in this instrument to collect their Raman spectra, respectively.
The experimental results in the region of 20–2000 and 2000–9000cm−1 are
shown in Figs. 3.4 and 3.5, respectively. These figures exhibit that the
frequency-shift of some peaks and a new peak of 7900 cm−1 occur in the
range of 7000–9000cm−1. In the range of 20–2000cm−1 the strengths of
all peaks are greatly increased, but the frequencies of these peaks do not
change relative to those of pure water, for example, the relative strengths of
absorption of 1000 cm−1 peak for the magnetized and pure water are 8400
and 2300, respectively. Their ratio is about 3.5 times. This result agrees
with Jiang et al.’s [75] and Walrafen et al.’s [76, 77] results. This embodies
that the externally applied magnetic field varies with the property of water.

Fig. 3.4. The Raman spectra of magnetized water and pure water in the ranges of

20–2000 cm−1.
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Fig. 3.5. Raman spectra of magnetized water and pure water in the ranges: of
2000–9000 cm−1.

Thus, we can say that the properties of magnetized water differ greatly from
pure water. The magnetized water is affected by changes in the vibrations
of molecules, displacements and excitations of atoms and transitions of
electrons in atoms, in water. Thus, we can conclude that the magnetic
field changes the structure of molecules and atoms as well as motions of
electrons in water. However, we find that the intensities of absorption peaks
of magnetized water are only increased and their frequencies do not change
in the infrared absorption and Raman scattering. Thus, we can confirm
that the molecular constitution of water does not generate variations after
magnetization. Therefore, we can use the changing sizes in the intensity of
infrared absorption to signal the effort of magnetization of water.

3.3.1.3. Features of infrared absorption of magnetized water

As it is known, the infrared spectrum of water provides an insight into its
molecular structure. Thus, we collected the spectra of infrared absorption of
purified and magnetized water with 2mL using a Nicolet Nexus 670-FT-IR
spectrometer with resolution of 4 cm−1 made by USA with ZnSe liquid
pool transmission method at 26◦C where purified water with the above
properties is obtained from the Simplicity 185 Water System (Millipore),
and magnetized water which is extracted from the beater with 50mL
exposed in the magnetic field of 4400G at different magnetizing time from
0 to 15min. Subsequently, the purified and magnetized water of 2mL are
injected into ZnSe liquid pool to collect their infrared spectra of absorption,
respectively. The result is shown in Fig. 3.6 in the region of 400–4000cm−1,
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Fig. 3.6. The infrared absorption spectra of magnetized water (15 min) and pure water
(0min) in the range of 2000–4000 cm−1.

which is obtained by scanning 16 times and further treated and analyzed
by automatic omnic 6.2 software. This figure indicates that the intensities
of absorption peaks of magnetized water are increased, but their positions
or frequencies do not change, when compared with that of pure water.
This indicates that water is magnetized in this condition, but its molecular
constitution does not change, the polarized properties and transition dipole
moments of molecules are only enhanced after magnetization relative to that
of pure water [67–74].

However, the changed features are different from those during decreas-
ing temperature process. We find from Fig. 1.3 in Chapter 1 that the
strengths of peaks at the same temperature in increasing and decreasing
temperature processes are different, for instance, the strengths of peaks for
the magnetized water at 85◦C and 75◦C in increasing temperature process
are about 14 au and 17.5 au, respectively, but they are about 15 and 18 au
in decreasing temperature process, respectively, and so on. In Fig. 1.4 in
Chapter 1 we show the changes of the infrared absorption spectrum of
magnetized water with decreasing temperature from 95 to 35◦C. From the
figure we found that not only the strength (amplitude) and frequency of
peaks but also the changes in the strength and sizes of frequency-shift of
peaks in the infrared absorption spectra of magnetized water during the
processes of decreasing temperature are different from those during the
processes of increasing temperature at each changing 10◦C. We estimate
roughly that its peak strength increases about 2–5% and its red-shifts
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of frequency of peak are about 2–5 cm−1, when its temperature reduces
10◦C each time. In the meanwhile, these differences exhibit clearly that
the magnetized water has an irreversible effect in changing temperatures.
This phenomenon is quite difficult to explain using existing physical and
Newtonian fluid theory, thus it is suggested that magnetized water may
have a complicated structure of molecule. We therefore have to doubt the
nature of the Newtonian-fluid of magnetized water.

Also, we successively collect the absorption spectra of infrared light for
the magnetized and pure water in the range of 8000–10000cm−1 by using
the ATR full-reflective technique in Nicolet Nexus 670-FT-IR spectrometer,
where the magnetized water is still extracted from a beaker of 250mL of
water at 25◦C exposed in the magnetic field of 4400G for 25min, which is
shown in Fig. 3.7. From this result we know that there is a new and strong
peak of absorption at 9340 cm−1 in both magnetized and pure waters, but
the strength of infrared absorption of the former is larger than that of the
latter, which have not been reported till now. From Figs. 3.6–3.7 we see
that the magnetic field really changes the property of infrared absorption
of water, thus we can say that water is magnetized in such a case.

We investigate [67–74] also the changes in infrared absorption of
magnetized water, which is extracted from water of 300mL and exposed
to the magnetic field of 4400G about 60min, in the near-infrared region
of 8000–10000cm−1 with increasing water temperature from 25 to 70◦C
using a 670-FT-IR spectrometer and transmission method of liquid bath.
The result is shown in Fig. 3.8(a). From this figure, we see that not

Fig. 3.7. The absorption spectra of magnetized water and pure water in the range of

8000–10000 cm−1.
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Fig. 3.8. The spectra of infrared absorption of magnetized water in 8000–10000 cm−1

from 25 to 70◦C: (a) increasing process and (b) decreasing process.

only the strengths of the absorbed peaks increase and the frequencies
of peaks undergo red-shift with increasing water temperature, but also
a maximum peak of absorption of 9340cm−1 occurs at 50◦C. When the
temperature is continuously increased, the intensity of this peak decreases
gradually, its frequencies are shifted toward to the direction of decrease
with increasing temperature. However, when water temperature decreases
from 70 to 25◦C, its absorption characteristics of infrared light are not
same as the above result, which is shown in Fig. 3.8(b). In this case, the
intensity of absorption increases with decreasing temperature, the peak of
9340 cm−1 at 50◦C is shifted to 9420 cm−1. The variations in the wave
number of absorbed peaks with increasing and decreasing temperatures for
the 9340cm−1 peak is shown in Fig. 3.9. The resulting curve is anomalous.
Hence, they are either not reversible to each other, or we may say that
this is an irreversible process. Clearly, this is due to the fact that there
are plenty of clusters of water molecules with different molecular weights.
Therefore, the irreversible curve in Fig. 3.9 provides an evidence for the
existence of cluster of water molecules including linear and ring hydrogen-
bonded chains. Further anomalous phenomena for the 9340 cm−1 peak
occurred in the range of 75–90◦C; not only the frequency-shifts of the
peaks occur during the processes of increasing and decreasing temperature,
but many extra absorption peaks of 9150, 9350, 9440, 9450 and 9500 cm−1

were also generated in the process of increasing temperature where the
peak of 9500cm−1 at 85◦C annihilates again in the process of decreasing
temperature. The numbers of such peaks at different temperatures are also
different as is shown in Fig. 3.10. The above experiments are reproduced
many times using water collected at different times and in different places,
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Fig. 3.9. Changes of wave-number of infrared absorption peak of 9340 cm−1 for
magnetized water with different water temperatures: (a) increasing process and (b)
decreasing process.

Fig. 3.10. The spectra of infrared absorption of magnetized water in 8000–10000 cm−1

from 75 to 90◦C: (a) increasing process and (b) decreasing process.

but the results are the same. This is a typical irreversible process or
hysteresis effect. These experiments did not up to now [67–74].

These unusual features of magnetized water occurring in the near-
infrared region in Figs. 3.8–3.10 are also difficult to explain using the
existing physical theory. This shows that the molecular structure of water
is very complex where there are several clustering structures of hydrogen-
bonded chains of molecules. The interactions and relaxations among these
clustering structures of molecular chains result in the occurrence of above
phenomena. In such a case, we assume that water or magnetized water
could not be a Newtonian fluid, but non-Newtonian in nature. Thanks
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to the infrared absorption, a wavelength of about 1µm arises from the
transition of bonded electrons with high energy in water molecules. The
mechanisms underlying these phenomena at high temperature are due to
the combined effect of the hydrogen-bonded structure of molecules, action
of externally applied magnetic fields and thermal effect of high temperature
on the viscosity of water. In this process, the thermal energy and energy
of magnetic field absorbed by water convert simultaneously into higher
transition energy of electrons in these molecules, which results in different
infrared transitions with high energy for the bonded electrons in the
molecular chains and the occurrence of many peaks of infrared absorption at
high temperature. The interactions and relaxations of the combined effect
and its relationship with water temperature result in different interactions
and distribution of molecules in increasing and decreasing processes, thus
resulting in the occurrence of the irreversible phenomenon. Certainly, the
mechanisms underlying these phenomena require further extensive study.

3.3.2. The Changes of Mechanical Property of Magnetized

Water

3.3.2.1. Influence of magnetic field on surface tension force of water

In Refs. [67–74], we measured variations in surface tension force or the
soaking degree of magnetized water on a planar surface of material. This
effect was achieved in the size of angle of contact of water on the planar
surface of materials [78]. In this experiment, we inspect the angle of contact
of magnetized and pure waters on a planar surface of copper, graphite,
muscovite and silica gel of PDMS183 in the region of 0–180◦ and in
the condition of humidity of 27◦ by using OCA40 and OCA20 Micro
optical-vision instrument made by Germany, with an accuracy of ±0.3◦,
respectively, where the magnetized water is taken from a beaker of 20mL
of pure water at 25◦C, which is exposed in the magnetic field of 4400G
about 30 min. In this measurement process, the water injected is about
3µL and the speed of water injected is about 0.5µL/s.

As it is known, the muscovite is hydrophilic, but copper, graphite and
silica gel of PDMS183 have different hydrophobicities. We measure first the
sizes of angle of contact of magnetized and pure waters at five different
positions on the planar surface of these materials, respectively. Finally,
we find the average value of five different values for the angle of contact
of magnetized and pure waters. The experimental results of the copper,
graphite, muscovite and silica gel of PDMS183 are shown in Figs. 3.11–3.14,
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Fig. 3.11. Contact angels of (a) magnetized water and (b) pure water on the surface of
muscovite.

Fig. 3.12. Contact angels of (a) magnetized water and (b) pure water on the surface of
copper.

(a) (b)

Fig. 3.13. Contact angels of (a) magnetized water and (b) pure water on the surface of
graphite.
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Fig. 3.14. Contact angle of (a) magnetized water and (b) pure water on the surface of
silica gel of PDMS183.

respectively. From these four figures, we see that the angles of contact of
magnetized and pure waters on the muscovite are almost zero, the difference
between them is extremely small. Therefore, the soaking degree of pure
and magnetized waters to the muscovite is very large. However, for the
copper, the angles of contact of magnetized and pure waters are about
146.8◦ and 147.2◦, respectively; for the graphite, they are about 91.2◦ and
92.6◦, respectively; for the silica gel of PDMS183, they are about 97.9◦ and
101.03◦, respectively. Therefore, the angles of contact of magnetized water
on the surfaces of hydrophobic materials are decreased relative to that of
pure water, the extenuation quantities of the angles of contact are about
0.4◦, 1.4◦ and 3.13◦ for the copper, graphite and silica gel of PDMS183,
respectively, i.e., for the silica gel of PDMS183, the extenuation of the angles
of contact of magnetized water is extremely evident. This means that the
soaking degree of magnetized water to the hydrophobic materials increases
relative to that of pure water, thus its hydrophobicity decreases. This shows
that the magnetic field depresses the hydrophobicity of water. This is a
quite useful and valuable result that has a well foreground of application in
industry, agriculture and medicine. Obviously, the variations in the contact
angles of magnetized water are due to increases in the polarized effect and
changes in distribution of molecules in water under the action of magnetic
field. Thus, we conclude that the surface tension force of magnetized water
does decrease relative to that of pure water.
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3.3.2.2. The changes of viscosity and rheology features
of magnetized water

As it is known, the fluids in nature are, in general, classified as fluids
conforming to the Newtonian laws (simply speaking, Newtonian fluid) and
non-Newtonian fluid. The so-called Newtonian fluid is merely composed of
some uniform molecules, its shear velocity is proportional to shear stress,
its viscosity or inner friction coefficient is a constant. However, the non-
Newtonian fluid is contrary and contains plenty of molecular groups or
clusters with different molecular weights. Oil and blood are some typical
non-Newtonian fluids [1–4]. Water has been, in general, thought to be an
ideal Newtonian fluid composed only of free water molecules, which can
be described by using a Porali equation [79–81]. However, the experiments
show that water has many unusual properties as described in Chapter 2.
These unusual properties of water are unique and difficult to explain using
existing physical and Newtonian fluid theories. These features suggest
that water could possess a complicated structure of molecule, but is not
composed only of free molecules. Thus, we have the reasons to doubt the
nature of Newtonian-fluid of water. This is considered to be a challenging
problem which needs further investigations.

In order to affirm the correctness of non-Newtonian fluid of water, we
must measure in detail the shear stress, shear velocity and viscosity of pure
and magnetized waters and study further the relationships among them.
The so-called viscosity of fluid, η, is just the inner frictional force acted on
one unit area, τ , while the velocity gradient of fluid, dV/dH, changes one
unit. It can be represented by the formula [79–82]:

η = τ/(dV /dH ),

where V is the velocity of fluid, dV is the increment of velocity, dH is the
increment of the thickness of fluid or spacing between neighboring layers.
When dV /dH = 0, then τ = 0. This denotes that there is no inner fractional
force in the static fluid. Once the fluid flows, the shear distortion of fluid
in neighboring layers occurs, then the speed or rate of shear distortion, γ̇,
depends certainly on τ and η, their relationship is of form [79–82]:

τ = ηγ̇.

Therefore, the larger the viscosity of fluid, the larger would be the speed of
shear distortion. If the viscosity is certain and the speed of shear distortion
is directly proportional to the shear stress, then there is no relative motion
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and shear distortion of fluid and τ = 0 in a static state fluid. Therefore,
the viscosity of fluid represents a necessary shear stress to generate a
determinant speed of shear distortion [79–82]. If the viscosity is a constant
and does not change with the varying speed of shear distortion, then the
fluid is referred to as a Newtonian fluid and its viscosity is called the
Newtonian viscosity. In such a case, the speed of shear distortion is directly
proportional to the shear stress and the speed of shear distortion versus the
shear stress is a straight line passing through the origin in the rectangular
coordinates of them. Inversely, if the speed of shear distortion versus the
shear stress is a curved line passing through the origin, then it is referred
to as a non-Newtonian fluid and its viscosity is not a constant and instead
depends on the speed of shear distortion. If the speed of shear distortion
versus the shear stress is a straight line without passing through the origin,
then the fluid is called a plastic fluid and its viscosity is also not a constant,
and increases (or decreases) with increasing speed of shear distortion. In
general, this phenomenon is caused by many molecular chains or polymers
and clusters, which is made of many molecules or atoms, in the fluids. Our
experimental investigation of the rheology of water in the following shows
that the water, in particular, magnetized water is not a Newtonian fluid,
but, a plastic fluid.

We measured and collected the viscosity of pure and magnetized waters
using a FASCO-2050A rheology instrument. A volume of 5mL of Millipore
water with a pH value of 7–7.1 was used. The water was taken from a
beaker of 50mL of pure water at 37.5◦C and flown over the magnetic
field of 4400G which is set up in the rheological device. The viscosity
measurements are immediately recorded while water is flown over the
magnetic field in the device. The results of the changes in the viscosity and
the shear stress of the pure and magnetized waters at different strength
of magnetization are shown in Fig. 3.15, where “1” denotes the result of
pure water, “2”, “3”, “4”, “5” and “6” denote the results of magnetized
water at the magnetized times of 15, 30, 45, 60 and 75min, respectively
(the following denotations in Figs. 3.16 and 3.17 are same). From this
figure, it can be seen that the viscosities of the pure and magnetized waters
are not constant and decrease with an increase in their shear stress. It is
also noted that longer magnetization time leads to further decrease in its
viscosity. However, the viscosity does not change after the magnetization
time exceeds 60min, thereby indicating that the viscosity of the magnetized
water reaches a minimum under these conditions. Obviously, this is related
to the saturation effect of magnetized water. This phenomenon has been
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Fig. 3.15. The changes of the viscosity of pure and magnetized waters with the shear
stress at different magnetized times.

Fig. 3.16. Changes of the viscosity of pure and magnetized waters with the speed of
shear distortion at different magnetized times.
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Fig. 3.17. The changed relationship of the speed of shear distortion versus the shear
stress of pure and magnetized water.

discovered in our experiments, it represents that the magnetization of water
reaches a maximum and ceases to increase when the exposure of water
to an external magnetic field is further increased [79–83]. We found that
magnetized water has a saturation effect, which results directly in a constant
viscosity of the magnetized water under the above conditions. Figure 3.16
shows results from the changes in the viscosity of pure and magnetized
waters as the speed of shear distortion varies at different magnetization
times. This means that the viscosities of pure and magnetized waters are
not constant and decrease with increasing speeds of shear distortion, and
the longer the magnetization time of the water is, the more the decrease in
its viscosity. Figure 3.17 shows the changed relationship of the speed of shear
distortion versus the shear stress of pure and magnetized waters at different
magnetized times, which can be obtained from Figs. 3.15 and 3.16. From
this result, we see clearly that the speed of shear distortion versus shear
stress is represented by some straight lines, their obliquity rates increase
with increasing magnetized time and intensity of magnetic field, but these
straight lines including the straight line 1 of pure water do not pass through
the origin of rectangular coordinates. In accordance with the definition of
non-Newtonian fluid we can affirm that both magnetized and pure waters
are all not Newtonian fluids, but plastic fluids. Why?

Clearly, both pure and magnetized waters are not uniform, but
non-uniform fluids, which are composed of a great number of free water
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molecules, linear and ring hydrogen-bonded chains and clusters of water
molecules with different weights as described in Chapter 1. The non-
uniformity of structure results in the plastic fluid feature of both magnetized
and pure waters.

3.3.2.3. Influences of the magnetic field on the viscosity
of magnetized water

We further measured the features of change in the viscosity of magnetized
water under the influence of different magnetic fields. In Figs. 3.18 and
3.19, we show the changes in the viscosity of magnetized water at higher
and lower speeds of shear distortion with increasing magnetization times
at different magnetic field strengths of 3000 and 4000G, respectively. From
Figs. 3.18 and 3.19, it can be seen that the stronger the magnetic field, the
more would be the decrease in the viscosity of the magnetized water when
the total magnetization time is less than 45min. However, the viscosity
of magnetized water in this case is contrary to this result in the range of
magnetization times of between 45–67min, and reaches a constant value at
68min regardless of whether the magnetized water has undergone higher
or lower speeds of shear distortion [79–83]. It was also determined that
the viscosity of the magnetized water subjected to higher speeds of shear

Fig. 3.18. The changes of viscosity of magnetized water of higher speed of shear
distortion with increasing magnetized times at 3000 and 4000 G, respectively.
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Fig. 3.19. The changes of viscosity of magnetized water of lower speed of shear distortion
with increasing magnetized times for the magnetic fields of 3000 and 4000G, respectively.

distortion is larger than that exposed to lower speeds of shear distortion.
This means that the externally applied magnetic field can greatly increase
the viscosity of the magnetized water at higher speeds of shear distortion
relative to the magnetized water at lower speeds of shear distortion because
the magnetic field does not easily change the states and molecular structure
of the magnetized water under higher speeds of shear distortion than
that under lower speeds of shear distortion. These results prove that an
externally applied magnetic field can change the viscosity or other features
of pure and magnetized waters.

3.3.3. The Changes of Electromagnetic Property

of Magnetized Water with Varying Externally

Applied Field and Magnetized Times

In Refs. [67–74], we measured the changes in the electromagnetic property
of water under the action of a magnetic field using the HP4294A electric-
impedance measured instrument made in USA, where the scheme of mea-
sured device is shown in Fig. 2.6. From these measurements, we know that
the dielectric constant, resistance and electric-conductivity of magnetized
water are not constant, but change relative to those of purified water. The
values of dielectric constant, resistance and electric-conductivity as well as
their changed features with magnetized time and frequency of externally
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applied electromagnetic field are shown in Figs. 2.7–2.9, respectively. The
results obtained indicate that the electric conductivity of magnetized
water is larger than that of purified water, and increases with increasing
magnetized time and frequency of external applied electromagnetic field.
However, the dielectric constant and resistance of magnetized water are
small than those of purified water, and decrease with increasing magnetized
time and frequency of externally applied electromagnetic field. Meanwhile,
we obtain the variations of pure water exposed to static magnetic fields
of 400, 600 and 700G, with increasing magnetized time under action of
externally applied electromagnetic field using the same instrument. But we
find that their changed rules are same with the above results. Thus, we
have not listed these results.

In order to verify the correctness of the above results, we further
measured the electric conductivity of magnetized and pure water by
Keithley 4000 semiconductor instrument made in USA with the accuracy
of 10−6 Scm−1. In Fig. 3.20, we show the changes in the strength of the
electric current (Al) with increasing electric voltage (AV) in magnetized
water at varying magnetized times of 0, 10, 20, 30, 40, 50 and 60min,
where the curve of magnetizing times of 0 min denotes the values of pure
water. This figure shows that the strength of electric current or electric
conductivity of magnetized water is larger than that of pure water, and
increases with increasing magnetized time when the applied voltages are

Fig. 3.20. Changes of the electric-current strength (Al) with increasing the electric
voltage (AV) for magnetized water at the magnetized times of 0, 10, 20, 30, 40, 50 and
60 min.
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in the region of high strength of the electric current, although the changes
are small. This property of change in electric conductivity is similar with
that shown in Fig. 2.7. Therefore, we can determine that the results shown
in Figs. 2.7–2.9 are correct. From these investigations, we obtained that
the magnetic field reduced the dielectric constant and resistance of water,
and increased its electric conductivity. Meanwhile, we find that the electric
conductivity of magnetized water is increased with increasing the frequency
of externally applied electric field and magnetized time, but its dielectric
constant and resistance decrease with increasing the frequency of externally
applied electric field and magnetized time. Therefore, we can conclude that
the magnetic field really changed the electromagnetic properties of water.
We can affirm that water can be magnetized in a magnetic field where the
magnetized water has different properties relative to those of pure water.

Meanwhile, we measured further the change in the refraction index
of magnetized water at 25◦C by the Alber refraction instrument. Our
experiment shows that the refraction index of magnetized water becomes
1.3346 from 1.3336 of pure water, where the magnetized water is extracted
from a glass of 250mL of pure water at 25◦C exposed in the magnetic field
of 4400G for about 30min. Thus, we can infer that the dielectric constant
of magnetized water changes correspondingly, when compared with that of
pure water. Evidently, this is a result of enhancements of chain structure or
clustering of water molecules with the electric dipole moment of 1.8 Debye
after magnetization.

3.3.4. The Change of the Thermodynamic Feature

of Water Resulting from the Magnetic Field

In this experiment, we [66–68] first injected 502 g magnetized water into the
calorimeter, its initial temperature T1 was measured using the temperature
sensor. When the electric power was switched on the electric electrodes of
the calorimeter, we used immediately the delicate electronic watch to record
the time to heat the magnetized water in the calorimeter, while the digital
multimeter was also used to measure the sizes of the electric current I and
voltage V as well as the temperature sensor to inspect the changes in the
temperature of magnetized water.

After the heated times of t = 356.4 s, which was set by us, we switched
off the electric power and immediately recorded the final temperature of
the heated magnetized water, T2. Using these recorded data and formula:

(MC + z)(T2 − T1) = 0.24 IVt,
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we can find the specific heat of the magnetized water, C, which can be
represented by

C = (1/M)[0.24 IVt/(T2 − T1) − z],

where M is the mass of heated magnetized water, z is a parameter
related to the feature of the calorimeter. Here, we can determine that
z = 254.87J/◦C =60.88 cal/◦C. We repeat this experiment many times
to measure each datum mentioned above for acquiring the accurate value.

Meanwhile, we also measured the specific heat of purified water using
the above method. The results of specific heat of magnetized and purified
waters are shown in Table 3.1, where we also give the results of specific
heat of magnetized water obtained by dynamical and static magnetized
processes. The former is obtained from flowing water of 472 g, which flows
over a cylinder magnet with the diameter of 1.5 cm for about 10 min with
a speed of 1 cm/s, where the strength of the magnetic field of the cylinder
magnet at center is 4400G. The latter is obtained from static water of 502 g
exposed in a magnetic field of 4400G for about 30min.

Table 3.1. The specific heat of dynamically and statically magnetized water and pure
water.

C (cal/
M (g) M (g) T1 (◦C) T2 (◦C) I (A) V (V) T (s) g. ◦C)

Sample 1 765 572 18.41 23.82 1.511 18.2 525 1.001
Sample 2 868 645 18.52 23.76 1.521 17.8 575.4 1.007
Sample 3 928 705 18.26 23.34 1.721 18.1 545.3 1.046
Average 1.018

value
of C

Sample 4 725 502 18.25 23.24 1.515 18.22 356.4 0.847
Sample 5 725 502 23.42 28.17 1.513 18.29 365.4 0.892
Sample 6 725 502 28.54 33.45 1.521 18.28 375.4 0.889
Average 0.876

value
of C

Sample 7 695 472 18.25 23.35 1.539 18.21 336.4 0.807
Sample 8 695 472 23.95 27.71 1.505 18.15 340.8 0.851
Sample 9 695 472 27.95 32.78 1.51 17.98 365.9 0.842
Average 0.833

value
of C

Note: ∗Samples 1, 2 and 3, denote three purified waters with different mass; Samples 4,
5 and 6 denote three statically magnetized waters with different heating states; Samples
7, 8 and 9, denote three dynamically magnetized water with different heating states.
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We conclude from Table 3.1 that the specific heat of magnetized
water is smaller than that of pure water, but the specific heat of the
magnetized water obtained by static magnetized processes is larger than
that by dynamical magnetized processes. This is a new and interesting
result. Therefore, magnetized water has wide applications in industry and
daily life due to this property.

3.4. The Confirmation of Magnetism of Magnetized Water

3.4.1. Saturation and Memory Effects of Magnetized

Water and Its Hysteresis Curve

3.4.1.1. Changed rules for magnetic effect on water with increase
in magnetized time and magnetic field strength
as well as its saturation effect

Obviously, it is quite necessary to know the rules of variation for magnetic
effect on water with the externally applied magnetic field in such a case.
In order to study the changed rules, we have measured the changes in the
strength of infrared absorption of water in the region of 400–4000cm−1 with
increasing magnetizing time by using a 670-FT-IR spectrometer [67–72].
The experimental results are shown in Fig. 3.2, which displays clearly that
the strengths of the absorption peaks of magnetized water are greater with
increasing magnetizing time, namely the longer the time of magnetization,
the larger would be the strength of absorption. This means that the
magnetic effect on water increases with increasing magnetizing time, but
the rate of increase of strength is not a constant and decreases little by
little. When the magnetizing time is very long, in which the intensity of
the magnetic field acted on the water is sufficiently strong, the magnetized
effect reaches a maximum as shown in Fig. 3.2, after which the properties
of magnetized water are no longer changed, although the magnetizing time
still increases. Thus, maximum peaks occur in the infrared absorption
spectra at this moment. This phenomenon is referred as saturation effects
of magnetized water. In our experiment, the effect occurs after 1 h of
magnetization. This phenomenon also occurred in the region of larger
wave number of 4500–6000cm−1, in which we discovered a new peak of
5198 cm−1, but the time of saturation of the magnetized of water was
80min.

The variations in the intensity of infrared absorption of water exposed
to a magnetic field of 4400G for different durations and the corresponding
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Fig. 3.21. Changes in the infrared absorption of magnetized water in 4400–5600 cm−1

and its changes with increasing temperature.

Fig. 3.22. Saturation effect of magnetized water with increasing exposed time.

saturation effect at 5198 cm−1 are shown in Fig. 3.21. We see from this figure
that the increasing rate of strength decreases gradually with increasing
magnetizing time and the saturation of the magnetic water occurs at 80min,
which is exhibited in Fig. 3.22. These data in Figs. 3.2, 3.21 and 3.22 are
obtained by using the ATR full reflective method in Nicolet Nexus 670-FT-
IR spectrometer [67–70].

On the other hand, the magnetized effect of water depends also on
the strengths of the externally applied magnetic field. In general, the
stronger the magnetic field, the larger would be the magnetized effect.
The changes in the strength of infrared absorption of magnetized water
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Fig. 3.23. Changes in the strength of infrared absorption with magnetic field at different
times.

Fig. 3.24. Strength change of infrared absorption with magnetized times at different
magnetic fields.

with increasing magnetic field at different durations of 30 and 60min for
the peak of 5198 cm−1 are shown in Fig. 3.23. This figure shows that the
strength of infrared absorption or magnetized effect of water increases with
increasing the strengths of the magnetic field, but they are not a linear
rule of change. In Fig. 3.24, we also show the quantitative relations of
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change in the strength of infrared absorption with increasing magnetizing
time at different magnetic fields of 600, 2000 and 3000G for the 5198 cm−1,
respectively. These data show that the strength of infrared absorption of
magnetized water or magnetized effect of water increase with increasing
the strengths of the magnetic field. In this case, the saturation effect of
magnetized water can also occur for different magnetic fields, but their time
lines are different and shortened with increasing magnetic field — they are
about 110, 100 and 90min for 600, 2000 and 3000G, respectively. This
saturation effect also indicates that the value of the magnetized element
or “molecular electric current” with magnetism [67–74] is finite and does
not change with increases in the magnetic field, suggesting this to be an
intrinsic feature of water. This is an interesting result. It indicates clearly
that there are indeed a lot of structural elements of molecules which can
be magnetized in water. When an external magnetic field is applied on
water, these structural elements become some small magnets or “molecular
electric currents” with magnetism, thus water is magnetized. This is a main
experimental foundation of the theory of magnetization of water proposed
by Pang [67–74]. Therefore, this effect is helpful to understand the essence
and mechanism of magnetization of water.

3.4.1.2. Changes in the feature of magnetized water with decreasing
magnetic field and its memory effect

The above results show that the magnetized effect of water increases with
increasing the strengths of the magnetic field or the magnetizing time.
In general, the stronger the magnetic field is, the larger would be the
magnetized effect. However, once the externally applied magnetic field
is removed from the magnetized water, we find experimentally that the
magnetized effect does not disappear immediately, but can sustain for a
long period of time, its intensity of infrared absorption decreases gradually
with increasing time and finally becomes same as that of pure water after
a certain time. This phenomenon is called the memory effect of magnetized
water. We recorded changes in the infrared absorption spectra of saturation
of the magnetized water at 25◦C with increasing time after the externally
applied field was removed. For the magnetic field of 600G, we found that
the magnetized effect was maintained for about 35min before returning
to baseline values or datum of strengths of pure water. This means that
the memory time of the magnetized water is 35min. This result is shown in
Fig. 3.25. In this figure, we also show corresponding results for the magnetic
fields of 2000, 3000 and 4400G, respectively. From these results, we know
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Fig. 3.25. Changes in the strength of infrared absorption of magnetized water after the
magnetic field is removed.

that their memory times are different for 45, 58 and 60min, respectively.
Therefore, the memory times of magnetized water increases with increasing
magnetic field. The “memory effect” indicates that there are magnetic
interactions among the “molecular electric current” elements, which results
in the magnetization of water. Just so, the time of magnetized water to
become as pure water is postponed. Evidently, different magnetized waters
generated by different magnetic fields have different memory times due to
different intensities of interaction among these “molecular electric current”
elements [67–74].

In practice, all magnetized waters have a saturation and memory
effect, the distinctions among them are only the differences of times of
saturation and memory, the time depends not only upon the amount and
temperature of magnetized water but also the strength of the magnetic
field and magnetizing time. Therefore, the saturation and memory effects
are an elementary nature of magnetized water but also support further the
mechanism and theory of magnetization of water proposed by Pang [67–74].

3.4.1.3. Hysteresis curve of magnetized water

From the above results shown in Figs. 3.21–3.25, we can gain the hysteresis
curves of magnetization for varying strengths of magnetized effect versus
the magnetic field, which are shown in Fig. 3.26 for the external magnetic
field of 600, 2000 and 4400G, respectively, and are obtained through the
changes in the magnetized effects of water after increasing and decreasing
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(a)

(b)

(c)

Fig. 3.26. The hysteresis curve of magnetization for the strength of magnetized effect
versus the magnetic field for different magnetic fields of (a) 600, (b) 2000 and (c) 4400 G,
respectively.
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the strengths of magnetic fields for 100mL of water. From these figures, we
see clearly that the curve depicting the magnetized effect of water in the
process of increasing magnetized time is different from that in the process
of increasing demagnetized time from the saturation state. Therefore, these
are the hysteresis phenomena in magnetized water. The curves in Fig. 3.26
represent just the property [67–74]. Meanwhile, we see from Fig. 3.26 that
the hysteresis curve of magnetization is different for the magnetic water
with different weights and magnetized times. We know from magnetism
that the hysteresis curve of magnetization occurs only in a magnet and is
a basic feature caused by the magnetic domains or some small magnetic
units existing in the magnet. According to this theory, we can affirm and
determine that the magnetized water truly possesses certain magnetism
and plenty of small magnetized units or groups, which are formed by many
water molecules, such as ring hydrogen-bonded chains and clusters, under
action of the magnetic field.

3.4.2. Feature of Interaction of Magnetized Water

with Magnetic Nano-Materials

In Refs. [67–74], we also gathered the diffraction spectrum of X-ray
of purified and magnetized water of 10mL at 25◦C by XD-2 X-ray
diffractometer with Cu target (made by Chinese Beijing General Co.),
which has tube voltage of 40 kV, tube electric current of 30mA and scan
step length of 0.02◦, respectively. In the experiment, the purified water of
10mL with the above properties, which is obtained from the Simplicity
185 Water System (Millipore) and magnetized water with 10mL, is taken
from a beaker of 250mL of pure water at 25◦C exposed in the magnetic
field of 4400G for 40min. After this, they are injected into the X-ray
diffraction instrument to inspect their properties. The result is shown in
Fig. 3.27, which indicates that the intensity of the X-ray diffraction of
magnetized water is larger than the pure water, the diffraction intensity
of the highest peak in the magnetized water increases to 42872 cps from
39417cps in the pure water. Thus, the features of X-ray diffraction of water
are changed under the action of the magnetic field. This shows that the
atomic structure of molecules or polarization of atoms and enhancement
of transition probability of electrons in internal layers of atoms do vary
after magnetization, when compared with those of pure water. At the same
time, we measured the feature of interaction of magnetized water with
magnetic matter in a similar way. In this experiment, we simultaneously
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Fig. 3.27. Diffraction spectra of X-ray for pure and magnetized waters.

Fig. 3.28. The change of spectra of X-ray diffraction for magnetized water plus
nanometer Fe3O4 and pure water plus nanometer Fe3O4.

add 2 mg of magnetized nano-Fe3O4 into 20mL of magnetized and pure
water, respectively, and collect the diffraction spectra of X-ray from nano-
Fe3O4 plus magnetized water and nano-Fe3O4 plus pure water. Figure 3.28
shows the result, which indicates that the X-ray diffraction spectrum for
nanometer Fe3O4 plus magnetized water underwent a red-shift about 2◦

relative to that of nanometer Fe3O4 plus pure water. This clearly represents
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the existence of the magnetic interaction and the combination between the
nanometer Fe3O4 and magnetized water. This means that the magnetized
water has a certain magnetism, although this effect is weak because the
magnetisms of nanometer Fe3O4 and magnetized water are all very weak,
which results in only small red-shifts of 2◦ in X-ray diffraction spectrum.
But the nano-Fe3O4 cannot interact with pure water hence its X-ray
diffraction spectrum does not vary. We have proved experimentally here
that magnetized water has magnetism. Its weaker magnetism is due to small
number of the protons and water molecules responsible for this conductivity
in the closed hydrogen-bonded chains, which are only a portion of the
protons and water molecules in water. This lends further support to the
hypothesis that there are closed hydrogen-bonded chains in water.

3.4.3. Levitation of Magnetized Water in a Magnetic Field

and Its Magnetism

Here, we produce a strong magnetic field with a set of superconductive
devices that we have designed, to levitate magnetized water droplets.
Thus, we solve the longstanding problems with water magnetization and
magnetism and discuss new theories based on our experimental results.
Therefore, our investigation is important for promoting the development of
magnetized water, water science and physics.

3.4.3.1. Levitation of magnetized water and its properties

Figure 3.29 shows the device we designed and used for generating a strong
magnetic field, JMTA-16T50MF, in which the strong magnetic field is
produced by superconductive coils with an alternating current (ac) of
285.2A. The coils in this device are composed of main and secondary coils,
which are made of superconductive Nb3Zn and NbTi alloys, respectively.
In the two coils, the wound directions of the superconductive lines are
opposite to each other, but they are alternately arranged in this device
as shown in Fig. 3.30(a). These coils are together placed into the tank of
liquid helium with a temperature of 4 K after preparation. Figure 3.30(b)
shows the strength of the magnetic field generated by the superconductive
coils. Its strength is alternately distributed. The maximum is 16.1T, which
occurs at the center of the superconductive magnet, but the strengths of
the magnetic field at its two sides are 12.12 and 12.5T, respectively. Hence,
the magnetic field strength in the device has a gradient distribution, and the
product of the strength of the magnetic field, which is denoted as H , and
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Fig. 3.29. The structure of JMTA-16T50MF.

Fig. 3.30. (a) The arranged sequence of superconductive coils of Nb3Zn and NbTi
alloy, (b) the distribution of strength of the superconductive magnetized-field and (c)
the distribution of product of the magnetic field strength and its gradient, H∂H/∂z.

its gradient, H∂H/∂z, changes when the position is varied. Its maximum
is about 1312T2/cm. Therefore, the distribution of H∂H/∂z in the device
resembles a sine curve in the vertical direction as shown in Fig. 3.30(c).

The injector and hollow needle tube of diameter of 1 mm, which are
used to inject water, are placed into the sample tube, which is made of
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organic glass and is a hollow cylindrical tube of 50 cm length and 35 cm
diameter. The hollow needle tube is made of stainless steel, and its tip
stretches the center of the sample tube or superconductive coils at a height
of 30 cm from the bottom of the tube.

In the experiment, the sample tube containing the injector and hollow
needle tube, in which the magnetized water is initially placed, is put into
the superconductive magnet. When the electric current is switched on,
a strong magnetic field generated by these superconductive coils occurs
in the sample tube and the magnetized water is immediately exposed
to the strongly superconductive magnetic field. At the same time, the
magnetized water flows slowly to the tip of the needle to form a small
water droplet, and its volume gradually increases over time. When the
weight of the water droplet reaches 0.170 g, it drops immediately down to
the space of the sample tube from the tip because of its weight. However,
the magnetized water droplet does not fall immediately to the bottom
of the sample tube, but rather levitates in the space because of the balance
between the attractive force from the interaction of the superconductive
magnetic field with the magnetized water droplet and weight of the water
droplet. Thus, the levitated state of the small magnetized water droplet
appears. In this case the strength of the magnetized field, which acts on
the magnetized water droplet, is about 12.5T. We believe this is first time
that the levitation of magnetized water has been achieved experimentally,
hence it is quite interesting. The 50mL of magnetized water we used here
was extracted from ultra-pure water (or deionized water) and exposed to a
magnetic field of 0.4167T for about 30min, the pH of the pure water was
7.15, and its resistance was 713MΩ. There were no metal impurities.

A camera was used to record the states of motion of the levitated
water droplet. It was installed at the top of the sample tube to face
downward (notice, the camera cannot be placed horizontally because the
water droplet easily adheres to the camera’s surface and perturbs its
recording). Figure 3.31 shows the levitated states of the magnetized water
at two different positions. We clearly see that the magnetized water droplet
is really levitated at a height of 293.7mm and moves reciprocally back
and forth around its equilibrium position at this height in the sample tube.
However, the levitated water droplet finally comes stably to rest at a height
of 293.7mm near the needle tip after 2.5min.

We also observed the collision of two magnetized water droplets in the
sample tube. In this experiment, we first magnetized a water droplet in
the sample tube and then generated a second magnetized water droplet
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Fig. 3.31. Levitated states of a magnetized water droplet at different times in a strong
magnetic field: (a) the result at 0.7min and (b) the result at 1.5min.

after 25 s in accordance with the above methods. Once the second water
droplet dropped down to the sample tube from the needle tip, the two
magnetized water droplets immediately collided with each other, but they
were separated after the collision. The two magnetized water droplets
collided and separated many times, but eventually combined to form a
great water droplet. Figures 3.32(a), 3.32(b) and 3.32(c) display the states
of motion of the two water droplets at three different positions. Their
combined state is shown in Fig. 3.32(d), where the larger water droplet
is stably levitated finally around the tip of the needle. The moved states of
the magnetized water droplets clearly show that they can be levitated in a
strong magnetic field.

When the magnetized water is replaced with ultra-pure water (or
deionized water) the above phenomena can also be observed in the strong
superconductive magnetic field. Figure 3.33 shows the levitated state of the
pure water droplet, where its weight is 0.160 g. Clearly, the pure water was
also magnetized in this case; thus it also levitated in the strong magnetic
field. Meanwhile, we also observed the collision and separation of two pure
water droplets, which is shown in Fig. 3.34. This is another confirmation
that water can be magnetized.

3.4.3.2. Discussion of experimental results and the mechanism
of magnetized water

The above results demonstrate clearly that both magnetized and pure water
droplets can be levitated in a strong magnetic field, and that the magnetized
water possesses magnetism. Obviously, the levitated states of magnetized
and pure water droplets are different from the levitation of diamagnetic
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Fig. 3.32. Moved states of two levitated magnetized-water droplets in the strong
magnetic field: (a) the collision state, (b) the reparation state, (c) the combined state
and, (d) one droplet combined by two droplets.

Fig. 3.33. The suspense of pure water droplet.

objects, such as a frog, in Berry and Geim’s experiments [84, 85]. In the
latter, the diamagnetic objects were levitated up the magnet through the
magnetic-repulsion interaction between them. In contrast, the magnetized
water was levitated underneath the magnet, i.e., in the area of the magnetic
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Fig. 3.34. Moved states of two levitated pure water droplets in the strong magnetic
field: (a) the collision state and (b) the separation state.

field in our experiment. Therefore, the mechanism and levitation states of
magnetized water are completely different from those in Berry and Geim’s
experiments [84, 85]. This is obviously due to the balance between the
attractive magnetic force arising from the interaction of the superconductive
magnetic field with the magnetized water droplet and the weight of the
droplet. The magnetism of the magnetized water droplet is produced by
the strongly superconductive magnetic field. In this case the magnetic
force, which acts on the magnetized water droplet, is represented [86–88]
by fm = mµwB(∂B/∂z), where B = H + 4πM = (1 + 4πχw)H = µwH is
the magnetic induction of the magnetized water droplet, M is its magnetic
polarization arising from the superconductive magnetic field, and m, χw

and µw = 1 + 4πχw are the mass, magnetic susceptibility and magnetic
permeability of the magnetized water droplet, respectively. Therefore, the
physical quantities, B, M , χw and µw represent just the magnetization
features of the water droplet. Just so, these water droplets with certain
masses do not fall to the bottom of the sample tube, but levitate in the
strong magnetic field because of the balance between the weight (downward)
and magnetic attraction (upward) of the water droplet, which is denoted
by fm = mµwB(∂B/∂z) = mg, where g is the acceleration of gravity.

This is the mechanism of levitation of magnetized water in our
experiment which verifies that water can be magnetized under the action
of a magnetic field, and that the magnetized water possesses magnetism.

We now discuss the experimental results in Figs. 3.31–3.34 by using this
mechanism. Because the magnetic field generated by the superconducting
magnet in the device alternates, the magnetic force acting on the water
droplets, which is directly proportional to the product of the magnetic
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field strength and its gradient as mentioned above, also alternately varies
as shown in Fig. 3.30(c). Thus, we observe that the water droplet moves
reciprocally back and forth around its equilibrium position as shown
in Figs. 3.31 and 3.33. In the reciprocal movement, the energy of the
water droplet dissipates in overcoming the air resistance, then its velocity
decreases over time. Finally, the water droplet is stably levitated in a fixed
equilibrium position as shown in Figs. 3.31 and 3.33.

On the other hand, the alternating collision and separation of two
magnetized water droplets shown in Figs. 3.32 and 3.34 under action
of the strong magnetic field is due to the synthetic interactions of the
weight, inertia of the water droplet, magnetic attraction between the
water droplet and superconductive magnet as well as magnetic interaction
between the two magnetized water droplets. The inertia of water droplets
and the magnetic attraction between them play an important role in these
alternating motions. Clearly, the two water droplets must still overcome
air resistance in these motions which would result in a gradual decrease in
their kinetic energies and velocities. Thus, the two water droplets combine
to form a large water droplet, which finally stops at its equilibrium position
as shown in Figs. 3.32 and 3.34. Therefore, by using the new mechanism
and theory mentioned above, we can explain very well the motion of
the water droplets which levitate in a strong magnetic field as shown in
Figs. 3.31–3.34.

These states of levitation of magnetized water and characteristics of
motion have not been observed in the experiments and investigations of
Berry and Geim [84] and Geim [85], Beaugnon and Tournier [86], Jones [87],
and Weilert et al. [88]. This is due to the differences in mechanism of
levitation of materials as mentioned above. As a matter of fact, Jones [87]
only theoretically studied the conditions needed for magnetic levitation
of a magnetizable conducting sphere involving frequency, conductivity,
and relative permeability. He interpreted the conditions in light of the
response of magnetic dipoles to curl-free non-uniform magnetic fields.
Weilert et al. [88] discussed magnetic levitation of drops of liquid helium-4 as
large as 2 cm in diameter. From this experiment, they found that when two
or more drops levitated in the same magnetic trap, the drops often remained
in a state of apparent contact without coalescing. They attributed this effect
to the slow evaporation of liquid from the drops. Berry and Geim [84, 85]
concluded that when this repulsion between diamagnetic objects, such as
frog, could balance gravity, the objects levitated in this way could be held
in stable equilibrium. This would apparently violate Earnshaw’s theorem in
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which the frog, which was placed up the magnet [89], was levitated by means
of the diamagnetic repulsion force between the frog and magnet. Therefore,
their materials, patterns, forms and methods of levitation of objects are all
different from those of our experiment. Thus, their mechanisms and theories
are different from ours, and we cannot assess or evaluate the results for
magnetized water obtained here using their mechanism or theories.

In this study, we clearly demonstrated that both magnetized and
pure water can levitate in a strong magnetic field, that magnetized water
droplets move back and forth around their equilibrium position, and that
two levitated water droplets in the magnetic field alternately collide and
separate. These phenomena and effects, which have not been observed
yet, are due to the synthetic interactions of the weight and inertia of
the water droplet, the magnetic attraction between the water droplet and
superconductive magnet as well as the magnetic interaction between the
two magnetized water droplets. These results further show that water
can be magnetized in a magnetic field and that magnetized water has
magnetism. Thus, the questions and dispute about magnetization of water
and its magnetism are solved. This will help theoretical investigation of
magnetization of water and its wide applications in industry, agriculture
and medicine.

3.4.4. Measurement of Magnetized Strength of Magnetic Water

Here, we state the result of the size of magnetization strength of water,
which was obtained by Mohri et al. [90], who measured the magnetization
strength for the water of 100mL under action of 6Hz and 10µT magnetic
field using an extremely sensitive PT-MI sensor having one pico-Tesla
resolution, which is aboutM = 2.3 pT. The PT-MI sensor is an ac magnetic
sensor, which was constructed based on the amorphous wire and CMOS IC
magnetic-impedance sensor (MI sensor) by suppressing both the magnetic
noises in the sensor head using an amorphous wire and the electronic circuit
noises, and introducing the notch filters and a dc negative feedback cir-
cuitry. A tension annealed zero-magnetostrictive FeCoSiB amorphous wire
of 30µm diameter and 10mm length with coil windings of 600 and 200 turns
was used as the sensor head. The frequency response of the PT-MI sensor
was set as 0.5–15Hz. They established a measured system for magnetization
strength of water at room temperature using the PT-MI sensor without any
magnetic shielding box. A 100mL water set in a plastic bottle of 60mm
diameter and 100mm height was hung with a pair of 20mm long strings and
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oscillated as a pendulum with around 1.5Hz in a vertical plane of 50mm
apart from the sensor head. Only ac magnetized water samples showed clear
oscillatory double frequency (around 3 Hz) waveform for sample pendulum
oscillation (around 1.5Hz). That is, water (purified water and tap water
or public distributing water) was magnetized along the geomagnetic-field
after application of 6 Hz and 10µT pulse magnetic field with few hours in
the room temperature. Water was also magnetized by application of pulse
magnetic field with frequencies of 1–60Hz and 1–100µT through 10min
to 20h. No magnetization was detected for water of as-prepared and dc
magnetic field was applied using magnets such as NdFeB through few hours.
The magnetic moment of the magnetized water center in the geomagnetic
field was estimated. Finally, Mohri et al. [90] obtained the magnetization
strength of magnetized water at about 2.3 pT. The magnetized effect of
water was very small and could not be measured by traditional methods
and instruments, such as magnetometer and Gaussmeter.

In summary, in this section, we used four methods and results, which
contain the determination of the hysteresis curve of magnetization for the
strength of magnetized effect versus the magnetic field by the infrared
spectrum of absorption, the existence of interaction between magnetized
water and magnetic nanomaterial by X-ray diffraction spectrum, features
of levitations of magnetized and pure water droplets in the strong mag-
netic field and measurement of magnetism by PT-MI magnetic-sensor,
to verify the real existence of magnetism of magnetized water and to
derive its size of magnetization strength. These results display and affirm
sufficiently that magnetized water possesses certain magnetism. Thus,
the concept of magnetization of water is correct. Therefore, we can say
rightfully that magnetization of water is a real science, instead of a
“pseudoscience”.

3.5. Exploration of Mechanism of Magnetization of Water

From the above experimental studies, we observe that the microscopic struc-
tures and macroscopic properties of water are changed after magnetization.
From these changes, we obtain the following conclusions. (a) Water can be
magnetized in a magnetic field. Magnetized water has certain magnetism.
Several properties of water such as electromagnetism, optics and mechanics,
are changed. (b) Many new and unusual phenomena and properties of
magnetized water are discovered, for example, the occurrences of six peaks
in the range of 3000–3800cm−1 and of a new peak at 9467 cm−1 in the
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range of 9100–10000cm−1 at 25◦C and the peaks at 9150, 9350, 9440,
9450 and 9500 cm−1 as well as the strange irreversible effect of infrared
absorption in the increasing and decreasing processes of temperature in
the ranges of 50–90◦C and 8000–10000cm−1 in the infrared absorption;
great increases in strengths in the range of 20–1900cm−1 and the existence
of frequency-shift of peaks and a new peak of 7900 cm−1 in the range of
7000–9000cm−1 in Raman spectra, and so on. These unusual results show
that water has a complicated structure of molecules, in which there are
some clusters and different kinds of hydrogen-bonded chains of molecules
as shown in Chapter 1, which are just the magnetic elements acted by the
magnetic field, except for the free molecules of H2O. (c) The magnetized
effect of water is enhanced with increasing magnetizing time or intensity of
magnetic field. (d) The molecular constitution and hydrogen bonds among
the molecules in water have not changed, but the polarized property and
transition dipole moment of molecules can be enhanced by a magnetic field.
(e) The viscosities of magnetized water are not constant, and decrease by
an increase in their shear stress and speed of shear distortion. Meanwhile,
viscosity of magnetized water increases also with decreasing intensity of
magnetic field and magnetized time. Thus, we infer from rheology theory
that magnetized water is not an ideal Newtonian fluid and has some features
of non-Newtonian fluid. This is due to the existence of a great number of
the molecular groups and hydrogen-bonded chains in water, which result
in the above changes of flowing features and magnetization of water under
action of a magnetic field. These molecular groups and hydrogen-bonded
chains are just magnetic elements mentioned above and their variations
of states with increasing magnetic field result in changes in viscosity of
magnetized water in Figs. 3.18 and 3.19. (f) The magnetic field increases the
refraction index and electric conductivity of water. Clearly, the macroscopic
properties of magnetized water are due to variations in the microscopic
structures of water, for example, the distribution of molecules and electrons,
displacements and polarization of molecules and atoms, dipole moment of
transition and vibrational states of molecules as mentioned above, under the
action of a magnetic field. Obviously, these results are helpful to understand
the properties of structure of water molecules and to reveal the mechanism
of magnetized water.

How could water be magnetized in a magnetic field? Or in other
words, what is the mechanism for magnetization of water on earth?
This problem has been not answered and solved as yet. Very clearly,
magnetization of water cannot be explained by diamagnetism of water
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molecules even though it is being investigated for over 100 years now
along with presentation of many ideas and viewpoints [75, 82, 91−100].
For example, Ke LaXin’s resonant model [91], Zhou Runliang et al.’s [101]
models of destruction of hydrogen bonds and Li Benyuan’s [102] physical–
chemistry reaction of water molecules with ion, Bingi’s [103] idea of current
states of protons in water, etc. In the resonant model, Ke LaXin thought [91]
that the magnetization of water is caused by a resonant effect of vibrations
among the components, including the molecules and hydrates, chelate and
impurities, under the action of externally applied magnetic field with an
appropriate frequency, in which the hydrogen bonds distort, so that the
structures of water molecules and their features change. Jiang Yijian et al.
[75] thought that the water molecules form some ionic hydrations with
other ions in water, thus the distribution, polarization and dynamic features
of molecules are changed; the externally applied magnetic field destroys
the structure and distribution of these ionic hydrations, and hydrogen
bond among the molecules via a Lorenz force, thus resulting in their
re-arrangements in the magnetization of water.

However, no single theory can explain completely the magnetization of
water up to now. The above models are only qualitative and some linear
theories which cannot reveal the real properties of magnetized water and
cannot elucidate the essence of water. Thus, the mechanism and theory of
magnetization of water is still an open question up to now. Magnetized
water is used extensively in agriculture, industry, medicine and everyday
life. Therefore, it is necessary to investigate deeply this problem using newer
ideas, methods and theories.

So far as the essence and mechanism of magnetization of water is
concerned, it is a non-linear problem. It is closely related with collective
motion and excitation of a great number of water molecules. In this case,
we must study deeply the essential features of water molecules, their
polarized nature having the electrical dipolar moment of 1.84 Debyes and
their configuration and conformation of water molecule arising from this
polarization, for instance [82, 95], the linear and ring hydrogen-bonded
chains as well as the cage clusters of water molecules as described in
Chapter 1. In this study, we must incorporate the above properties of
magnetized water obtained from the experiments. Only when these aspects
are studied seriously and completely, we would be able to achieve the essence
and mechanism of magnetization of water.

On the other hand, from the magnetic theory in physics, we know
that a matter could be magnetized only when there are many “molecular
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currents” or “small magnets” in it. What are the “molecular currents”
in water? How are they formed? Whether they are just the molecular
groups of chains or magnetic elements mentioned above? If only “the
molecular groups” and “molecular currents” are sought, we can solve the
mechanism of magnetization of water. We must consider the proton or
hydrogen ion transfer and movement, instead of electron movement, in
these ring hydrogen-bonded chains and cage clusters of water molecules
because these protons can be transferred along these hydrogen-bonded
chains according to the theory of proton transfer in ice crystal and other
hydrogen-bonded system. However, the electrons in water molecules are
very difficult to move and transfer [73, 74, 104, 105]. Therefore, we attend
to the proton’s movement and transfer in the hydrogen-bonded chains and
reveal the mechanism of magnetization of water. However, the molecules in
water do not have fixed positions of equilibrium, thus it is very difficult to
establish a theoretical model. We focus our attention on ice crystals because
water is formed from ice through first-order phase-transition at 0◦C. The
lattice of ice is fixed and in order, thus we can build the theoretical model
of charge transfer in it. We will first establish a theoretical model of proton
transfer in the hydrogen-bonded systems of water molecules in ice crystal.
Subsequently, we will generalize it to liquid water to establish the theory
of magnetization of water in the following sections.

3.6. The Mechanism and Theory of Proton Transfer in Ice
and Its Experimental Confirmation

3.6.1. The Mechanism and Theory of Proton Transfer in Ice

As is known, the lattice of ice crystal consists of water molecules, each
molecule contains two hydrogen atoms and one oxygen atom with high-
electronegativity, in which the distribution of two hydrogen atoms relative
to the oxygen atom are not symmetric, but there is an angle between the OH
bonds which is approximately equal to 105◦ in free molecule. When a great
number of water molecules construct the ice below 0◦C, the angle becomes
the “tetrahedral” value of 109◦. Thus each water molecule is polarized, has a
large electrical dipolar moment of 1.84 Debyes (but the dipole moment of an
OH is only 1.5 Debyes) [82, 95]. This is a genetic and distinct feature of water
molecules which can be verified by a few experiments. Therefore, hydrogen
bonds between neighboring molecules occur in ice, i.e., the hydrogen atom
associated with one oxygen atom in a covalent bond (short bond) with
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0.111nm in one molecule incorporates with another in another molecule
in a weak long-bond with about 0.165nm. The hydrogen-bond energy is
about 0.21 eV, which is roughly equal to a 20th of energy of covalent bond
OH. In this way relatively stable dimers, for example, dimer (H2O)2 shown
in Fig. 1.1 in Chapter 1, and other polymeric complexes are obtained
according to this rule. The composition and structure of intermolecular
complexes depend on the temperature of the systems. Therefore, ice crystal
is a typically hydrogen-bonded system. In the case of normal pressure and
temperature lower than zero degrees centigrade the water molecules are
most ordered. On an average, each molecule has four neighbors in ice.
It is a crystalline state with hexagonal structure in ice Ih. A unit cell
is made up of four water molecules. Four oxygen atoms at the corners
of regular tetrahedron surround a central oxygen atom at a distance of
0.276nm [82, 95] (It is less than the sum of van der Waals’s radii of oxygen
atoms equal to 0.306nm). The structure of ice reminds one of structure
of diamond, but in diamond there are covalent chemical forces which act
between the carbon atoms. The diamond crystal is a large molecule, but
the ice crystals belong to the class of molecular crystals. Thus, there is a
series of hydrogen-bonded network since the number of nearest molecules
to each molecule (coordination number) is only equal to four in ice crystal.
Therefore, the ice crystal is a typical hydrogen-bonded system.

In ice one unusually considers one-dimensional chains, the so-called
Bernal–Fowler filaments [106–120]. In the normal state, two arrange-
ments of the type OH H. . . .OH H. . . .OH H. . . .OH H and the type
H OH. . . .H OH. . . .H OH. . . .H OH have the same energy. Therefore,
the potential energy of the proton should have the form of non-linear
double-well with two minima corresponding to its two equilibrium positions
as shown in Fig. 3.35. The barrier of the double-well potential has, in
general, the order of the binding energy of the covalent bond H O which
is approximately 20 times larger than that in a hydrogen bond. Thus, the
ice crystal is a non-linear system. Experimental observations found that
ice crystal exhibits considerable electric conductivity, along the chains it
is about 103–104 times larger than that in perpendicular direction, even
though electron transfer through the systems is hardly supported [110–121].
Obviously, this is related with proton transfer in the hydrogen-bonded
systems [20–40]. Therefore, it is very important to know the mechanism and
properties of the proton transfer in the system. We infer from Fig. 3.35 that
when the system is perturbed by an externally applied field, the states and
positions of the protons in the double wells are changed. They can migrate
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Fig. 3.35. The potential curve in hydrogen-bonded system of water molecule.

to one water from another to form an ionic defect, hydroxonium, H3O+,
and another water molecule is dissociated by losing one of its protons to its
neighbors, forming another ionic defect, hydroxyl, OH− where each proton
(H+) can be transferred inside the H OH. . . .H bridge inter-changing role of
the covalent ( ) and hydrogen (. . . .) bonds with the oxygen atom. However,
when the protons approach the ends of finite chains from one place in the
form of ionic defect, the process of proton transfer cannot be continuous, if a
re-orientation of OH groups or a Bjerrum defect does not occur. Therefore,
the proton transfer can be only carried out by a combination motion of the
ionic and bonded defects in the hydrogen-bonded system.

According to the above features of structure of the water molecule and
the non-linear property of the proton transfer in the ice, the non-linear
soliton model of the proton transfer can be naturally borne, which was first
proposed by Antonchenko, Davydov and Zolotaryuk (ADZ model) in 1980s
[122–125] in ice. In this model, an ionic defect appears as a kink or solitary
wave in the proton sublattice which propagates together with a localized
deformation of the relative distance between neighboring oxygen atoms.
Therefore, the soliton is only determined by the double-well potential, the
coupling interaction between the proton and OH group provides only one
mechanism to reduce the height of the barrier of the double-well potential
which the protons have to overcome to pass from one molecule to another.
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However, this model can only explain the motion of an ionic defect, not
the motion of a bonded defect in the systems [126–152]. Meanwhile, these
models are also very difficult to solve, so no exact analytical solution can
be given. If realistic values for the systems are considered, the continuum
approximation fails due to the narrowing of the domains of validity of the
solutions with respect to the lattice spacing. This is the case in ice in which
the H3O+ and OH− ions become almost point defects [126–167].

We proposed a new two-component model [151–167] to study the
properties of the proton transfer in the hydrogen-bonded systems. The
Hamiltonian in this model includes not only the change of the relative
positions of neighboring oxygen atoms, arising from the motion of the
proton, but also the resonant or dipole–dipole interaction between neigh-
boring protons and the change of relative positions of neighboring oxygen
atoms, arising from this interaction. In this model, the motion of the proton
is determined by competition of the double-well potential and the non-
linear coupling interaction between the proton and oxygen atoms. The
motion of a proton between a pair of oxygen atoms crossed over the
barrier of the double-well potential, which causes ionic defects to occur,
is mainly determined by the double-well potential, the coupling interaction
only reduces the height of the barrier which the proton has to overcome.
However, when the proton approaches the neighboring oxygen atom, the
coupling interaction is greatly enhanced and can be so much larger than the
double-well potential that the proton can shift over the barrier in interbonds
at the oxygen atom from one side to another by this interaction in terms of
quasi-self-trapping mechanism. Thus, bonded defect occurs in such a case.
Therefore, the above model can explain completely the proton transfer in
hydrogen-bonded systems. However, this model works only in the classical
case. In the following, we generalize it to the quantum case to study the
mobility and conductivity of the protons in ice for exposing the mechanism
of magnetization of water because the proton is a quantum.

The one-dimensional model with two components used in our model
and the corresponding double-well potential of the proton represented by
U(rn) = U0[1 − (rn/r0)2]2 are shown in Fig. 3.36. According to Refs.
[151–167], the Hamiltonian of the systems can be expressed when we further
consider the elastic interaction caused by the covalent interaction and
the coupled interaction between protons and oxygen atoms, the resonant
or dipole–dipole interaction between neighboring protons, the changes in
the relative positions of neighboring oxygen atoms resulting from this
interaction, as well as the harmonic model with acoustic vibrations of low
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Fig. 3.36. The one-dimensional lattice model of the double-well potential in the
hydrogen-bonded systems.

frequency for the oxygen atomic sublattice, which is denoted by.

H = Hp +Hion +Hint

=
∑

n


 1

2m
p2

n +
1
2
mω2

0r
2
n − 1

2
mω2

1rnrn+1 + U0

[
1 −

(
rn
r0

)2
]2



+
∑
n

[
1

2M
P 2

n +
1
2
β(Rn −Rn−1)2

]

+
∑
n

[χ1m(Rn+1 −Rn)r2n +mχ2(Rn+1 −Rn)rnrn+1], (3.1)

where the proton displacements and momentum are rn and pn = mṙn,
respectively, the first being the displacement of the hydrogen atom from
the middle of the bond between the nth and the (n+1)th oxygen atoms in
the static case. r0 is the distance between the central maximum and one of
the minima of the double-well, U0 is the height of the barrier of the double-
well potential. Similarly, Rn and Pn =MṘn are the displacement of the
oxygen atom from its equilibrium position and its conjugate momentum,
respectively. χ1 = ∂ω2

0/∂Rn and χ2 = ∂ω2
1/∂Rn are coupling constants

between the protonic and the oxygen atomic sublattice which represent the
changes of the energy of vibration of the protons and of the dipole–dipole
energy between neighboring protons due to a unit extension of the oxygen
atomic lattice, respectively. mω2

1rnrn+1/2 shows the correlation interaction
between neighboring protons caused by the dipole–dipole interactions. ω0
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and ω1 are diagonal and non-diagonal elements of the dynamic matrix of
the proton, respectively. ω0 is also the Einstein resonant frequency of the
protonic sublattice. β is the elastic constant of the oxygen atomic sublattice.
m and M are the masses of the proton and oxygen atom, respectively.
C0 = R0(β/M)1/2 is the velocity of sound in the oxygen atomic sublattice,
and R0 is the lattice constant. r0, Rn, rn and U0 are shown in Fig. 3.36.
The part HP of H is the Hamiltonian of the protonic sublattice with an
on-site double-well potential U(rn), Hion being the Hamiltonian of the
oxygen atomic sublattice with low-frequency harmonic vibration and Hint

is the interaction Hamiltonian between the protonic and oxygen atomic
sublattices. Therefore, each term in Eq. (3.1) has a clear physical meaning.
This model is significantly different from the ADZ model [122] and the
Pnevmatikos et al.’s models [135, 143, 144], although it is also a coupled
model of two oscillators (proton and oxygen atom), due to the following
reasons. (a) So far as the state and motion of the oxygen atom in our model
is concerned, it is only a harmonic oscillator with low-frequency acoustic-
vibration due to its large mass. However, the oxygen atom has both acoustic
and optical vibrations in the ADZ model. The physical idea, which is rather
vague, is that the optical and acoustic vibrations are two different forms of
vibration. We regard our model for the oxygen atom to be more appropriate
than the ADZ model. (b) As far as the state and motion of the proton lying
in the double-well potential is concerned, we adopted a model of a harmonic
oscillator with optical vibration that included a non-diagonal factor, which
came from the dipole–dipole interaction between neighboring protons.
(c) The interaction of the proton with the oxygen atoms is represented
through the dependence of vibrational frequencies of the proton on the
displacements of the oxygen atoms. This relation can be represented by

ω2
o(Rn) ≈ ω2

o +
∂ω2

o

∂Rn
(Rn −Rn−1) = ω2

o + χ1(Rn −Rn−1),

ω2
1(Rn) ≈ ω2

1 + χ2(Rn −Rn−1).

When we insert them into the above protonic Hamiltonian, and again take
into account the effect of the neighboring oxygen atoms in left-and right-hand
sides of the protons, it is natural to obtain Eq. (3.1). Therefore, the above
Hamiltonian has high symmetry and a one-to-one relation to the interactions.
However, the ADZ’s Hamiltonian does not. As a matter of fact, the vibration
of the proton is acoustic, which is contrary to the oxygen atoms in ADZ model.
We think this is not reasonable for the proton model, because the vibrational



December 3, 2013 11:57 9in x 6in Water: Molecular Structure and Properties b1656-ch03

262 Water: Molecular Structure and Properties

frequency of the proton is quite high relative to the oxygen atom due to its
small mass and the expected strong interaction. Moreover, the relation of the
interactions between the protonic and interactional Hamiltonians in the ADZ
model does not have a one-to-one correspondence, the physical meaning of
the interaction Hamiltonian is also very vague or difficult to understand in
the ADZ model. It cannot give a strictly analytic solution at all, so we do not
know the real properties and the law of the proton transfer in this system in
the ADZ model. On the other hand, the above Hamiltonian for our model not
only includes the optical vibration of the protons and the resonant or dipole–
dipole interaction between neighboring protons, but also takes into account
changes in the relative displacement of the neighboring oxygen atoms, result-
ing from the vibration of the proton and the dipole–dipole interactionbetween
the neighboring protons. Therefore, the model can represent reasonably the
dynamic features of the systems.

We now study the conductivity of the protons in the ice by this model.
Owing to the fact that the proton motion and vibrations of the oxygen
atoms are all quantized, we should use quantum-mechanical way to study
it. Thus, making the standard transformation

rn = (2mω0/�)−1/2(an + a+
n ),

pn = (�mω0/2)1/2(−i)(an − a+
n ) (i =

√−1), (3.2)

where a+
n (an) is the creation (annihilation) operator of the proton, Eq. (3.1)

becomes

H =
∑

n

{
�ω0a

+
n an −

[
�ω2

1

4ω0
− �χ2

2ω0
(Rn+1 −Rn)

]
(a+

n+1 + an+1)(a+
n + an)

+U0

[
1 − �

mω0r
2
0

(a+
n + an)2 +

�
2

4m2ω2
0r

4
0

(a+
n + an)4

]

+
�χ1

4ω0
(Rn+1 −Rn−1)(a+

n + an)2 +
[
M

2
Ṙ2

n +
β

2
(Rn+1 −Rn)2

]}
.

(3.3)

Therefore, the motion of proton is a non-linear problem because there
is the fourth power of operator an (or a+

n ) in Eq. (3.3), which is caused
by the double-well potential and coupling interaction between proton and
vibrational quantum (phonon) of the oxygen atoms. In such a system, the
collective excitations arising from these non-linear interactions that result in
localized fluctuation of the protons and the deformation of structure of the
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oxygen atomic sublattice have, in general, coherence [139–141]. Therefore,
we should adopt coherent or quasi-coherent states to express these collective
excitations. We choose a wave function of the systems of the form

|Φ > = |ϕ > |β >= 1/λ′
(

1 +
∑

n

ϕn(t)a+
n

)
|0 >pr

× exp

{∑
n

1/i�[un(t)Pn − πn(t)Rn]

}
|0 >ph, (3.4)

where |0>pr and |0>ph are the ground states of the proton and the
vibrational quantum (phonon) of the heavy ionic (or oxygen) sublattice,
respectively. The ϕn(t), un(t) =< .Φ|Rn|Φ > . and πn(t) =< .Φ|Pn|Φ > .

are three sets of unknown functions. λ’ is a normalization factor. We
assume hereafter that λ′ = 1 for the convenience of calculation except
when explicitly mentioned.

Obviously, the present wave function of the proton, |ϕ >= 1
λ′ (1 +∑

n ϕn(t)a+
n )10 >pr, is not an excitation state of a single particle, but rather

a coherent state, or more accurately, a quasi-coherent state. To see this, we
represent |ϕ > by

|ϕ > ∼ 1
λ′

exp

[
−1

2

∑
n

|ϕn(t)|2
]

exp

[∑
n

ϕn(t)a+
n

]
10 >pr

=
1
λ′

exp

{∑
n

[ϕn(t)a+
n − ϕ∗

n(t)an]

}
10 >pr . (3.5)

The last representation in Eq. (3.5) is a standard coherent state. More
precisely, the above wave function retains only two terms of the expansion
of a standard coherent state, which mathematically is justified in the
case of small ϕn(t) (i.e., |ϕn(t)|� 1), which can be viewed as an effective
truncation of a standard coherent state. Therefore, we refer to |ϕ> or |Φ>
as a quasi-coherent state. We can demonstrate that this state contains
only one quantum. Therefore, |Φ> not only exhibits coherent feature of
collective excitations of the protons and phonons caused by the non-linear
interaction generated by the proton–phonon interaction, but also can make
the wave function of the states of the system symmetrical, and 1ϕ> can
make the numbers of protons maintain conservation in the Hamiltonian
Eq. (3.3). Meanwhile, the above wave function has also another advantage,
i.e., the equations of motion of the soliton can be obtained by the Heisenberg
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equations of creation and annihilation operators [151–168] from Eqs. (3.3)–
(3.4), i.e., from

i�
∂

∂t
< Φ|Rn|Φ > = i�u̇n =< Φ|[Rn, H ]|Φ >,

i�
∂

∂t
< Φ|Pn|Φ > = i�π̇n =< Φ|[Pn, H ]|Φ >, (3.6)

we get

u̇n(t) = πn(t)/M, (3.7)

π̇n(t) = β(un+1 + un−1 − 2un) + �χ1/2ω0(|ϕn+1|2 − |ϕn−1|2)
− �χ2/2ω0(ϕn−1ϕ

∗
n − ϕ∗

nϕn+1 + ϕ∗
n−1ϕn − ϕnϕ

∗
n+1). (3.8)

Therefore, we have

Mün(t) = β(un+1 + un−1 − 2un) + �χ1/2ω0(|ϕn+1|2 − |ϕn−1|2)
− �χ2/2ω0(ϕ∗

n−1ϕn + ϕ∗
nϕn−1 − ϕnϕ

∗
n+1 − ϕ∗

nϕn+1). (3.9)

From

i�
∂

∂t
< Φ|an|Φ > = i�

∂

∂t
ϕn(t) =< Φ|[an, H ]|Φ >, (3.10)

i�
∂

∂t
< Φ|a+

n |Φ > = i�ϕ̇∗
n(t) =< Φ|[a+

n , H ]|Φ >, (3.11)

we get

i�ϕ̇n = �ω0ϕn − �ω1

4ω0
[(ϕn+1 + ϕ∗

n+1) + (ϕn−1 + ϕ∗
n−1)]

+
[

�χ1

2ω0
(un+1 − un−1) − 2�U0

mω0r20

]
(ϕn + ϕ∗

n)

+
�χ2

2ω0
[(un+1 − un)(ϕn+1 + ϕ∗

n+1)

+ (un − un−1)(ϕn−1 + ϕ∗
n−1)]

+
4�

2U0

m2r40ω
2
0

|ϕn|2(ϕn + ϕ∗
n) +

3�
2U0

m2r40ω
2
0

(ϕn + ϕ∗
n), (3.12)



December 3, 2013 11:57 9in x 6in Water: Molecular Structure and Properties b1656-ch03

The Magnetic Field Effects on Water and Its Magnetization 265

i�
∂ϕ∗

n

∂t
= −�ω0ϕ

∗
n +

�ω1

4ω0
[(ϕ∗

n+1 + ϕn+1) + (ϕ∗
n−1 + ϕn−1)]

−
[

�χ1

2ω0
(un+1 − un−1) − 2�U0

mω0r20

]
(ϕ∗

n + ϕn)

− �χ21

2ω0
[(un+1 − un)(ϕ∗

n+1 + ϕn+1)

+ (un − un−1)(ϕ∗
n−1 + ϕn−1)]

− 4�
2U0

m2r40ω
2
0

|ϕ∗
n|2(ϕ∗

n + ϕn) − 3�
2U0

m2r40ω
2
0

(ϕ∗
n + ϕn). (3.13)

Thus, we can approximately get from Eqs. (3.12) and (3.13).

−∂
2ϕn

∂t2
≈ ω2

0ϕn − ω2
1

2
(ϕn+1 + ϕn−1)

+
[
χ1(un+1 − un−1) − 4U0

mr20

]
ϕn

+χ2[(un+1 − un)ϕn+1 + (un − un−1)ϕn−1]

+
8�U0

m2r40ω
2
0

|ϕn|2ϕn +
6�U0

m2r40ω
2
0

ϕn. (3.14)

We can obtain from Eqs. (3.9) and (3.14) in the continuum and long-wave
approximations [151–174]

∂2ϕn

∂t2
= ε′ϕ+

ω2
1R

2
o

2
∂2ϕ

∂t2

− 2(χ1 + χ2)Ro
∂u

∂x
ϕ

− 8�Uo

m2r4oωo
|ϕ|2ϕ = f1(ϕ, u), (3.15)

M
∂2

∂t2
u(x, t) = βR2

0

∂2

∂x2
u(x, t)

+ �Ro
(χ1 + χ2)

ωo

∂

∂x
|ϕ(x, t)|2 = f2(ϕ, u), (3.16)

where

ε′ = ω2
1 − ω2

0 +
4U0

mr20

(
1 − 3�

mr20ω0

)
.
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Assuming ξ = x− vt, again from Eqs. (3.15) and (3.16) we can get:

∂u

∂x
= − (χ1 + χ2)�R0

MC 2
0(1 − s2)ω0

|ϕ(x, t)|2 +A, (3.17)

∂2ϕ

∂t2
= εϕ+ v2

1

∂2ϕ

∂x2
− g|ϕ|2ϕ, (3.18)

where

ε = ε′ − 2A(χ1 + χ2)R0, g =
8�U0

m2r40ω0
− 2R2

0(χ1 + χ2)2

MC 2
0(1 − s2)ω0

,

v2
1 =

1
2
ω2

1R
2
0, s = v/c0, (3.19)

A is an integral constant. From Eqs. (3.18) and (3.19), we see clearly that
there are two equally non-linear interactions, the double-well potential and
coupled interaction between the proton and oxygen atom, in this model. The
competition and balance between the two non-linear interactions result in
two different soliton solutions, which correspond to the occurrence of two
different defects (ionic and bonded defects) in the systems. This competition
of the two interactions is mainly controlled by the coupled interaction
between the protons and heavy ion, (χ1+χ2), and proton velocity, v. When
the coupling is small, i.e., distance between proton and oxygen atom is large,
the effect of the double-well potential is dominant, thus, g > 0, ε > 0, the
solutions of Eqs. (3.17) and (3.18) at 0 < v < v1, and C0 are of the form
[151–167].

ϕ(x, t) = ±
(
ε

g

)1/2

tanh ζ

(
ζ =

(
ε

2(v2
1 − v2)

)1/2

(x− vt)

)
, (3.20)

u(x, t) = ∓
√

2(χ1 + χ2)�Ro

MC2
o(1 − s2)gωo

[ε(v2
1 − v2)]1/2 tanh ζ, (3.21)

u(x, t) = Bϕ(x, t), B =
√

2(χ1 + χ2)�R0

MC2
0(1 − s2)ω0

[
(v2

1 − v2)
g

]1/2

. (3.22)

When g < 0 and ε< 0, 0<v1<v, or v >C0, the solutions of Eqs. (3.17) and
(3.18) are still Eqs. (3.20)–(3.22). Inversely, when the coupling interaction
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is primary and dominant relatively to the double-well potential, then g < 0,
ε < 0, the solutions of Eqs. (3.17) and (3.18) are [151–167]

ϕ(x, t) = ±
(

2|ε|
|g|
)1/2

sechζ ′
(
ζ ′ =

( |ε|
2(v2

1 − v2)

)1/2

(x − vt)

)
,

(3.23)

u(x, t) = ∓ 2(χ1 + χ2)�Ro

MC2
o(1 − s2)|g|ωo

[|ε|(v2
1 − v2)]1/2 tanh ζ′, (3.24)

at 0 < v < v1, Co. When g > 0 and ε > 0 and v1 < v, or Co < v, the
solutions of Eqs. (3.17) and (3.18) are still Eqs. (3.23) and (3.24). Therefore,
there are two kinds of different solutions for different parameter values in
our model. This shows that the properties of the protons depend mainly on
the coupling interactions between the protons and oxygen atoms and the
velocity of the proton. Different (χ1 +χ2) and v can make ε and g different.
Thus, the forms and features of soliton solutions change. This shows that
the properties of the proton–solitons are very sensitive variations of the
parameters of the system. We can determine the properties of the solitons,
if we know the values of the parameters. For ice crystal, the accepted values
of the parameters are [121–136, 146–167]

R0 = 2.76 Å, r0 = (0.3 − 0.4) Å, U0 = 0.22 eV,

χ =
�χ1

2ω0
= 0.10 eV/Å, χ′ =

�χ2

2ω0
= 0.011 eV/Å, C0 = 2 × 104 m/s,

v1 = (7 − 9.5) × 103 m/s, m = mp, M = 17mp,

ω0 = (1 − 1.5) × 1014 m/s, ω1 = (4 − 5) × 1013 m/s,

thus the amplitude of the soliton in Eq. (3.20) is

ϕm =

{[
ω2

1 − ω2
0 +

4U0

mr20

(
1 − 3�

mr20ω0

)
− 2A(χ1 + χ2)R0

]

×
[

8�U0

m2r40ω0
− 2�R2

0(χ1 + χ2)2

MC2
0(1 − s2)ω0

]−1
}1/2

∼ 0.941.
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The width of the soliton or defect is

Wk = π


 2(v2

1 − v2)

ω2
1 − ω2

0 + 4U0
mr2

0

(
1 − 3�

mr2
0ω0

)
− 2A(χ1 + χ2)R0




1/2

≈ 6.97R0,

(
here, A =

�R0(χ1 + χ2)
MC2

0(1 − s2)ω0
r2o

)
.

This result shows that the continuous approximation used in the above
calculation is appropriate to this systems [43, 45] because the soliton width
is more large than the lattice constant R0, i.e., Wk � Ro.

3.6.2. Features of Proton Transfer in Hydrogen-Bonded

Systems

In order to determine the behavior of the solitons, we have to study further
the properties of the effective potential, U(ϕ), of the system corresponding
to Eqs. (3.17) and (3.18) as follows

U(ϕ) =
�

ωo

[
−ε1

2
ϕ2 +

1
4
gϕ4

]
+ U0. (3.25)

Obviously, the potential consists of double-well potential and non-linearly
coupled interaction between the proton and oxygen atom. Its nature
depends directly on the magnitudes of g and ε.

(a) The case of ε > 0 and g > 0 implies that the double-well potential plays
the main role in determining the properties of the protons which makes
the protons and oxygen atoms become the soliton pairs, Eqs. (3.20) and
(3.21), to cross over the barriers in the intrabonds. The coupling interaction
between the proton and oxygen atom is only of secondary importance.
It reduces only the height of the barrier to make the proton cross easily
over the barriers. In such a case, the effective potential has two degenerate
minima with

Umin = −
(
ε2

4g

)
+ U0 at ϕ0(ξ) = ϕmin(ξ) = ±

(
ε

g

) 1
2

. (3.26)

Therefore, Umin and its position, ϕ0(ξ), and the height of the barrier, U
∗
0,

of the effective potential depend directly on the magnitudes of g/ε, or put
differently, on (χ1 + χ2), ω0, ω1, V and U0. If let χ1 = χ2 = 0 and ω1 = 0,
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then, Umin → 0, ϕ0(ξ) = ϕ(r0). In such a case, the effective potential, U(ϕ)
in Eq. (3.25), consists only of the double-well potential, U(rn), in Eq. (3.1),
i.e., there is

U ′(ϕ) =
−2�U0

mωor20

(
1 − 3�

2mr20ω0

)
ϕ2 +

2�
2U0

m2r40ω
2
0

ϕ4 + U0 − �ωo.

Obviously, it is basically same with U(rn) in Eqs. (3.1) and (3.2) except
for somewhat different coefficients contained, due to quantum effect and
approximations used in calculation.

We see from Eqs. (3.25) and (3.26) that the ϕ0(ξ) increases and
U

∗
0 decreases with increasing ε and decreasing g, or in other words, by

increasing the coupled constants. Thus, the height of the barrier decreases
and the positions of the minima of the potential-wells are lengthened
relatively to the oxygen atoms in such a case. This means that the possibility
of transition of protons crossing over the barrier is increased with increase
in the coupling constants. Then, a decrease in the height of the barrier,
∆U0 = U0 − U

∗
0, and change in the state at the equilibrium position,

∆ϕ0(ξ) = ϕ(r0) − ϕ0(ξ), can be approximately given, respectively, by

∆U0 ≈ U0

[
1
8
− 1 + (2z − z2)(y + 1) − y

]
> 0 (3.27)

with

∆ϕ0(ξ) ≈
(z

2

(
1 +

y

2

)
− y

2

)
ϕ(r0) > 0, ϕ(ro) =

[
mr2oωo

8�

]1/2

, (3.28)

where

z =
8�

r20ω0m
+
mr2o
U0

[2A(χ1 + χ2)R0 + (ω2
0 − ω2

1)],

0 < y =
(χ1 + χ2)2m2r40R

2
0

4U0MC2
0 (1 − s2)

.

The equations show that the minima values of the potential change to
minus at ϕ(ξ) > ϕ0(ξ) from zero at ϕ0(ξ) = ϕ(r0) in this case, i.e., the
larger (χ1 +χ2), the smaller ϕ0(ξ), the lower the height of the barrier, and
the more negative the values of the minima of the potential energy.

Thus the possibility for the protons jumping over the barriers is greatly
enhanced. This shows clearly that solitons, Eqs. (3.20) and (3.21), under the
case of ε > 0 and g > 0 describe the motion of the proton over the barrier of
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the double-well potential in intrabonds by the mechanism of jumping from
one molecule to other. Then, the ionic defects occur in the systems in such a
case. These proton-kinks are accompanied by compression or rarefaction of
the oxygen atom sublattice around the protonic defects. This soliton with
the plus sign in ϕ(x,t) in Eq. (3.20) represents a localized reduction in the
protonic density (i.e., expansion of the proton sublattice), arising from the
motion of a kind of soliton, which amounts to creating a negatively charged
carrier and an extended ionic defect moving with a velocity v less than
the speed of sound C0. Therefore, the soliton solution corresponds to the
OH− ionic defect appeared in the Bernal–Fowler picture. The other soliton
solution with minus sign in ϕ(x, t) in Eq. (3.20) represents the compression
of the protonic sublattice and the increase in the localized proton density
which amounts to creating a positively charged carrier and an extended
ionic defect. Therefore, it corresponds to the H3O+ ionic defect. So, the
solutions in Eqs. (3.20) and (3.21) represent the proton transfer in the
ionic defects in the intrabonds accompanied by a localized deformation of
the oxygen atomic sublattice. Hence, we refer to the soliton as a KINK I
soliton for convenience.

Also, the Umin and ϕ0(ξ) in Eq. (3.26) decrease with an increase in the
velocity of the proton. This shows that when the velocity of the protons is
increased the protons will be far from the original oxygen atoms.

(b) The case of ε < 0 and g < 0 corresponding to the soliton solutions,
Eqs. (3.23) and (3.24), means that the coupled interaction between the
protons and oxygen atoms plays the main role for determining the
properties of the protons, it enables the protons to become solitons to
shift over the barriers in the interbonds by the mechanism of quasi-self-
trapping, with the double-well potential playing only a minor role. However,
the effective potential of the system is still twofold degenerate in such a case
and its minima are [151–167]

U ′
min =

|ε|2
4|g| − U0 ≈ MC2

0(1 − s2)ω4
0

8R2
0(χ1 + χ2)2

(1 − z′)2(1 + y′) − U0, (A = 0),

(3.29)

at

ϕ′
0(ξ) = ±

( |ε|
|g|
)1/2

≈ ±ϕ′
0

(
1 − 1

2
z′
)(

1 +
1
2
y′
)
,
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(
ϕ′

0 =
(
MC2

0(1 − s2)ω3
0

2R2
o(χ1 + χ2)2

)1/2
)
, (3.30)

0 < z′ =
[

4U0

mr20ω
2
o

(
1 − 3�

2mr20ω0

)
− ω2

1/ω
2
0

]
, 0 < y′ =

1
y
.

Obviously, from Eqs. (3.29) and (3.30), we see that when (χ1 + χ2) and v

increase, then ϕ′
0(ξ) decreases. This shows that strong coupling interaction

and higher velocities of the proton make it approach other oxygen atoms, so
that the distance between the proton and oxygen atoms decreases greatly.
Conversely, ϕ′

0(ξ) increases, when (χ1 + χ2) and v decrease. This means
that the coupled interaction between them and the velocities of the protons
decrease also with an increase in the distance. Because there are two new
equilibrium positions of the proton in such a case, the proton can shift to
another side from one of the oxygen atoms by means of the mechanism
of quasi-self-trapping and attract interactions between the proton and
the oxygen atom with negative charge. Thus the rotation of the bond,
or Bjerrum defect occurs in such a case. Therefore, the soliton solutions,
Eqs. (3.23) and (3.24), in the case of ε < 0 and g < 0 represent the motions
of the protons across the barriers in the interbonds at the oxygen atoms,
i.e., it represent the Bjerrum defect produced by the rotation of the bond
OH–H, arising from changes of the relative positions of the protons and
the oxygen atoms, in which an O–O bond with two protons in the ice and
positive effective charge (the D Bjerrum defect) and one without proton
and with negative effective charge (the L Bjerrum defect) occur. Hence, we
may refer to this type of soliton as SOLITON II. The plus sign of ϕ(x, t)
in Eq. (3.23) applies to the L Bjerrum defect, which amounts to creating a
negative effective charge, and the minus sign in ϕ(x, t) in Eq. (3.24) applies
in the case of the D Bjerrum defect which amounts to creating a positive
effective charge [151–167].

Therefore, our model supports really two types of defects occurring
in the hydrogen-bonded systems due to the competition of two types of
non-linear interactions, double-well potential and coupled interaction. This
may be summarized as KINK I→I− ionic defect, SOLITON II→L Bjerrum
defect and anti-KINK I→I+ ionic defect, anti-SOLITON II→D Bjerrum
defect. What distinguishes them is the type of the non-linear interactions
and the way of relative positions of the proton and oxygen atoms changes
in this phenomenon. The ionic defect is mainly produced by the double-well
potential through the mechanism of jumping over the barriers in the manner



December 3, 2013 11:57 9in x 6in Water: Molecular Structure and Properties b1656-ch03

272 Water: Molecular Structure and Properties

of translation and crossover in the intrabonds, but the Bjerrum defect is
caused by the coupled interaction through the mechanism of quasi-self-
trapping in the manner of lattice deformation and relative shift of positions
of two bodies in the interbonds. In the transfer process, the protons cross
over the barriers in the intrabonds in the form of kink solitons (which results
in the ionic defect), and shift over the barriers in the interbonds in another
soliton form (which results in the Bjerrum defect). The reason for this
change is that the coupling interaction between the proton and oxygen atom
changes when the relative positions between them are altered. When the
protons cross the barriers in the intrabonds, the coupling interaction is small
due to their long distance from the oxygen atoms, thus, it plays a secondary
part in determining the properties of the protons. When the protons are
near the oxygen atoms and cross over the barriers in the interbonds, the
coupling interaction becomes so great that their positions relatively to those
of the oxygen atoms change considerably by means of the mechanism of
quasi-self-trapping. In such a case, the coupling interaction determines the
principal properties of the protons, the latter transforming into another
soliton form in the interbonds. However, the changes in the forms of proton
transfer are not very sudden, but asymptotic. This point can be explained
from the changes of the potential of the system with the change of coupling
constant, (χ1 + χ2), in Eqs. (3.27)–(3.30). As a matter of fact, we see from
Eqs. (3.27) and (3.28) that the minima of the potential energy become more
and more negative with increasing (χ1+χ2). When the coupling interaction
is greater than the double-well potential, the minima of the potential energy
of the system is as shown in Eqs. (3.29) and (3.30). Certainly, in the above
process, changes in the velocity of the proton transfer in different regions
can also result in some changes of the potential energy of the system; thus,
it can also influence to some extent the form of the proton transfer as
mentioned above. Because the solitons as mentioned above are related to
the dynamics of charged defects, their motion will result in the existence
of the conductivity of the systems, which is studied in the next section
[151–167].

3.6.3. Mobility and Conductivity of the Protons

Conductivity in Ice

We see from Eqs. (3.20) and (3.21) that if the non-linearly autolocalized
excitation in the protonic sublattice is a kink (or anti-kink), there is also
an anti-kink (or kink) soliton in the oxygen atom sublattice which is a
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Fig. 3.37. The kink–anti-kink soliton pairs in the hydrogen bonded systems.

“shadow” of the kink (or anti-kink) as shown in Fig. 3.37. They propagate
along the hydrogen-bonded chains in pairs with the same velocity. In
Fig. 3.37, the curve 1(3) corresponds to the kink (anti-kink) soliton in
the protonic sublattice and curve 2(4) corresponds to the anti-kink (kink)
soliton in the oxygen atom sublattice. The energy of the kink-anti-kink pair
can be represented from Eqs. (3.17), (3.18) and (3.25) by [151–174]

E =
1
uo

∫ +∞

−∞

{[
h

ω0

(
1
2
ϕ2

t +
1
2
v2
1ϕ

2
x

)
− 1

2
εϕ2 +

1
4
gϕ4

]

+
(
M

2
u2

t +
β

2
u2

x

)}
dx = Eo +

1
2
Msolv

2, (3.31)

where

Eo =
hε3/2

ω0guo

[
2
√

2v1
3

− uo

4
ε1/2 +

4
√

2hu2
o(χ1 + χ2)2v1

3ω0MgC2
o

]
,
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hε3/2

ω0guo

[
2
√

2
3v1

+
4
√

2hu2
o(χ1 + χ2)2v1

3ω0MC4
o

(
3 − C2

o

2v2
1

)]
.
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When we substitute Eq. (3.20) into Eq. (3.16), and utilize Eq. (3.21) we
can get that u(x,t) satisfies equation

utt − C2
ouxx −Bu+Du3 = 0, (3.32)

where

B =
ε(1 − s2)ω0MC2

o

h(v2
1 − v2)

, D =
ω3

0M
3C6

o (1 − s2)3g2

2εh3u2
o(χ1 + χ2)2(v2

1 − v2)
. (3.33)

Thus, Eqs. (3.18) and (3.32) are independent dynamic equations for the
proton and phonon (vibration of oxygen lattice) in this model, respectively.
Their solutions are as shown in Eqs. (3.20)–(3.21) and (3.23)–(3.24) (In
fact, Eqs. (3.23)–(3.24) satisfy also Eqs. (3.18) and (3.32), but B and D in
Eq. (3.33) have somewhat differences).

We now study influence of thermal perturbation on conductivity
behaviors of kink–anti-kink pair in an externally applied field. In such a
case, the hydrogen-bonded systems are placed in a heat reservoir of finite
temperatures, and a constant electric field, E′ is also turned on. Obviously,
the electric field breaks effectively the symmetry of the proton double-well
potential. Thus, the electric field force should be added into the dynamic
equation of proton. Since the thermal perturbation generated by the heat
reservoir influences only vibration of lattice in the systems, according to
general rule [32], if considering again the damping effect of medium on
motion of lattice, then the equations of motion, Eqs. (3.18) and (3.32), for
the proton and heavy ion in continuum case are replaced, respectively, by

ϕtt = εϕ+ v2
1ϕxx − g|ϕ|2ϕ+ e∗E′/m, (3.34)

utt + γut − C2
ouxx −Bu+Du3 = f(x, t)/M. (3.35)

Here, e* is effective charge of the protons, γ is the damping coefficients for
the motions of OH ion in the systems, f(x, t) represents a Langevin-type δ-
correlated Gaussian stochastic force, arising from the thermal perturbation
and acts upon the OH ion and is related to the temperature [161–175]. Its
statistical correlation is represented by

< f(x, t)f(0, 0) >= 2MKBTγδ(x)δ(t)/uo.

We assume further that the random noise force obeys a normal distribution
with criterion deviation

√
σ and zero expected value. Thus, this distribution
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can be represented by

N(f(x)) =
1√
2πσ

exp[−f2(x)/2σ], where σ = 2MKBTγ/τ,

where τ is a time constant, the quantity γ is an inverse number of the
time constant of the heat bath. In practical calculation, the random noise
force f(x, t) is computed by the random number, which can be presented
by f(x, t) =

√
σ
∑L

r=1[Xr(x, t) − 1
2
]. We have assumed L = 12 and that

the random number Xr(x, t) is in the region of (0 ≤ Xr(x, t) ≤ 1) at each
time step. Therefore, the error where deviation difference of [Xr(x, t)−1/2]
is about 1/12, the criterion deviation of f(x, t) is

√
σ, its expected value

is zero, the size of random noise force has the relation of |f(x, t)| ≤ 6
√
σ.

Hence, fn(t) is Gaussian distribution at L→ ∞.
Since the electric field force e∗E′ is constant, we may approximately

regard that this electric field changes only the velocity of proton–soliton,
but not its form, namely, the solution of Eq. (3.34) is still Eq. (3.20), but
its velocity is changed. In order to find the solution of Eq. (3.35), we now
assume that

ξ = x− vt, z = ξ[D/(C2
o − v2)]1/2, Γ = vγ/[D(C2

o − v2)]1/2,

B′ = B/D, F = f(t)/MD.

Thus, Eq. (3.35) becomes

uzz + Γuz −B′u+ u3 − F = 0. (3.36)

As is known, the solutions of Eq. (3.36) are the roots of the following
equation:

P (u) = u3 −B′u− F = (u− u1)(u − u2)(u− u3), (3.37)

where [25–27, 38, 46]

u1 = 2(B/3D)1/2 cos

{
1
3

arccos

[
3f
2B
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]}

,
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, (3.38)

u1 = −2(B/3D)1/2 cos
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B
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,



December 3, 2013 11:57 9in x 6in Water: Molecular Structure and Properties b1656-ch03

276 Water: Molecular Structure and Properties

then Eq. (3.36) has the following kink-like solution [150–173]

u(x, t) = {u1 + (u2 − u1)[1 + exp(µξ)]−1}

=
{
u1 +

1
2
(u2 − u1)[1 − tanh(µξ/2)]

}
, (3.39)

where

µ ∼= (u1 − u2)[D/2(C2
o − v2)]1/2. (3.40)

We now calculate the mobility of kink–anti-kink soliton pair in this system
from Eqs. (3.20), (3.34), (3.35) and (3.39). Using Eqs. (3.34) and (3.35) we
get from Eq. (3.31) [151–167]

Msolv
dv

dt
=

1
uo

∫ +∞

−∞

[
m
(
−2vv2

1RξξRξ +
e∗
m
vE′Rξ

)

+
vM(v2 + C2

o)
(C2

0 − v2)
uξ(cu−Du3 − γuξ +

f

M
)
]
dξ, (3.41)

where ξ = x − vt. When we insert Eqs. (3.20) and (3.39) into Eq. (3.41),
we obtain

dv

dt
+ λv = K, . . . . . . λ =

Mγ(u2 − u1)2µ1

6uoMsol
,

K =
1

uoMsol

[
2e∗E′

(
ε

g

)1/2

+ f(t)(u2 − u1)

]
. (3.42)

When we insert Eqs. (3.20)–(3.23) into Eq. (3.41), we get dv/dt = 0
at E′ = γ= f(t)=0. This shows that the kink–anti-kink pair moves in
the constant velocity in uniform molecular chains without electric field.
Therefore, the change in the velocity of kink–anti-kink pair in Eqs. (3.41)
and (3.42) is caused by the damping effect of the medium at finite
temperature and the externally applied field. In such a case, the proton
velocity or solution of Eq. (3.42) is easily obtained, it is of the form

V (t) = v(0) exp(−λt) +
K

λ
[1 − exp(−λt)]. (3.43)

Obviously, it is damping with the time due to the influence of damping
and medium temperature. However, we are always interested in the steady
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behavior of kink–anti-kink pair in the long run. In small velocity case, the
velocity of kink–anti-kink pair can be represented by

v(t→ ∞) =
6
√

2Co

Mγ(u2 − u1)3D
1/2
0

×
[
4e∗E′

(
εo
go

)1/2

+ (2MKBTγ/τ)1/2(u2 − u1)

]
, (3.44)

where εo, Do, go and Bo in u1 and u2 are corresponding values of ε,
D, g and B under very small velocities. Evidently, the velocity of kink–
anti-kink pair depends, in general, on the medium temperature, damping
coefficient and externally applied electric field. If γ = T = 0, we can find
out the explicit representation of mobility of kink–anti-kink pair. Therefore,
Eq. (3.44) represents the influence of thermal perturbation on the mobility
or velocity of the kink–anti-kink pair. Using the above values of parameters,
we can find the mobility is about µ′ = v/E′ = (3.57− 3.76)× 10−6 m2/V.s.
The value of µ′ is very close to the experimental value [106–111, 113–119],
µ′ = (1−10)×10−2 cm2/V·s in ice. This shows that the present conductivity
model is reasonable and appropriate to the ice. If γ �= 0, T �= 0 and
choosing further τ = (0.1 − 0.6) × 10−14 S, γ = (1.1 − 3.1) × 1014 S−1

[151–167], inserting again the above value of physical parameters of ice
crystal into Eq. (3.44) we can find out the dependent relations of velocity
(or mobility) on the temperature and electric field. We find the dependences
of velocity (or mobility) on the temperatures for E′ = 200V/cm, 150V/cm
and 100 V/cm in the range of 150–270K which are shown in Figs. 3.38–3.40,
respectively, where (u2.− u1)3 in the denominator in Eq. (3.44) is replaced
by its amplitude in this calculation. We see from these figures that as the
temperature increases, the velocity (mobility) of kink–anti-kink pair rises
and peaks at about 190K. Subsequently it drops, reaches a minimum at
approximately 211K, and then rises again. This behavior is quite clear
for these two field values of 200 and 100 V/cm presented here. The non-
monotonic up-down-up tendency in this range of temperature seems to
be a generic feature in the temperature-dependent mobility of kink–anti-
kink pair, which is experimentally observed for 202 V/cm field values as
shown in Fig. 3.41 [107, 112, 114–120]. The most distinct feature of the
mobility–temperature plots is the presence of two transition temperatures
Tmax =191K and Tmin = 211K, where the velocity (or mobility) of kink–
anti-kink pair reaches maximum and minimum, respectively. This behavior
is in qualitative agreement with experimental data in ice crystal in the
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Fig. 3.38. The velocity of kink–anti-kink pair as a function of inverse temperature for
E′ = 200 V/cm.

sane temperature range as shown in Fig. 3.41 [107, 112, 114, 120], namely,
temperature-assisted mobility at small and high temperatures with a very
distinct drop in the intermediate region occurs in ice. In addition to the
qualitative similarity in the conductivity (experimental data) and velocity
(soliton model) of temperature dependence, a most remarkable feature
is that the transition temperatures of experimental and theoretical data
coincide. This coincidence between the theoretical and experimental results
provides also another evidence for the soliton existing in ice crystals,
and confirms further that above soliton model of proton transfer and
treatment of electric conductivity properties of ice are correct, available and
recognizable. It can be used to investigate the mechanism and properties
of proton, or hydrogen ion transfer in liquid water. This is the method to
study and establish the mechanism and theory of magnetization of water,
its detailed descriptions are as follows.

In order to justify the validity of the above soliton model of proton
conductivity, we study further the temperature dependence of mobility of
proton transfer in ice by using this model and fourth-order Runge–Kutta
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Fig. 3.39. The velocity of kink–anti-kink pair versus inverse temperature at E′ =
100V/cm.

method [176, 177]. In this method, the ice is contacted with a heat reservoir
and a constant electric field is turned on for the proton motion with
a decay term mΓ1ṙn. Thus, the damping effect and a Langevin-type δ-
correlated Gaussian stochastic force, arising from the heat reservoir with
temperature T , should be considered in the dynamic equation for oxygen
atom [148]. In such a case, in accordance with thermodynamic theory,
a decay term MΓ2Ṙn and random thermal-noise term, Fn(t), resulting
from the interaction between the heat reservoir and ice, are added in the
displacement equation of OH ion [74, 151, 178].

With the Hamilton’s equations [105–126], we can obtain from Eq. (3.1)

−mr̈n = mω2
0rn − mω2

1

2
(rn+1 + rn−1) +m

[
χ1(Rn+1 −Rn−1) − 4U0

mr20

]
rn

+mχ2 [(Rn+1 −Rn)rn+1 + (Rn −Rn−1)rn−1] +
4U0

r40
|rn|2rn

(3.45)
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Fig. 3.40. Dependence of velocity of kink–anti-kink pair on temperature for E′ =
150 V/cm.

Fig. 3.41. The experimental data for current as a function of inverse temperament for
ice crystal in the cases of different electric field strengths [107, 114].
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and

MR̈n(t) = β(Rn+1 +Rn−1 − 2Rn) +mχ1/2(|rn+1|2 − |rn−1|2)
+mχ2/2(rn+1rn − rnrn−1). (3.46)

If considering again the influence of externally applied electric field
(its strength is E′) and temperature of the medium on the soliton, then
Eqs. (3.45) and (3.46) become

mr̈n = −mω2
0rn +mω2

1(rn+1 + rn−1)/2 + 4U0r
−2
0 (1 − (rn/r0)2)rn

−mχ1(Rn+1 −Rn−1)rn

−mχ2 [(Rn+1 −Rn)rn+1 + (Rn −Rn−1)rn−1]

+ qE′ +mΓ1ṙn, (3.47)

MR̈n = ω(Rn+1 +Rn−1 − 2Rn) +mχ1(r2n+1 − r2n−1)

+mχ2(rnrn+1 − rnrn−1) −MΓ2Ṙn + Fn(t), (3.48)

where Γ1 and Γ2 are the damping coefficients of proton and OH ion,
they are about 0.6 × 1014 s−1 and 109 s−1 in ice, respectively; q is the
charge of proton. In order to find solutions to the above equations, we
must know the explicit representation of Fn(t). In accordance with statistic
physics, Fn(t) is related with the temperature of the systems, the correlation
function of random noise force is, in general, determined by [74, 151, 178]
< F (x, t)F (0, 0) >= 2MKBJδ(x)δ(t)/r0, where r0 is the lattice constant.
Since time discretization effects the properties of Langevin forces in the
numerical simulations, we here use an ensemble of Gaussian forces Fn with
variance equal to σ = 2MKBTΓ/τ1, where τ1 is a time constant. This
choice of Gaussian width is compatible with the fluctuation-dissipation
theorem and time discretization [74, 151, 178]. Utilizing Eqs. (3.47) and
(3.48), we can study the influences of temperature and random thermal-
noise forces of medium on the states of proton–soliton in ice exposed in
an externally applied electric field, E′, by the fourth-order Runge–Kutta
method [176, 177]. In Fig. 3.42, we give the features of propagation of
proton–soliton for four different temperatures, T = 190, 200, 210 and 273K
at Γ = 2 × 109 s−1 and E′ = 200V/cm in ice. From these results, we are
unable to find the variation in the dynamics of soliton under the influences
of temperatures and damping and externally applied field, i.e., the soliton
is thermally stable up to 273K or 0◦C. We can also obtain a similar result
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Fig. 3.42. The features of the soliton for (a) T = 190, (b) 200, (c) 210 and (d) 273K
at E′ = 200 V/cm.

in the case of E′ = 100V/cm. These results show again that our theoretical
model of proton transfer in ice is available and successful.

Also, we find in calculation that the proton–soliton accompanied by
deformation of OH group accelerates initially, while the temperature fluc-
tuations produce small random deviations in the proton and OH displace-
ments. We record the velocity of proton conductivity at longer times, when
the proton–soliton and OH’s deformation complex reaches a steady state
moving with a constant velocity. In Fig. 3.43, we show the results of mobility
(or velocity) of proton conductivity in ice in the numerical simulation in
such a case, where we plot the terminal velocities of proton conductivity
as a function of inverse temperature for two different electric fields, 200
and 100V/cm, in ice crystal, respectively. We see from these figures that
the mobility of proton conductivity rises with increasing temperature and
a peak occurs around 191K. Subsequently it decreases, reaches a minimum
at approximately 211K, and then rises again, which is similar with those in
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Fig. 3.43. Inverse temperature dependence of mobility (or velocity) of proton conduc-
tivity (a) at 200 V/cm and (b) at 100 V/cm in ice, respectively.

Figs. 3.38–3.40. This behavior is same for the two electric fields presented
here, although there are differences in the details of curves in them.
The non-monotonic up–down–up tendency of mobility in this region of
temperature seems to be a generic feature in the temperature dependence of
mobility of proton conductivity and can be also observed for other electric
fields. Therefore, the most distinct property of mobility-temperature plots
is the presence of two transition temperatures, Tmax = 191K and Tmin =
211K in ice, where the velocity of proton conductivity reaches a maximum
and minimum, respectively. For comparing with the numerical simulation
values, we give the experimental data of polycrystalline ice [107, 114] in
Fig. 3.41. We see that in Figs. 3.38–3.41 and Fig. 3.43 there are same
qualitative behavior: temperature-assisted mobility at small temperatures
and high temperatures with a very obvious drop in the intermediate range
which is in qualitative agreement with the above calculated result for the ice
crystal in the same range of temperature. In addition to the qualitative simi-
larity of proton conductivity (experimental values) and velocity (theoretical
model) temperature dependences, another remarkable property is that
the transition temperatures of calculated and experimental values are all
Tmax = 191K and Tmin = 211K in ice, i.e., they are concordant completely.
This coincidence between the theoretical and experimental results is such
that other experimental evidences are provided for the existence of soliton
in ice crystals which show further that the above soliton model of proton
transfer is correct. Obviously, the temperature dependence of velocity of
proton conductivity mentioned above should be directly attributed to the
combination effects of non-linear interaction, the double-well potential



December 3, 2013 11:57 9in x 6in Water: Molecular Structure and Properties b1656-ch03

284 Water: Molecular Structure and Properties

and non-linear coupling interaction, and competition between the elec-
tric field-induced biased proton motion and temperature effect in our
model.

From the above studies, we see clearly that the soliton model of proton
transfer gains support of two experiments, the measurements of mobility
and its temperature dependence, in ice. Thus, we have the reasons to believe
the correctness of structure of hydrogen-bonded chain of molecules in ice
and to confirm the existence of proton–soliton in the systems and validity of
Pang’s model. Then we can affirm that the electrical conductivity is caused
by the motion of proton–soliton in ice crystal. However, these problems
have not been explained by other models up to now [106–127].

3.7. Mechanism and Theory of Magnetization of Water

It is well known that liquid water forms from ice through a first-order
phase-transition at the melting point 0◦C. As is mentioned above, when the
ice crystal become liquid water, the tetrahedron structure and hydrogen-
bonded chains of molecules would basically continue to maintain according
to the feature of first-order phase transition [82, 95, 151, 152]. Therefore,
there are always a large number of linear and closed hydrogen-bonded
chains in water except for free molecules, although the number of associated
molecules in the hydrogen-bonded systems and the density of water are
changed with varying temperature of water. These problems are described
in Chapter 1. Therefore, we can affirm and confirm both experimentally
and theoretically that there are always a large number of linear and
ring hydrogen-bonded chains in water which cannot be eliminated and
destructed by the temperatures and other facts at all, although the
influences of thermal perturbations and disorder motion of molecules exist.
In general, rough estimates give 240 molecules in the hydrogen bonded
chains at room temperature, 150 at 37◦C, 120 at 45◦C and 40 at 98◦C
[82, 95]. Therefore, we can confirm that there are always many hydrogen-
bonded chains in water unless their temperature reaches 100◦C.

The present problem is whether these linear and closed hydrogen-
bonded chains relate to the electric conductivity and magnetized effect of
water. As is known from the above results, the linear hydrogen-bonded
chains can conduct the electric current of protons, when water is exposed
in an externally applied electric field. The weak conductivity of water
discovered in experiments is possibly related to this effect. However, what
is the function of closed hydrogen-bonded chains? Also, there should also
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be an electric current of protons in the closed hydrogen-bonded chains,
when water is exposed in an externally applied magnetic field. Evidently,
the electric current is caused by motions of protons under the action of
Lorentz force, arising from the externally applied magnetic field. Thus, these
closed chains of proton conductivity are just some ring electric currents,
which resemble closely some “molecular electric currents” with magnetism
or “small magnets” in solid matter, they can interact with each other and
to an external applied magnetic field. Upon that, the liquid water can be
magnetized. This is just the mechanism of magnetization of water. This is
a new idea of magnetized water which is a very interesting and significant
problem in physics and chemistry.

We now establish the theory of magnetization of water along the above
line in virtue of the above theory of proton transfer in ice. As mentioned
above, when water is exposed in an externally applied magnetic field,
Hex, the protons or proton–solitons in these closed loops are acted by a
Lorentz force, �F = q�v × �Hex/c, generating by this magnetic field, where
v is the velocity of proton–soliton, q is its charge, c is the light velocity.
Then the proton–soliton can conduct along the closed loops according
to the theory of proton conductivity in Section 3.4, their conductive
properties are still described by Eq. (3.42), but the force F is now the
above Lorentz force. Thus, the ring electric current �J and corresponding
magnetic field �Hmol determined by �J do occur in these closed loops,
and can represent by �J = qn�v and ∇ × �Hmol = 4π �J/c, respectively,
according to magnetic theory in physics, where n is the number of
protons–solitons per mole. Here, we refer to the �Hmol as a molecular
magnetic field. For a certainly closed loop with diameter a, the strength
of molecular magnetic field on the symmetrical axis can be represented
by H ′

mol = 2πa2J
c(a2+Z2) according to the magnetic theory, where Z is the

distance of measurement point on the symmetrical axis with respect to
the origin point. Therefore, only when the externally applied magnetic
field and features of closed loops are known we can determine the sizes
of current J and molecular magnetic field, Hmol, by the above formulae
and Eq. (3.42). Very obviously, there is always the molecular magnetic
field in each ring loop, the differences among these molecular magnetic
fields are their magnitudes and directions which are due to the distinctions
between conformations or configurations of closed hydrogen-bonded chains
and numbers of protons and hydrogen-bonds contained in these closed
loops. The above ring electric current loops resemble just some “small
magnets” in solid matter, and can interact with each other. However,



December 3, 2013 11:57 9in x 6in Water: Molecular Structure and Properties b1656-ch03

286 Water: Molecular Structure and Properties

since the water is always continuously exposed in the externally applied
magnetic field, these “small magnets” will be orderly arrayed along the
direction of externally applied magnetic field in accordance with the rule of
magnetic interaction. In such a case, these closed hydrogen-bonded chains
also correspondingly change their states and distributions, thus, a locally
ordered state of molecules in these closed loops occurs in water. Then
the distribution of molecules in magnetized water is different from that
in pure water. Therefore, the so-called magnetization of water is just a
magnetically-ordered arrangement of molecules in the closed hydrogen-
bond chains under the action of externally applied magnetic field. Clearly,
the stronger the externally applied magnetic field, the stronger the effect
of magnetically-ordered orientation, then the stronger would be the effect
of magnetization of water. Upon that, the magnetization of water is a
paramagnetic effect. Evidently, the changes in the state and distribution
of molecules and occurrence of magnetically-ordered arrangement of water
molecules will result necessarily in variations in the property of water,
including its dielectric constant, magnetic coefficient, magneto conductivity,
pH value, Raman and infrared spectra, and so on. Then the so-called
magnetized effect is just the changes of physical property of water after
magnetization. In a general case, we merely judge and determine the
magnetized effect of water according to its situations of change of these
physical properties.

Therefore, the magnetization of water is a non-linear effect and locally
magnetic-ordered phenomenon, Obviously, this is a collective effect of
molecules, instead of an individual behavior of molecules. The physical basis
of magnetization is that there are a lot of closed hydrogen-bonded chains
and ring proton transfers in water. Its theoretical foundation is found in the
theory of proton conductivity in the closed hydrogen-bonded loops in water,
which in turn is derived from the theory of proton transfer in the hydrogen-
bonded chains in ice. Thus, the mechanism of magnetized water can
concretely be described as follows. When water is exposed in an externally
applied magnetic field, the ring proton electrical current occurs in these
closed hydrogen-bonded loops. Since the ring proton electrical currents
interact with each other and to an externally applied magnetic field,
water is magnetized. This phenomenon can be described by the theory of
proton conductivity in the hydrogen-bonded systems of molecules in ice and
magnetic theory. According to these theories and corresponding formulae
of magnetized water, we could quantitatively evaluate and determine the
features of orderly localized-distribution and magnetic arrangements of
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molecules in water, if the numbers and distributions of closed loops and
water molecules contained in them as well as the strength and direction
of externally applied magnetic field, Hex, are known. Evidently, this
calculation is very complicated which could be carried out by a computer
based upon some assumptions for the above problems. These problems will
be studied in other papers.

3.8. Experimental Confirmation for the Correctness
of Theory of Magnetized Water

We now verify experimentally the correctness of the above theory of
magnetization of water, or in other words, we explain the features of
magnetized water in Sections 3.3 and 3.4 by using the above theory.

(a) Theoretical explanations for saturation and memory effects and mag-
netism of magnetized water, which are shown in Figs. 3.2, 3.25–3.38. We
know from the above theory of magnetized water that magnetized effect of
water depends directly on the peculiarity of ring proton electrical current
loops and nature of externally applied field, concretely speaking, on the
numbers of protons, velocity of proton conductivity as well as the strength,
direction and time of action of externally applied field. The velocity of
motion of proton along the closed loops is still represented by Eq. (3.42) in
such a case. When we insert an absolute value of the Lorentz force acted
on these protons, F = qvHex sin θ/c, into Eq. (3.42), we obtain

dv

dt
+ λv = bvHex sin θ, (3.49)

where b = 1
uoMsol

[2q( ε
g )1/2/c + f(t)(u2 − u1)], θ is an angle between the

directions of externally applied field and proton velocity. From Eq. (3.49),
we obtain

v(t) = v(0) exp[(−λ+ bHex sin θ)t]. (3.50)

This shows that the velocity of proton conductivity in the closed loops
decreases with increasing damping coefficient and increases with increasing
externally applied field and sin θ. Since the ring proton current �J and
molecular field �Hmol are directly proportional to the velocity of proton
conductivity v, the magnetic-order arrangement of molecules in these closed
loops, or the magnetized effect of water determined by the �J and �Hmol,
arising from the externally applied field, is directly related to the velocity
of protons v. From Eq. (3.50), we see that the magnetized effect of water
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increases with increasing externally applied field. Once the applied field
reaches the value, in which bHex sin θ ≥ λ, then the velocity of protons and
corresponding molecular magnetic field will maximize. In such a condition,
the interaction between the molecular magnetic fields and externally applied
field does greatly increase where all molecular magnetic fields of closed loops
orderly array along the direction of externally applied field in accordance
with the rule of magnetic interaction in magnetism. Thus, the magnetized
effect of water reaches a maximum. This is just the saturation effect of
magnetized water, which is affirmed by experiments shown in Figs. 3.2,
3.25–3.29.

In such a case, the saturation magnetic field can be represented by the
linearity superposition of the above molecular magnetic fields for all closed
loops, which is of the form

Hsa =
N∑

k=1

H ′
kmol =

N∑
k=1

2πa2
kJk

c(a2
k + Z2

k)
, (3.51)

where N is the number of closed loops in water, ak, Jk and Zk are
corresponding values of kth closed loop, respectively. Equation (3.51)
manifests clearly that magnetized water has a magnetism, which is directly
proportional to Hsa in Eq. (3.51), the value of Hsa depends on the
parameters of the system. This magnetism of magnetized water is verified
by four experimental results shown in Eqs. (3.30)–(3.39) in Section 3.4. This
indicates clearly that magnetized water really possesses magnetism and the
above theory of magnetization of water is correct.

However, once the externally applied field, Hex, is removed from the
magnetized water, the velocity of protons conductivity in the closed loops
in Eq. (3.42) or Eq. (3.50) will become as

v(t) = v(0)e−λot = v(0)e−t/τ . (3.52)

Equation (3.52) shows that the velocity decreases exponentially with
increasing time. Thus, the velocity approaches zero, when t > τ = 1/λo. In
such a case, the �J and �Hmol approach become zero because the �J and �Hmol

is directly proportional to the velocity v and the magnetized effect of water
disappears at this moment. This is just the memory effect of magnetized
water, which is confirmed by the experimental result shown in Fig. 3.25.
Hence, τ = 1/λo in Eq. (3.52) is just the memory or relaxing time of
velocity of proton conductivity in this case. Therefore, the magnetized water
has a memory effect. Obviously, it arises from the interactions among these
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molecular magnetic fields and the damping effect of medium. Obviously, the
memory time of magnetized water is inversely proportional to its damping
coefficients, Γ1 and Γ2.

As is known from above results, this saturation effect suggests that
the value of the above closed “molecular electric current” with magnetism
is finite and does not change with increases in the magnetic field. The
“memory effect” suggests that there are magnetic interactions among
these closed “molecular electric current” elements, which result in the
magnetization of water. Thus, the correctness of the above mechanism and
theory of magnetization of water are verified.

(b) As mentioned above, the so-called magnetization of water essentially
refers to magnetically-ordered water molecules in these closed loops under
the action of externally applied field. In such a case the configurations,
distributions and polarization states of water molecules will be changed.
These in turn will cause variations in the features of water, that is, features
of optics, electrics, mechanics and thermodynamics, for example, the
dielectric constant, magnetic coefficient, magnetoconductivity, pH value,
and Raman and infrared spectra. A lot of experiments have confirmed these
changes in the features of water after magnetization [66–74]. In Sections 3.3
and 3.4, we have confirmed experimentally the changes in refraction index,
infrared and ultraviolet absorption, Raman spectra and X-ray diffraction
of water after magnetization. In the light of the above theory we can
explain clearly these changes. Evidently, the changes in the electric feature
of magnetized water are caused by the occurrence of proton conductivity in
these closed loops and enhanced polarization of water molecules; its vari-
ations in the optic property arise from the enhanced polarization of water
molecules and changes in the density and distribution of water molecules;
its alternations in the thermodynamic nature result from increases in the
energy of water and recombination, and changes in the distribution of water
molecules; the changes in the mechanical features of water are caused by
enhanced interactions among molecules and recombination and appearance
of magnetically-ordered water molecules; its variations in the magnetic fea-
tures are due to the generation of ring molecular electrical currents in these
closed chains and magnetically arranged molecules, and so on. Therefore,
the changes in the properties of water after magnetization as discovered
in experiments can be explained completely and clearly by the above
theory.
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(c) From the above theory of magnetized water, we infer that there are no
variations in the structure of a single molecule and there is no destruction of
hydrogen bonds among the molecules, thus the position of peaks in Raman
scattering and infrared absorption of water should not basically change,
when water is magnetized. However, since the charge distributions in these
molecules are changed due to the occurrences of proton conductivity and
magnetic interactions between the molecules in the magnetized water, the
polarization effect and dipole-moments of transition of water molecules are
enhanced. These effects would result in increase in the strength of peaks
in the Raman and infrared spectra of water after it is magnetized. These
results are verified in our experiments in Section 3.3.

(d) From the above mechanism and theory of magnetized water, we know
that the magnetized effect depends closely on the sizes of �J and �Hmol, which
is directly proportional to the number of the closed hydrogen-bonded loops,
protons and molecules in these loops which are finite and only a part of a
large number of water molecules. This means that the values of �J and �Hmol

are very small. Thus, we affirm that the magnetism of magnetized water is
also very small. This is demonstrated by Mohri et al.’s measured result [90]
in Section 3.4, which is about 2.3 pT.

On the other hand, the number of protons in the closed hydrogen-
bonded loops decreases with increasing water temperature because the
probability of water molecules departing from these closed loops increases
with increase of their thermal energy of disorder motion, which increases
with increasing water temperature. This effect results directly in reduction
of magnetized effect and increases the vibrational frequency of molecules,
which are exhibited by decrease in the strength and increase in the blue-
shift frequency of peaks in infrared absorption spectra. These results are
verified by our experiment shown in Figs. 3.2 and 1.3 and 1.4 in Chapter 1.

In summary, the above theory can explain all experimental results of
magnetized water described in Section 3.3. Pang’s mechanism and theory of
magnetized water have credible experimental foundations, hence they are
correct.

Finally, we should point out that the above theory of magnetization
of water is established on the basis of existence of closed hydrogen-bonded
chains on a plane, so, it is an approximation to the real case. In practice,
there is a spatial fluctuation of hydrogen-bonded network in pico- and
sub-pico-second time scale in water. Obviously, these fluctuations are caused
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by disorderly thermal motion of water molecules and are enhanced with
increasing water temperature, it will result in the decreases of number of
molecules containing in the closed loops. Thus, the sizes of closed loops
will be contracted, partial network structures of hydrogen bonds would
possibly be destroyed and the numbers of closed hydrogen-bonded chains
would decrease. However, since the energy of hydrogen bonds among these
molecules is larger (0.21 eV) than the disorderly thermal energy which is
about 3KT/2 = 0.03 − 0.05 eV from 20–95◦C for each water molecule,
it can suppress and restrain completely the destroyed effect of thermal
perturbation and spatial fluctuations of molecules on hydrogen-bonded
networks. Hence, although the number of water molecules contained in
the hydrogen-bonded networks decrease with increasing water temperature,
these closed hydrogen-bonded chains in water can also hold, especially in
the regions of room and physiological temperatures, except when water
temperature approaches 100◦C. On the other hand, the destruction effect
of spatial fluctuations on these hydrogen-bonded networks is a reversible
process, i.e., the probability of destruction of hydrogen-bonded networks, or,
of departure of molecules from the networks amounts to that of restoration
of networks or molecules, if the temperature of water is maintained. Thus,
these hydrogen bonds destroyed by the spatial fluctuations can be always
restored in the systems. Therefore, the hydrogen-bonded networks cannot
be destroyed by their spatial fluctuations and can always hold in water at
any temperature. The thermal perturbation and spatial fluctuations can
only reduce the number of water molecules contained in these closed loops
which increases the strength while the blue-shift of frequency of these peaks
in infrared absorption and Raman spectra decrease, thus the magnetized
effect of water are also weakened. This result is verified by the experimental
data in Figs. 1.3 and 1.4 in Chapter 1 and Figs. 3.8–3.10. From these
figures, we see that the six peaks in the range of 3000–3800cm−1 occur
always irrespective of high/low temperatures or pure/magnetized waters.
This shows that the linear and ring hydrogen-bonded chains formed in water
are not destroyed by the thermal perturbation and spatial fluctuations
of molecules. Therefore, the above theory of magnetization of water is
always correct.

In summary, we can conclude from the above studies that it is true
that water can be magnetized in a magnetic field, the nature and properties
of magnetized water are completely different from those of pure water, it
possesses certain magnetism. However, the nature and properties are all
weaker. Water’s magnetization is due to ring hydrogen-bonded chains in it,
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therefore, it is non-linear and collects the effect of a larger number of water
molecules, and is not related to the diamagnetism of water.

3.9. Instances of Application of Magnetized Water
in Biology/Medicine and a Mechanism of Biological
Effect of Magnetic Field

As mentioned above, magnetic field can change the properties of water,
thus it has obvious biological effects due to the fact that water is present
in living systems. This problem was widely studied [179–190]. In this case,
the externally applied electromagnetic field can affect the activation of ions
and change the polarization of dipoles in living cells and plasma membrane
structures and functions [182, 191, 192]. Else, an alteration in the level of
some mRNA in plants under the influence of an electromagnetic field was
obtained by Goodman [179]. However, the mechanism of biological effect of
magnetic field has not been studied in-depth and revealed as yet. Therefore,
it is necessary to research its mechanism. We think that a mechanism of
biological effect of magnetic field could be caused by magnetization of
water in the living system. Thus, we study carefully and systematically
the biological effects of magnetized water.

3.9.1. Biological Effects of Magnetized Water

3.9.1.1. Materials and instruments

The animals used in these experiments were Kunming mice and Wistar mice
supplied by the animal feed laboratory in West China public health school
in Sichuan University in Chengdu, Sichuan and approved by the Ministry
of Public Health of China. Cyclophosphamide (CY) was supplied by Sigma,
NY, USA; high fat feed was provided by the animal feed laboratory in West
China clinical medical school in Sichuan University in Chengdu, Sichuan.
The feed contained 2% cholesterol, 10% lard, 0.2% methyl sulfur oxygen
pyrimidine, 0.5% pig bile salts and 86–89% base feed (composed of 20%
flour, 10% rice, 20% maize, 25% bran, 20% soybean, 2% bone and 2% fish
meal). The neodymium boron ferromagnet was supplied by the Magnetic
Material Co. in Beijing, China and a Simplicity 185 Ultrapure Water
System, from Millipore in Fall River, Massachusetts, USA was used for the
water supply. The instrument for measuring the biochemical and general
blood indices was supplied by the Chinese Medicine Pharmaceutical Co.,
in Beijing, China and the FASCO-2050A rheology instrument by Chinese
Biological Lt. Co., in Beijing, China.
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3.9.1.2. The method of investigation

In the experiments, magnetized water was obtained by placing a glass
container of pure water on the surface of the neodymium boron ferromagnet
(NdBFeM) at 4400G for about 30min. In this protocol, the magnetic field
can only act on the water to influence its state and cannot change the
state of the glass container. Importantly, care was taken to ensure that the
placement of the experimental device guaranteed that the magnetic lines of
force of the magnet would penetrate the whole volume of water so that it
would all become magnetized. This required that the volume of water in the
glass container was relatively small. After the pure water was magnetized,
it was poured immediately into the sample baths in the instruments to
measure its properties using both mass and color spectrometers at 25◦C.

In the experiments, magnetized water was obtained from pure water,
which was flown over the water tube with an inner-diameter of 1.1 cm and
length of 25 cm made by the neodymium boron ferromagnet (NdBFeM)
for about 0.5min. A device for magnetizing water was used in which the
strength of magnetic field acting on the flowing water was about 4400G.
With this device the magnetic field could only act on the water to influence
its state and guaranteed that the magnetic lines of force of the magnet could
penetrate the whole volume of water so that it would all become magnetized
as the volume of water flowing over the tube was relatively small. After the
pure water was magnetized, it was poured immediately into the sample
baths in the instruments to measure its properties, such as the infrared
spectra of absorption to enable us to judge the true magnetization of water
by virtue of obvious increase in the strength of the peaks in the infrared
spectra relative to those of pure water.

We next investigated the influence of drinking the magnetized water
on the immune and digestive functions of mice with low immunity by
measuring biochemical indices, including blood viscosity, and other general
measures of blood composition. Other measures included the content of
malondialdehyde (MDA) and activity of SOD to show the influence of the
magnetized water on the metabolism of free radicals in the liver tissue of
these animals [193, 194].

In this experiment, 32 male mice (about 15 g body weight) were divided
randomly into two experimental and two control groups, with each group
having eight mice. The mice in the experimental groups were given the
magnetized water to drink and the control groups were given the only
the purified water. After 32 days, we injected (intra-peritoneal) CY at a
concentration of 30mg/kg into eight mice in one experimental group and
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eight mice in one control group. This treatment causes the animals to have
a reduced immune function after 4 days and at this time point they were
sacrificed and their immune and digestive functions as well as the content
of MDA and activity of SOD in liver tissue measured immediately after
postmortem.

To assess the immune function, we mainly measured the thymus index
(mg/10 g) (= the thymus weight/body weight), spleen index (mg/10g)
(= spleen weight/body weight), classification count of white cells in blood
and phagocytosis function of macrophages in the abdomen [193, 194].

The experimental method for measuring macrophage phagocytosis
of red blood cells, in the mouse abdomen was as follows: 0.5mL of
physiological saline of containing 5% red blood cells was injected into
the mouse abdomen and after 4 h the animals were sacrificed by cervical
dislocation. Following a 2mL injection of physiological saline of 2 mL, 1mL
of celiac fluid in the abdomen was removed, placed on two glass slides and
fixed for 5min by 10% formaldehyde solution at 30◦C after rinsing and
drying. The number out of 200 macrophages, which engulfed the red blood
cells were counted under a microscope after dyeing in hematin-eosin (HE).
A percentage of engulfed cells and an associated index was obtained by the
formulae:

engulfed.percentage

=
number.of.macrophages.engulfing.red.blood.cell

200.macrophages
× 100%

and

engulfed.index =
number.of.engulfing.red.blood.cell

200.macrophages
÷ 2,

respectively.
In the experiment investigating the influence of magnetized water on

the digestive function of the large intestine, we measured the transport
rate of carbon powder in it. The procedure was as follows: the mice
were first given food containing 5% carbon powder dispensed in 10%
acacia gum. After 20min, the mice were killed by cervical dislocation,
the mesenteries extracted, stretched and separated immediately. The small
intestine extracted from the mice was flattened but not stretched. The
distance between the first trace of the carbon powder and the pylorus
was then calculated and the transport rate calculated using the following
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formula:

pushed.rate

=
the.distance.between.first.end.of.carbon.powder.and.pylorus

the.total.length.of.small.intestine
× %.

To study the influence of magnetized water on the metabolism of free
radicals in the mice, we mainly determined the content of MDA and the
activity of SOD in liver tissue using the MDA and SOD kits, respectively.
Samples were prepared by first removing adequate amounts of liver tissue
from the mice and adding physiological saline to prepare a homogenate
seriflux, containing 10% liver tissue, in which the quality of general proteins
(G-protein) is determined by the biuret assay kit, the content of MDA is
obtained by the MDA assay kit and the activity of SOD in 1% liver tissue
seriflux is obtained by the SOD assay kit.

In the experiment investigating the influence of magnetized water
on bio-chemical and general blood indices of mice with high blood fat
[194, 195], 16 mice with high blood fat were prepared using the above
method and blood measures together with blood viscosity were carried out
in both experimental and control groups in a hospital laboratory.

Statistical analyses of experimental data were carried out using
SPSS13.0 software with results calculated as mean values ± standard
deviation (X ± S, the comparison between mean values of control and
experimental groups was made using either a two-way analysis of variance
(ANOVA) or t-tests with P < 0.05 denoting a significant variation).

3.9.1.3. The experimental results

The results showing the influence of magnetized water on immune and
digestive system functions, comprising MDA and SOD in liver tissue in
mice with normal and low immunity, the bio-chemical and general blood
indexes and blood viscosity, and cholesterol levels of mice with high blood
fat are shown in Tables 3.1–3.3, respectively, where “∗” denotes a significant
difference at P < 0.05 and “∗∗” at P < 0.01.

3.9.1.4. The discussion of the results

It is well known that the spleen is an important organ in the immune
system and that its weight and size mainly depend on its hematopoiesis.
Thus, an increase in its weight indicates an increased number of surviving
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Table 3.2. The influences of magnetized water on the immune function and digestive
function of the mice as well as on MDA and SOD values of liver tissue in the mice,
where the errors indicate the standard error of the mean (SEM) for N = 8 independent
experiments, “∗” and “∗∗” denote the significant variation and very significant variation
of result, respectively.

Controlled group Experimental group P value

Low Low Low
Contents Normal immunity Normal immunity Normal immunity

Thymus index
(mg/10 g)

16.2 ± 2.4 14.4 ± 1.67 16.8 ± 2.9 15.2 ± 2.2 0.33 0.22

Spleen index
(mg/10 g)

32.9 ± 1.9 34.8 ± 4.2 36.9 ± 4.3 41.5 ± 8.1 0.02∗ 0.03∗

Leukocyte
(109/L)

4.7 ± 1.3 3.5 ± 0.6 4.9 ± 1.7 6.5 ± 2.4 0.388 0.005∗∗

Devouring
percentage (%)

46.6 ± 3.5 47.2 ± 2.5 47.0 ± 2.3 49.4 ± 5.9 0.400 0.18

Phagocytic
index

1.1 ± 0.1 0.9 ± 0.2 1.1 ± 0.0 1.1 ± 0.1 0.366 0.022∗

Carbon foam
promote
rate (%)

68.4 ± 10.4 49.1 ± 14.1 72.8 ± 16.1 65.4 ± 20.0 0.28 0.041∗

MDA content
(nmol/
mgprot)

1.4 ± 0.5 1.6 ± 0.4 1.1 ± 0.4 1.5 ± 0.5 0.091 0.390

SOD content(U/
mgprot)

43.4 ± 5.1 40.3 ± 7.5 48.7 ± 6.2 42.8 ± 12.3 0.042∗ 0.320

hematopoietic stem cells. From Table 3.2, we know that the spleen index
in a mice drinking magnetized water for 40 days is significantly increased
relative to the control group showing that magnetized water enhances the
activity of hematopoiesis. From Table 3.3, it can be seen that the numbers of
alkaline and acid cells in the mice in the experimental group are increased
relative to those in the control group. This provides further support for
improved immune function [193, 194].

The macrophage is a key component in the non-specific immune system
and also provides an important assisting role in the specific immune system.
It plays a key role in the regulation of the body’s immune response by
destruction of target cells and removal of antigen. From Table 3.2, it can
be seen that the percentage and index engulfing red blood cell of the
macrophage in the experimental group was significantly larger than in the
control group, showing that drinking the magnetized water enhanced non-
specific immune function in mice with low immunity. From Table 3.2, it can
also be seen that the white blood cell count is also raised in mice following
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Table 3.3. The influences of magnetized water on the bio-chemical and general indexes
and viscosity of blood in rates with high blood fat, where the errors indicate the SEM
for N = 8 independent experiments, “∗” and “∗∗” denote the significant variation and
very significant variation of result, respectively.

Contents Experiment group Controlled group P value

leukocyte (/L) (6.4 ± 1.5) × 109 (5.7 ± 1.8) × 109 0.19
Red blood cells (/L) (4.1 ± 0.7) × 1012 (4.9 ± 0.6) × 1012 0.02∗
hemoglobin(g/L) 81.9 ± 16.9 90.6 ± 12.1 0.12
High tangent viscosity (mPa.s) 6.7 ± 0.4 7.2 ± 0.5 0.037∗
Mid. tangent viscosity (mPa.s) 13.0 ± 1.9 14.5 ± 2.3 0.087
Low tangent viscosity (mPa.s) 16.6 ± 2.9 19.4 ± 4.2 0.073
Serum ALT (U/L) 246.5 ± 65.8 256 ± 47.3 0.37
Serum AST (U/L) 65.4 ± 9.2 66.1 ± 9.0 0.17
Triglycercide 1.8 ± 0.5 1.8 ± 0.8 0.48
Total cholesterol (mmol/L) 2 ± 0.5 2.6 ± 0.6 0.040∗
High-density lipoprotein

(mmol/L)
1.1 ± 0.1 1.1 ± 0.1 0.16

Weight(g) 415 ± 36.2 451 ± 41.2 0.041∗
General protein 3.2 ± 1.6 3.1 ± 1.8 0.46
MDA content (nmol/mg.prot) 7.5 ± 4.6 10.9 ± 7.2 0.14
SOD content (U/mg.prot) 230.7 ± 131.9 212.9 ± 118.0 0.39

drinking of the magnetized water providing further evidence of improved
immune function.

Table 3.3 shows that the magnetized water also facilitated the transport
speed of carbon powder in the small intestine of the experimental group
compared with the control group, showing that it increases peristalsis and
digestive function of the intestine.

SOD plays a vital role in the balance between the oxidation and antiox-
idant actions in the body. If the content of SOD is depressed this results in
an increase in the production of free radicals which can cause tissue damage
and promote disease through its oxidation effects. Table 3.2 shows that the
content of SOD in the liver tissue in the mice in the experimental group is
significantly increased compared to the control group. This indicates that
the magnetized water has enhanced the capacity for removing free radicals
from the body. Free radicals of oxygen can be generated by both enzymatic
and non-enzymatic systems in the body and can attack unsaturated fatty
acids in biological membranes. Thus lipid peroxides, such as MDA, can be
generated where high MDA levels indicate lipid peroxidation and reflect
indirectly the extent of cell damage in the body. Tables 3.2 and 3.3 show
that MDA levels are generally lower in the liver tissues of mice in the
experimental group, although this does not quite achieve significance.
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Aspertate aminotransferase (ALT) and cereal third transaminase
(AST) are indices which reflect the bio-activity of liver function. ALT is
widely distributed in the healthy liver and if the liver becomes diseased, such
as in acute or chronic hepatitis, cholecystitis and hepatic passive congestion,
then the content of ALT will increase. So, the activity level of ALT is a key
and sensitive index of hepatic injury. It can be seen from Table 3.3 that the
differences in ALT and AST between the experimental and control groups
for the mice of high blood fat are small, showing that drinking magnetized
water has little influence on these two indices of liver function.

Cholesterol, triglyceride and high-density lipoprotein (HDL) are the
key indices for the amount and content of blood lipids. If the cholesterol,
triglyceride or low-density lipoprotein (LDL) increase significantly and HDL
is reduced, then the blood lipid levels are elevated. From the experimental
results shown in Table 3.3, it can be seen that the cholesterol levels and
weight of mice with high blood fat in the experimental group are lower than
those in the control group. This indicates that drinking the magnetized
water can have beneficial effects in reducing both lipids and weight.

While the number of white blood cells can reflect the strength of
immune function in the body, our experimental results in Table 3.3 show
that drinking magnetized water only produces small changes in the number
of white blood cells. Thus, this aspect of immune function does not seem
to be influenced by the magnetized water.

If the shear rate of blood flow is increased, then the viscosity of blood
will be decreased. On the other hand, if deformation of red blood cells
occurs, then the high tangent viscosity of already flown blood will increase
and thus blood flow will be reduced. The proportion of red blood cells will
also change the low tangent viscosity of blood flow. From the experimental
results in Table 3.3, it can be seen that the high tangent viscosity of blood
flow in the mice in the experimental group is significantly lower than that in
the control group. This means that the deformation of red blood cells in the
mice is smaller relative to that in the control group showing that magnetized
water reduces blood viscosity and can improve blood flow [193, 194].

The above results showed that drinking magnetized water improves a
number of immune and digestive system functions of rodents. Specifically, it
increased the spleen index, leukocyte number, macrophage engulfing index,
transport speed of carbon powder in the small intestine and enhanced the
content and bio-activity of SOD in the mice with low immunity. It also
decreased cholesterol levels, the value of high tangent viscosity of fluid blood
and weight of mice fed with a diet producing high blood fat. In summary,
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this investigation shows that drinking magnetized water may have some
beneficial physiological effects in individuals with low immunity or with
high cholesterol/body weight.

3.9.2. The Distribution and Bio-Functions of Water in Life

Bodies and a Mechanism of Biological Effect

of Magnetic Field

As a matter of fact, water is one of the main components of life. Animal
organisms consist of nearly two-thirds of water. The human embryo contains
about 93% waters during the first month. Therefore, there is a large
amount of water in the living system. Water in the living systems is
distributed in cell-membrane, cytoplasm, cytoblast and blood and lymph
liquid and space between cells, i.e., there is always water in all biological
organization. Experimental measurements show that water is about 45% in
blood liquid, 8% in membrane, 80% in cytoplasm. In Table 3.4, we listed the
chemical components of protoplasm consisting of cytoplasm and cytoblast.
In Table 3.5, we listed the percentage weights of individual components of
some organisms [73, 82, 95]. From Tables 3.4 and 3.5, we see that water is
a main component in the living systems.

What are the forms of bio-waters which exist in the living systems? As
known, all water molecules are polarized, each water molecule has a large
electronic dipolar moment. Therefore, there are still a large number of ring
and linear hydrogen-bonded chains in living systems. Another form of bio-
water is the hydration of ions in water in the living systems. In the electrical
field of an ion the polar water is partially “aligned” so that they can
screen this field. Thus the hydration or solvation of the ions occurs. A third
form of water is the hydrophilic polymer of water with biomacromolecules.
For polar biomacromolecule there is the hydrophilic effect where the
molecule immerses in the water. For non-polar biomacromolecules there
is hydrophobic effect where the biomacromolecule protrudes out from the

Table 3.4. Chemical components of protoplasm.

Matter Percent (%) Type for sort

Water 85–90 Free and hydration
Protein 7–10 Globulin, nucleoprotein histone
Lipoid matter 1–2 Lipoid
Other organism 1–1.5 Carbohydrate
Inorganism 1–1.5 Na, K, Ca, Mg, Cl, SO4, PC4
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Table 3.5. Percent of weights of individual
components of some organisms.

Matter Bull Corn Jelly fish

Water 55.51 79.0 96
Protein 16.73 1.8 0.67
Lipoid 24.62 0.5 —
Carbohydrate — 17.5 —
Salt 5.24 1.2 3.0

water. However, the two forms of the bio-water molecule are not significant,
its greater parts are in free states in the living systems [73, 82, 95].

What are the biological functions of bio-waters? We can say that water
has very important roles in the life activity, which will be studied in detail
in Chapter 5, where we only summarized simply as follows.

(a) The hydration of ions, hydrophobic and hydrophilic effects and
hydrogen-bonded structure of water determine essentially the secondary
structure and conformations of protein molecules and structure of cellullar
and intracellular membranes without which there would not be individual
cells and many biological processes important for life. It is the hydrophobic
interaction which is responsible for the fact that living organisms are
insoluble in water although they are two-thirds water. Also, the physiolog-
ical properties of biomacromolecules and many supermolecular structures
(especially cell membranes) depend very considerably on their interactions
with water.

(b) Water forms the basic medium in which all biochemical reactions take
place in the cell. Water is practically a basic environment of activity of
bioenzyme, it can facilitate biochemical reaction.

(c) Water can participate in many biochemical reactions, such as, bioenergy
support through ATP (adenosine triphosphate) hydrolysis:

ATP−4 + H2O ⇔ ADP−3 + H3PO2
4 + H+ + 0.43 ev

and

ADP + H2O → AMP + H3PO4

(where ADP and AMP are adenosine diphosphate and monophosphate,
respectively) and glucose oxidation:

C6H12O6 + 38ADP + 38H3PO4 → 6CO2 + 6H2O + 38ATP,
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and the photosynthesis in plant:

6CO2 + 6H2O → C6H12O6 + 6O2 + released.energy,

and so on. These bio-chemical reactions related to the bioenergy changes are
the foundation of all life activities. There cannot be life activities without
them. Therefore, water plays very important role in these activities of life
[73, 82, 95].

(d) Water is essential for digestion because the decomposition of carbohy-
drates, proteins and fats take place by addition of water molecules.

(e) A large amount of water is involved in plasma. It forms the liquid part
of the blood and the lymph. Therefore, water is a bed or motor for the
circulation or microcirculation of blood and for the flow of lymph.

(f) Circulation of water between internal and external environments of the
living systems can ensure and retain the physiological temperature of the
living systems at about 300–310K which is a foundation of normal growth
for life.

(g) Water always contacts with all bio-tissues, cell and molecules including
protein and DNA in virtue of hydrophilic and hydrophobic mechanisms.
The breeding and proliferation of cell, differentiation and reproduction of
DNA, and variations in the conformation of the protein molecules depend on
water. Once biological tissues lack water, or water is removed, then the cell
dies, biological functions of DNA and protein molecules eliminate or desist.

Therefore, water is a main component in life and has very important
biological functions in life’s activities [73, 82, 95]. We can say that there is no
life without water. In the meanwhile, the variations in the state, structure
and distribution of molecules in water result necessarily in the changes
of states and properties of bio-tissue, cell and biological molecules. Thus,
a series of biological effects will occur. On the other hand, water can be
magnetized in a magnetic field as mentioned above. Thus, we can propose
and establish a mechanism of biological effect of magnetic field where we
presume such effects are due to the changes in the property and structure of
biomolecules and cells caused by variations in the features and distribution
of water molecules through hydrophilic and hydrophobic mechanisms under
influences of magnetized water. This mechanism has not been proposed by
other authors up to now, therefore, it is new. This mechanism has been
confirmed by the following facts. (a) the existence and distribution of water
in life systems and its biological functions; (b) experimental evidences of
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magnetization of water and changes in the features and distribution of
water molecules under action of a magnetic field; (c) real biological effect
of magnetized water including the variations in the proliferation of cell
and property of liver tissue as well as biological functions and properties
of animals involving the mice and rats as mentioned above. From these
investigations, we know that water exists widely and is contacted closely
with all biomolecules, cell and bio-tissues in life systems through hydrophilic
and hydrophobic mechanisms, and possesses many important biological
functions. Once its structure and distribution of molecules are changed,
then biological functions and properties of life bodies too will vary due to
variations in biomolecules, cell and bio-tissues caused by changes in the
features of water through its magnetization. This is just the molecular
mechanism of biological effects of magnetized water mentioned above.

3.10. An Example of Application of Magnetized Water
in Industry

3.10.1. Enhancement of the Hydrophilic Features

of Magnetized Water

First, we collect first the variations in hydrophilism and surface tension force
of water on a planar surface of material after magnetization. This effect is
signed in the size of angle of contact of water on a planar surface of materi-
als. In this experiment, we measure the angle of contact of magnetized and
pure waters on a planar surface of copper, graphite, muscovite and silica gel
of PDMS183 in the region of 0–180◦ and in the condition of at a humidity
level of 27◦by using OCA40 and OCA20 Micro optical-vision instrument
with the an accuracy of ±0.3◦ made in Germany, respectively. The experi-
mental results are shown in Figs. 3.11–3.14, respectively. From the four fig-
ures, we see that the soaking degree of magnetized water on the hydrophobic
materials increases relative to that of pure water, thus its hydrophobicity
decreases. This shows that the magnetic field changes the hydrophobicity
of water. This is a quite a useful and valuable result. Obviously, the
extenuation of angles of contact of magnetized water is due to the increases
in the of polarized effect and the changes of in the distribution of molecules
in water under action of the magnetic field. Thus, we conclude the surface
tension force and hydrophobicity of water decrease, but its hydrophilism
increases after magnetization. The property of magnetized water has well
foreground of application in industry, agriculture and medicine. We predict
that the quality of concrete can be well improved if magnetized water is used



December 3, 2013 11:57 9in x 6in Water: Molecular Structure and Properties b1656-ch03

The Magnetic Field Effects on Water and Its Magnetization 303

in it. Thus, we carry out an in-depth study of the influences of magnetized
water on the properties of concrete in the next subsection.

3.10.2. Changes in the Properties of Concrete Arising from

Magnetized Water

3.10.2.1. Preparation of concrete containing magnetized water

The magnetized water we here use was extracted from a beaker of purified
water at 25◦C exposed in the magnetic field of 4400G for 25min. The
purified water we used here was prepared using the Simplicity 185 Water
System (Millipore) USA as mentioned above.

According to the criteria for the quality of concretes promulgated by
Chinese government we prepared the concrete, which is was composed of
cement, fine sand, small stones and water, their proportion being 1: 0.87:
2.32: 0.47, where the diameters of the stone were about 7–20mm and the
cement was No. 425, its borne pressure was 32.5Mpa. In this experiment,
we prepared two types of concretes containing pure and magnetized waters
according to the above criteria as shown in Fig. 3.44.

3.10.2.2. Influences of magnetized water on the physical property
of concretes

3.10.2.2.1. The changes in the mechanical properties of concrete arising
from the magnetized water

We used the synthetic method [197–202], which includes the ultrasonic
and rebounded techniques and is widely used in the concrete industry, to
measure the mechanical properties of the two types of concretes containing
the magnetized and pure waters, respectively. This method combines the
advantages of ultrasonic method, which can derive the values of mechanical
features of the concrete from changes in the characteristics of ultrasonic

Fig. 3.44. Concrete samples containing the magnetized water (01) and pure water (02).
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wave, and rebounded method, which can derive its values of mechanical
features by changes in the characteristics of reflective wave of sound, and
can eliminate the shortcomings of other methods in the measurement.
Meanwhile, we can also obtain accurate values of many physical parameters
of the concretes from this measurement using the synthetic method. In
practical measurement, we firstly separate the concrete sample containing
the magnetized water into three small concrete boards of 4.23× 4.2× 8.71,
4.24 × 4.2 × 8.38, and 4.21 × 4.18 × 8.37 cm3, which are here named after
1–1. 1–2 and 1–3, respectively. For the concrete sample containing pure
water we treated it in same pattern, their sizes are 4.29 × 4.3 × 8.26 cm3,
4.31 × 4.3 × 8.8 cm3, and 4.29 × 4.26 × 8.91 cm3, which are here named
after 2–1. 2–2 and 2–3, respectively. The mass densities of the concretes,
which were obtained using the method of quantity quadrature, are shown in
Table 3.6. Table 3.6 shows that the mass density of the concrete containing
magnetized water is 2.41 g/cm3, which is greater than pure water, which is
only 2.33 g/cm3. This indicates that the magnetic field changes the features
and distribution of water molecules and enhances the combined strength
among the components in the concrete, thus its mass density increases
relative to that of pure water.

We measured also the tensile strength of the concretes. As it is known,
the tensile strength designates the maximum value of the stress of concrete
material in the case of stretched deformation under action of an external
force. Table 3.7 exhibits that the tensile strength of the concretes containing
magnetized water is 1.33MPa, which is greater than pure water, which
is 1.26MPa, namely, the maximum value of the stress of the concrete

Table 3.6. Natural densities of the concretes.

Sample sort Magnetized water concrete Pure water concrete

Number of concrete board 1∼1 1∼2 1∼3 2∼1 2∼2 2∼3
Natural density (ρ) (g/cm3) 2.43 2.41 2.39 2.31 2.35 2.33
Average value (g/cm3) 2.41 2.33

Table 3.7. Tensile strength of the concretes.

Sample sort Magnetized water concrete Pure water concrete

Number of concrete board 1∼1 1∼2 1∼3 2∼1 2∼2 2∼3
Natural density (MPa) 1.35 1.29 1.34 1.23 1.28 1.28
Average value (MPa) 1.33 1.26
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Table 3.8. Compressive strengths of the concrete samples.

Magnetized Pure
Sample sort water concrete water concrete

Number of concrete board 1∼1 1∼2 1∼3 2∼1 2∼2 2∼3
Compressive Natural True value (MPa) 33.4 32.7 32.8 30.3 29.8 29.5

strength condition Average (MPa) 32.7 29.8
Water True value (MPa) 29.9 28.3 27.6 28.2 26.9 27.7

condition Average (MPa) 28.6 27.6

containing the magnetized water is lifted by about 5.6% relative to that of
pure water. This means that the combined forces among these components
in the former are greatly increased due to the injection of magnetized water.

We determined further the compressive strengths of the concretes.
The compressive strength represents the size of loaded weight on the unit
surface area, when the concrete will be destroyed under action of a pressure
with a signal direction. The results obtained are denoted in Table 3.8,
which manifests clearly that the compressive strengths of the concretes
containing magnetized water are increased to 32.7MPa in natural condition
and 28.6MPa in water environment from 29.8MPa in natural condition
and 27.6MPa in water environment for those of pure water, respectively,
namely, its ratios of increase for the concrete containing magnetized water
are 8.9% and 3.6% relative to those of pure water in natural and water
conditions, respectively. These imply that the concrete’s capability of
bearing destruction is enhanced due to the inclusion of magnetized water.

We also find the deformation modulus and Poisson’s ratio (coefficient of
lateral deformation) of the concretes. As known, the deformation modulus
expresses the ratio between the absolute values of increment of the stress
and strain for the concrete under the action of a loaded pressure. In practice,
it is just the compressibility index of the concrete, which is obtained
from the loaded experiment. The Poisson’s ratio is the ratio between the
horizontal strain and axial strain of the concrete under the action of tensile
or pressure force. The results obtained are shown in Table 3.9. We see
from Table 3.9 that the deformation modulus of the concrete containing
magnetized water decreases to 1.1 and 0.98MPa in natural and water
conditions from 1.2 and 1.1MPa in those of pure water, respectively. On
the other hand, the Poisson’s ratio of the concrete containing magnetized
water depresses to 0.19 and 0.18 in the natural and water condition from
0.23 and 0.19 in those of pure water, respectively. These results indicate
that the concrete containing the magnetized water distorts not easily, or
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Table 3.9. Values of deformation modulus and Poisson’s ratio of concrete samples.

Magnetized Pure
Sample sort water concrete water concrete

Number of concrete board 1∼1 1∼2 1∼3 2∼1 2∼2 2∼3
The concrete Deformation True value (104 MPa) 1.1 1.1 1.2 1.2 1.3 1.2

in natural modulus Average (104 MPa) 1.1 1.2
condition Poisson’s ratio True value 0.21 0.19 0.19 0.23 0.15 0.21

Average value 0.19 0.23
The concrete Deformation True value (104 MPa) 0.9 0.9 1.1 1.0 1.2 1.1

in water modulus Average (104 MPa) 0.96 1.1
condition Poisson’s ratio True value 0.18 0.17 0.19 0.20 0.18 0.19

Average value 0.18 0.19

Table 3.10. The shear strength of broken of the concrete.

Magnetized Pure
Sample sort water concrete water concrete

Number of concrete board 1∼1 1∼2 1∼3 2∼1 2∼2 2∼3
The concrete Cohesive True value 1.12 1.03 1.13 0.98 0.99 1.11

in natural force (104 MPa)
Average (104 MPa) 1.093 1.031

condition Internal True value 23 25 22 28 27 28
friction Average value 23.3 27.3
angle ϕ◦

rather, it is more likely to prevent the influence of distortion relative to
that of pure water, when the loaded pressure is acted. This means that
magnetized water really improves the quality of the concrete relative to
pure water to a certain extent.

The shear strength of a broken concrete is also inspected. In general,
the fracture of the concrete is due to the force of shear failure. The shear
strength of broken concrete represents the maximum of the shear stress
on the shear surface, when the concrete is clipped along the direction of
change of the stress under the action of normal pressure, which is often
denoted using the cohesive force and internal friction angle. The former
manifests mutual attraction among the same components in the concrete,
the latter is the slant angle between two dislocation surfaces in generation
of dislocation arising from the shear failure under action of vertical gravity.
Therefore, its value signals the size of friction forces occurred in the process
of displacements of the corpuscles. The results of the cohesion and internal
friction angle of the concrete are shown in Table 3.10. From this experiment,
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we know that the cohesive force in the concrete containing magnetized
water is increased relative to that of pure water, thus the incorporated
or attraction force among the components in the concrete increases due
to the inclusion of magnetized water. Then, the mass density increases
necessarily in the concrete containing magnetized water in this case as
mentioned above. However, the internal friction angle in the concrete
containing magnetized water decreases to 23.3 from 27.3 in that of pure
water. This means that the magnetized water can restrain the dislocation
effect of concrete arising from the shear failure under action of external
force to a certain degree due to the enhancement of cohesive force among
the components because of the action of magnetized water.

3.10.2.2.2. Changes in the optic property of concrete arising from
magnetized water

Since the infrared spectra of materials can provide an insight into its
molecular structure and its changes, we collected the infrared spectra of
the concretes containing magnetized and pure waters in the region of
400–4000cm−1 using a Nicolet Nexus 670-FT-IR spectrometer USA with
resolution of 4 cm−1, respectively, which are shown in Fig. 3.45. From
this figure, we see that some new peaks occur in 2000–3000cm−1, for
example, five peaks at 2600, 2450 1900, 1850 and 1780 cm−1 occur and the
strengths of the peaks in the region of 400–1700cm−1 reduce in the concrete
containing magnetized water relative to those of pure water. These changes
manifest that externally applied magnetic field changes the distribution

Fig. 3.45. Infrared spectrum of the concretes containing magnetized and pure water in
400–4000 cm−1, respectively.
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Fig. 3.46. The fluorescent spectrum of the concrete containing the pure water excited
by the light of wavelength of 236 nm.

Fig. 3.47. The fluorescent spectrum of the concrete containing the magnetized water
excited by the light of wavelength of 236 nm.

and structure of molecules in water, which result directly in variations in
the infrared spectrum of the concretes due to enhanced interaction and
combination of magnetized water with the components in them.

In order to check the validity of the above conclusion, we further inspect
the fluorescence spectra of the concretes containing magnetized and pure
waters using F-7000 fluorescent spectrometer made by Japan, which can
exhibit the changes of electronic structure of atoms in the components
in the concrete under the influence of magnetized water. The results are
shown in Figs. 3.46–3.49, which are excited by the light having wavelengths
of 236 and 260 nm, respectively. From these figures we see that the basic
feature of fluorescent spectra of the concrete has not been changed, although
the pure water in the concrete is replaced by the magnetized water. This
indicates that the atomic and electronic structures in these molecules in
the concrete have not been changed in the concrete containing magnetized
water. However, we see also that the strengths of the peaks in the fluorescent
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Fig. 3.48. The fluorescent spectrum of the concrete containing the pure water excited
by the light of wavelength of 260 nm.

Fig. 3.49. The fluorescent spectrum of the concrete containing the magnetized water
excited by the light of wavelength of 260 nm.

spectra of the concrete containing the magnetized water are reduced relative
to those of pure water. Obviously, this is due to the enhancement of
incorporated force among the molecules or components in the concrete
arising from the magnetized water as mentioned above, which restrains
the numbers of transition of the electrons in these molecules.

In summary, when water is exposed in a magnetic field, we find that
its properties are changed. This is called magnetization of water. Then the
properties of the concretes are changed, when the magnetized water is joined
into the concretes to replace the pure water. Obviously, these variations are
due to the influences of magnetic field on hydrophilic features of water.

The results obtained manifest that magnetic fields increase the soaking
degree and hydrophilism of water on materials relative to those of pure
water. Obviously, these changes are caused by the changes of microscopic
structures and distribution of water molecules under the action of magnetic
field. Because of the novel property we added the magnetized water
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into concrete to replace pure water, and study further the influences of
magnetized water on its mechanical and optic properties, including mass
density, tensile strength, tensile strength, compressive strengths, deforma-
tion modulus, Poisson’s ratio, cohesive force and internal friction angle
as well as the infrared spectrum of absorption and fluorescence spectrum,
using different methods, involving the synthetic method of ultrasonic and
rebounded techniques as well as infrared and fluorescence spectrum method.
The results obtained indicate that the mass density, tensile strength, tensile
strength, compressive strengths, deformation modulus and Poisson’s ratio
of the concretes are increased, but its cohesive force and internal friction
angle decrease, some new peaks in the infrared spectrum occur after
magnetized water is joined into the concrete relative to those of pure
water. These results exhibit clearly that the magnetized water enhances
the combined force among the molecules and corpuscles in the concrete
and lifts its mass density. Thus, the quality of concrete is greatly raised
due to joining of magnetized water. These experimental results are verified
by comparison between the infrared and fluorescent spectra of the concrete
containing magnetized and pure waters. These changes in the property
of concretes under the influences of magnetized water have an important
significance, it shows clearly that magnetized water can really raise the
quality of the concrete. This is first time such a result is obtained.
This means that magnetized water can be widely applied in the concrete
industry.

3.11. Some Examples of Application of Magnetized Water
in Agriculture

At the same time, plenty of researchers used magnetized water to promote
the proliferation and growth of plants and increase their productions
by many experiments. For example, Reina et al. [190, 203] observed an
apparent increase in the germination percentage of lettuce seeds under
action of a 10mT stationary magnetic field, in which the magnetically
treated seeds result in a significant increase in the water absorption rate of
lettuce seeds, which increases its germination percentage. Pittman et al.
[204, 205] reported the magnetic exposure of seeds prior to sowing led
to an improvement in germination rate and early growth in cereals and
beans. Similarly, the magnetic exposure of seeds by applying a stationary
magnetic field before sowing had a significant increase in the germination
rate and seedling vigor in groundnut, onion and rice seeds [181]. Podleoeny



December 3, 2013 11:57 9in x 6in Water: Molecular Structure and Properties b1656-ch03

The Magnetic Field Effects on Water and Its Magnetization 311

et al. [206] discussed the influences of magnetic treatment by exposing broad
bean seeds to variable magnetic strengths before sowing and observed ben-
eficial effects on seed germination and emergence. The seedling emergence
was more regular after the use of the magnetic treatment and occurred 2–3
days earlier in comparison to seedlings in the control treatment. The gain in
crop yield resulting from the magnetic treatment of broad bean seeds was
attributed to the higher number of pods per plant and the fewer plant losses
per unit area during the growing season. Souza et al. [189] gained that mag-
netically treated tomato seeds improved the leaf area, leaf dry weight and
yield of tomato crop under field conditions in tomato. The beneficial effects
of magnetized water have also been obtained on germination percentages
of seeds by Hilal et al. [206, 207], in which Morejon et al. [206] acquired an
increase in germination of Pinus tropicalis seeds from 43% in the control to
81% with magnetically treated water, and observed a marked enhancement
of seedling growth after germination due to the effect of magnetized water.
Hilal et al. [207] observed improvements in germination and seedling emer-
gence of the tomatoes, pepper, cucumber and wheat seeds when magnetized
water and seeds were used. In particular, they observed that the germina-
tion of pepper seeds was higher with magnetically treated seeds compared
to seeds with magnetically treated irrigation water. Cucumber seeds had
the highest germination percentage when both irrigation water and seeds
were magnetically treated. They also observed that tomato seeds responded
more favorably to magnetized water than the magnetically treated seeds.
These studies indicated that there are some beneficial effects of magnetized
water on seed germination and seedling emergence, but they both did
not revealed the mechanisms of these effects and studied the changes in
nutritional aspects of seed germination and seedling growth bring about by
the magnetized water. On the other hand, Turker et al. [209] studied the
effects of an artificial and static magnetic field on plant growth, chlorophyll
and phytohormone levels in maize and sunflower plants, Vakharia et al.
[210] debated the influence of magnetic treatment on groundnut yield and
yield attributes. Duarte et al. [211] indicated evident effects of MTW on the
tomato crop.

Magnetic field can change the physical and chemical properties of water,
such as the hydrogen bonding, polarity, surface tension, conductivity, pH
and solubility of salts in living systems as mentioned above, which result
necessarily in variations of the growth of plants. Thus, Grewal et al. [58]
studied the effects of magnetic treatment of irrigation water (MTW) on
snow pea (Pisum sativum L var. macrocarpon) and Kabuli chickpea (Cicer
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arietinum L) seeds on the emergence, early growth and nutrient contents of
seedlings under glasshouse conditions. Their treatments included the MTW,
magnetic treatment of seeds (MTS), magnetic treatment of irrigation
water and seeds (MTWS) and excluded magnetic treatment of irrigation
water or seeds as control treatment. In their experiment, a magnetic
treatment device with two permanent magnets (magnetic induction: 3.5–
136mT) was used, seeds were sown in washed sand and seedlings were
harvested at 20 days. The effects of magnetized water and seeds on
seedling emergence (%) and emergence rate index (ERI) of snow pea and
chickpea seed, and the effects of magnetized water and seeds on mean
shoot and root dry weights (mg/plant) of snow pea and chickpea seedlings
20 days after sowing obtained by them are showed in Tables 3.11 and
3.12, respectively. Therefore, their results manifested that both MTW
and MTS have the potential to improve the early seedling growth and
nutrient contents of seedlings. Then we can affirm from this investiga-
tion that magnetized water has an evidently biological effect in plant
growth.

We reported the results of influences of magnetized water on prolif-
eration and growth of seeds of the paddy, soybeans and corn. In this
experiment, the seeds of paddy, soybeans and corn are soaked in the
magnetized water for about two days in the experimental group, but
the seeds are soaked in pure water in the controlled group. In their
growth process, these seeds in the experimental and controlled groups
were irrigated by the magnetized and pure waters each day in the same
way, respectively. We inspected the germination rate and growth after
17 days. The results indicated that the larger of germination rate of
growth speed of these seeds, and greater of the leaves, stouter of the
stems of the paddy, soybeans and corn in experimental groups relative
to those in controlled groups. This manifested that magnetized water can
promote the proliferation and growth of seeds of paddy, soybeans and
corn. In this case, we can infer that the physiological and biochemical
indexes and molecular structures of these plants will be changed. Thus,
we measured the infrared spectra of the chloroplasts of these plants using
the Nicolet Nexus 670-FT-IR spectrometer with resolution of 4 cm−1, which
can characterize the changes in the molecular structure of the chloroplasts in
virtue of the comparison between the experimental and controlled groups.
The results are shown in Figs. 3.50–3.52 for paddy, soybeans and corn,
respectively.
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Table 3.11. The effects of magnetized water and seeds on seedling emergence (%) and ERI of snow pea and chickpea seeds [58].

Emergence (%) % increase Emergence (%) % increase ERI % increase ERI % increase
Treatments snow peas over control chickpeas over control snow peas over control chickpeas over control

Control 62.5a 68.8a 0.375a 0.455a

MTW 75.0a 20.0 93.8a 36.4 0.532b 41.6 0.688b 51.0
MTS 68.8a 10.1 81.3a 18.2 0.500b 33.2 0.625b 37.3
MTES 93.8b 50.1 87.5a 27.3 0.688c 83.3 0.652b 43.2

SE 5.7 6.5 0.030 0.040
Turkey’s test S NS S S

Note: SE, standard error; S, significant; NS, non-significant. Superscripts a, b and c indicate significantly different means at P < 0.05.
In columns, means followed by the same letter did not show significant differences (P < 0.05) based on SE and Tukey’s test.
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Table 3.12. The effects of magnetized water and seeds on mean shoot and root dry weights (mg/plant) of snow pea and chickpea
seedlings 20 days after sowing [58].

Shoot weight, % increase Shoot weight, % increase Root weight, % increase Root weight, % increase
Treatments dry snow peas over control dry chickpeas over control dry snow peas over control dry chickpeas over control

Control 62.3a 46.3a 38.62a 89.4a

MTW 77.6c 24.7 55.5c 19.8 43.11c 11.6 90.8a 1.6
MTS 69.1b 11.0 48.2b 4.1 38.95a 0.8 89.8a 0.5
MTES 67.1b 7.8 49.3b 6.5 37.10b −3.9 88.7a −0.7

SE 0.54 0.33 0.34 0.55
Turkey’s test S NS S S
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Fig. 3.50. The infrared spectra of the experimental (1) and controlled (2) groups of the
chloroplasts in the paddy.

Fig. 3.51. The infrared spectra of the experimental (1) and controlled (2) groups of the
chloroplasts in the soybeans.

From Figs. 3.50–3.52, we see the evident differences in the infrared spec-
tra between the experimental and controlled groups through comparison,
concretely speaking, 1543.48 and 1460.27 cm−1 peaks did not exist in the
controlled group, and 1213.09 and 986.7 cm−1 peaks did not exist in the
experimental group for the paddy. For the soybeans, 886.96 cm−1 peak did
not exist in the controlled group, and 1447.30, 1186.52 and 1004.38 cm−1

peaks did not exist in the experimental group. However, the 1643.48 cm−1,
1443.48 cm−1 and 2847.83 cm−1 peaks did not exist in the experimental
group, and 873.91 cm−1 peak did not exist in controlled group for the corn.



December 3, 2013 11:57 9in x 6in Water: Molecular Structure and Properties b1656-ch03

316 Water: Molecular Structure and Properties

Fig. 3.52. The infrared spectra of the experimental (1) and controlled (2) groups of the
chloroplasts in the corn.

In view of 1643.48 cm−1 peak related to the vibration of amide-I in protein
molecules, the 1543.48, 1460.27, 1447.30 and 1443.48 cm−1 peaks relate to
the vibration of amide-II, but the 1186.52 and 1213.09 cm−1 peaks relate to
the vibration of amide-III, the 1004.38, 986.7 and 886.96 cm−1 peaks relate
to the vibration of amide-IV. Thus, these results mark that the magnetized
water cause the changes in the second structure of protein molecules in
plants.

We inspected also the influences of magnetized water on proliferation
and growth of wheat using the above method, its results are similar
with those of paddy, soybeans and corn mentioned above. However, the
properties of the chloroplasts and leaf blade in the wheat were studied
by the S-7000 fluorescence spectrometer. The results indicated that MDA
contents in the leaf blade in the wheat irrigated by the magnetized water are
larger than those irrigated by pure water. Meanwhile, the former’s contents
of Chla, Chlb and total chlorophyll in the leaf blade are also greater than
the latter. We found also from this measurement that starch content in the
wheat irrigated by the magnetized water is higher about 4.52% than that
irrigated by pure water.

At the same time, we inspected also the effect of magnetized water
on proliferation and growth of vegetable seeds of yellow cabbage, which
is a Chinese vegetable, using the above method and obtained that the
general protein contents in the leaf blade of yellow cabbage irrigated by
the magnetized water are larger than that irrigated by pure water, which is
obtained by SDS-PAGE analytic method. When the F-7000 fluorescence
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spectrometer was used to analyze the variation in the structure of the
chloroplasts, we found that the liquidity of cell membrane, in which the
chlorophyll a and chlorophyll b exist, increased due to the action of
magnetized water. Thus, the efficiency of photosynthesis in the chloroplasts
is raised in this case.

The above investigations exhibited clearly that magnetized water has
extensive applications in agricultural production.
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Chapter 4

Water Flow and Its Non-Linear Excitation States

Here, we study the properties and elucidated generated mechanics of water’s
flows and non-linear excitation states including its laminar flow, turbulent
flow, KdV solitary wave, non-propagating soliton, kink soliton and vortex
state excited in certain conditions, respectively, in which we not only
describe in detail the methods and processes of experimental measurements
of these phenomena but also establish corresponding theoretical models and
dynamic equations. We also explain several related physical phenomena
and effects using the solutions and results of these dynamic equations
obtained from many scientists and authors. From these investigations, we
know that water has various linear and non-linear properties, which can
not be matched by other substances, i.e., we have not discovered that other
substances have so many dynamic characteristics of novel properties up
to now. What is this? This is worthy of studies further. Obviously, these
phenomena arise from complicated and variational molecular structure of
water as presented in Chapter 1 and its different boundary and initial
conditions. Therefore, investigating these flowed properties and non-linear
excitions of water have important scientific significances, it both confirms
the correctness of complicated and variational molecular structure of water
described in Chapter 1 and can promote the developments of physics and
fluid mechanics.

4.1. Properties of Steady Flow

4.1.1. The States of Laminar Flow of Water

As it is known, water can always flow along the flat surface or in a
circular tube, when it is acted by an externally applied force. In this case,
the flowed water can interact with other substances. We used commonly
the parameters of velocity, flow quantity, pressure, viscosity and resistance
to describe and represent the properties of water flow. Therefore, the

325
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so-called properties of water flow are just to establish the relationship of
the states of water flow with these parameters. Thus, it is very necessary to
study the influences of the externally applied forces on the states of water
flow.

In general, the movement of the fluid is analogous with that of solid,
where the solid motion is usually characterized by its whole velocity, but this
is impossible in fluid motion because the velocity of each point in it might
be different. This is due to the distinctions of states of water molecules
at each point. In fact, when water flows along the flat surface, a series
of boundary layers are formed successively because of the internal friction
forces in water. In such a case, there is a distribution of the velocity of the
movement of the water, i.e., the flow velocities in the different positions are
quite different, that is, the velocity increases continuously to a maximum
from zero at the plane surface. This kind of situation occurs also in when
water flows through a pipe. Thus, we can divide water fluid into many layers
of liquid, which are all parallel to the tube axle as shown in Fig. 4.1. Then
water flows in the form of layer fluid in the circular tube, in which the flow
velocity of each layer is also very different, namely, the layer, which contacts
with the wall of tube is not moving, but the velocities of the rest of the
liquid layer, which are close to the center of the tube, move quickly. This
leads to a parabolic distribution of velocity of motion of water. In this case
although the flow velocity of each layer has a big difference, the velocities
of different points on each layer is generally the same, and they are also not
changed with varying time. The state of flow is referred to as the laminar
flow of water [1–3].

Obviously, the distribution of velocity of various points in water depend
on its flow states, which is again controlled by the sizes of flow velocity, i.e.,

Fig. 4.1. The states of laminar flow of water.
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the states of laminar flow of water will be changed as the velocity increases.
Once the velocity of the motion exceeds a critical value, the laminar flow
of water will vary drastically and transit to the turbulence.

4.1.2. The Relationship of Flow Velocity with Flow

Quantity of Water

Since the velocity of laminar flow of water in the circular straight tube with
certain cross-sectional area exhibits a parabolic distribution, the maximal
velocity of flow in the axis direction of the tube can be denoted by [1–3]

vmax =
∆Pr2

4ηL
, (4.1)

where η is the viscosity of water, L is the length of the tube; ∆P is the
pressure difference between both ends of tube, and r is the radius of pipe.
The average flow velocity of water across the whole pipeline section is
expressed by

vav =
∆Pr2

8ηL
. (4.2)

Therefore, the average flow velocity of water is just equal to half of the
maximum velocity on the axis of tube in the laminar flow inside the tube,
namely vav = vmax/2 = 0.5.

As it is known, the so-called flow, is just the volume of the fluid through
the pipeline flow rate in a unit time. When water flows in the tube with
different section areas then the relationship of the flow velocity v and
flow quantity, Q, with the section area A in the water tube can be re-
presented as

v = Q/A. (4.3)

If the water, which is incompressible flows through the rigid tube, then
the flow quantity Q is equal, but if the tube is elastic, the flow quantity Q
is still equal only if water flows in a constant velocity. That is to say, the
flow velocity of water varies inversely with changing section area, when the
flow quantity is equal in the laminar flow of tube. Thus, we can represent
this relationship of v1/v2 = A2/A1. This formula is called the continuous
principle of water, which shows that the volume flow quantities through
any section area of tube are equal, then water flow velocity in the pipeline’s
crude position is small than that in fine position.
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4.1.3. The Relationship between Flow Velocity and Pressure

and Bernoulli’s Equation

As mentioned above, when the incompressible fluid flows steadily along a
rigid tube with the non-uniform diameters, velocity of the flowed water is
slower in thicker position of tube, on contrary, its flow is faster in the fine
position. Thus, water is accelerated in this flowed process. This means that
the water in the thick position is acted by a force to promote its flow towards
the fine position. Obviously, the force, which occurs in the water’s interior,
comes from the pressure difference between the waters at both positions,
the direction of the force points to the fine position. Therefore, the pressure
in thicker position is larger than that in the fine position. In other words,
the velocity of the flowed water is accelerated, but its pressure is reduced in
the fine position, inversely, although its velocity is decreased in the thicker
position, the pressure is large than that in the fine position. Based on these
results, Bernoulli established the relationship between flow velocity and
pressure, i.e., Bernoulli’s equation, which is represented by [1–3]

P + ρv2/2 + ρgh = constant t. (4.4)

Equation (4.4) represents the sum of kinetic energy, ρv2/2, gravitational
potential energy, ρgh, and pressure energy, P , for the water of unit volume
is always constant, where ρ is density of water, g is gravitational constant,
h is height or thickness of water. From Eq. (4.4), we know that if the
pressure of water is larger then its velocity or kinetic energy must be smaller
at certain position in a steady or laminar flow of water. This is a basic
property of steady or laminar flow of water.

4.1.4. The Relationship between Flow Quantity and Pressure

From the relationship between the flow quantity Q and flow velocity
mentioned above in Eq. (4.3) we can find the volume flow quantity Q in
the tube, which is denoted by Q = vavA. Since vav = ∆Pr2

8ηL , A = πr2, we
can obtain the relationship between flow quantity and pressure, which is
the form of

Q =
∆Pr2

8ηL
· πr2 =

πr4∆P
8ηL

. (4.5)
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Equation (4.5) indicated clearly that the flow quantity is inversely
proportional to the viscosity of water in the case of given pressure gradient
[1–3]. At the same time, if the viscosity of water and radius r and length L
of the tube are given, then the water’s volume flow quantity Q is directly
proportional to the difference of pressure. This is just in the famous Hagen–
Poiseuille’s law of fluid. It is the most fundamental law of the fluid flow
along a circular tube, or whole fluid mechanics. However, this law is only
appropriate to describe the steadily laminar flow of water, which belongs to
Newtonian-type fluid, in a circular tub, in which the change of the pressure
does not affect the viscosity of water.

4.2. Water’s Turbulent Flow and Its Properties

4.2.1. Water’s Turbulent Flow and the Reynolds Number

As far as the turbulence of fluid is concerned, Reynold (1883) proposed first
the concept of turbulence from his experimental result. This experiment is
shown in Fig. 4.2. where this device is shown in Fig. 4.2(a). In order to use
the naked eye directly observe the fluid flow states and their conditions of
mutual transformation, he injected some red liquids, which cannot produce
chemical reaction with water, into water. The experiment shows that when
the velocity of water flow is slow, the red fluid presents the red line flow,
which should not be confused with water, as shown in Fig. 4.2(b). This
means that water particles only flow linearly along the axis of tube without
the lateral movement. Therefore, water is in laminar flow in this case. When

Fig. 4.2. Reynold’s experimental device for measuring laminar and turbulence flows of
water [3–8].
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water’s velocity increases gradually to a certain value, the red flowed line
begins to distort and bend, some wave lines occur, as shown in Fig. 4.2(c).
This means that the states of laminar flow of water begin to be destroyed,
water particles begin to flow laterally to another level, which is vertical
to the mainstream direction. If water’s velocity continues to increase, the
red flowed lines cause acute fluctuations and fractures to make whole water
dye red, some small vortexes also occur as shown in Fig. 4.2(d). This means
that the water has lost the states of laminar flow, and is in a disorder state.
This state is referred commonly as the turbulence.

However, if the velocity of water flow is gradually reduced, we can
observe that the “turbulence” state is transited to the state of laminar flow
[3–8]. In this case, we can define a critical velocity, which is a minimum
velocity for the transformation of laminar flow to the turbulence. It can be
expressed by

vcr = Reη/ρr, (4.6)

where Re is the critical Reynolds number, which is 2000, η is the viscosity
of water, ρ is the water’s density, r is the pipe radius. The Reynolds number
is a dimensionless quantity, which is decided by the conditions of transition
of the laminar flow to the turbulent flow. It is

Re =
ρvr

η
. (4.7)

Equation (4.7) indicated that the transformation between the laminar
and turbulent flows of water depends both on the size of the flowed velocity
and its density, viscosity and pipe radius. Because the product of water’s
density, flowed velocity and pipe radius represents the inertial force of water
flow, the Reynolds number denotes the ratio between the inertial force and
viscous force of water. Thus, we know that if the viscous force of water is
larger than its inertial force, then it can suppress or eliminate the disorder
motion of water, thus Reynolds number is smaller and water may be in
the laminar flow. On the contrary, water is in turbulent flow when stronger
inertial force promotes its disorder motion, in which Reynolds number is
larger. In general, the smooth circular tube water is in the laminar flow
state when Reynolds number is smaller than 2000, but is in turbulent flow
state when Reynolds number is larger than 3000. When Reynolds number
is in the range of 2000 and 3000, the water is in a transition state of the
laminar and turbulent flow states. Therefore, Reynolds number can be used
to serve as a criterion judging the flowed states of water [3–8].



December 3, 2013 11:57 9in x 6in Water: Molecular Structure and Properties b1656-ch04

Water Flow and Its Non-Linear Excitation States 331

4.2.2. The Essential Differences between Laminar

and Turbulent Flows of Water

As it is known, when the water is in a turbulent state, fluid particles are
in the transverse and backward movements, in addition to the forward
movement. This results in random and disordered distribution of the size
and direction of velocity of motion of water particles. This is called the
speed pulse phenomenon. The experimental results show that the pulse
frequency is very high, can reach hundreds of times per second. Just so,
the velocity distribution in water’s turbulent state is greatly different from
that in laminar flow state as shown in Fig. 4.1; which is parabolic. However,
in the turbulent state, the changes in the velocity of water particles, which
are near the well of tube, are larger than those in laminar flows, but they are
inverse around the axis of the tube. Even their velocities are the same, i.e.,
there are no velocity gradients in the turbulent and laminar flows’ states.
This is due to the fact that there are plenty of migrations of molecular
groups and small vortexes around the axis of the tube in the turbulent
state. Therefore, the turbulent and laminar flows have essential difference.

On the other hand, the differences between turbulent and laminar flows
of water are reflected also in the structure of boundary layer. For a full
development of the boundary layer of laminar flow, it need an import length,
which is larger than about 120 times of the diameter of tube. But for the
boundary layer of the turbulent, its import length is only about 25–40 times
of the diameter of tube. Second, the structure of boundary layer of the
turbulent is also different from that of laminar flow. The former included
the laminar bottom and one turbulent layer, which is in the outside of flow
bottom layer. Therefore, the resistance of water flow in the interior of the
turbulence is caused by the combined effect of the viscous friction force
and transversal or reversed migration of micro-groups, instead of only the
viscous friction force in the laminar flow. However, changes in the velocity
distribution along the section of the tube are quite small in the turbulent
state, thus its ratio between the average and maximum velocities, which is
vav/vmax = 0.85, is bigger than that in the laminar flow, which is 0.5. In
addition, the flow quantity also is directly propositional to the difference
in pressure namely, the increments of flowed quantity of water at large
pressures are small in the turbulent state as shown in Fig. 4.3. Thus, the
turbulence of water does not strictly satisfy the Hagen–Poiseuille law [3–8].

In summary, the structures of boundary layer and physical properties
of the turbulence are completely different from those of laminar flow of
water.
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Fig. 4.3. The relationships between the flow quantity, U , and difference of pressure,
∆P/L, of water in the (a) laminar and (b) turbulent flows [3–8].

4.2.3. The Dynamic Equation of Movement of the Turbulence

It is clear that the states of movement of turbulence can be described by
Navier–Stokoe equation, represented by [4–10]

∂v/∂t+ (v · ∇)v = ∇(p/ρ) + ∆v/Re, (4.8)

which is the result of application of Newton’s law of motion of classical
particle in fluid movements, where the meanings of v, ρ and P are as
mentioned above.

Reynold believed that turbulence can be described by the average
quantity of the velocity field. Thus, he gave the so-called average equation
of motion by means of the average operation, but the result is still Eq. (4.8),
where the velocity in Eq. (4.8) is thought to be the average velocity.
However, in this case there is a new item in the right side of this Eq. (4.8),
which is called Reynold stress item. This indicates the feedback effect
of perturbation of the turbulence on the average momentum and can be
represented by [9–12]




∂(−u′u′)
∂x

∂(−u′v′)
∂x

∂(−u′ω′)
∂x

∂(−v′u′)
∂x

∂(−v′v′)
∂x

∂(−v′ω′)
∂x

∂(−ω′u′)
∂x

∂(−ω′v′)
∂x

∂(−ω′ω′)
∂x



, (4.9)
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where v
′
(v

′
, u

′
, ω

′
) is the velocity of turbulence. Because −u′ω′ item in the

Reynolds stress will result in non-closure of the average equation of motion
mentioned above, in this case based on Prandt’s hypothesis of mixed length,
−u′ω′ in Eq. (4.9) can be replaced by the average quantity, K∂u/∂z, by
means of the formula,

−u′ω′ = K∂u/∂z, (4.10)

where K is the eddy viscosity coefficient, which characterizes the natures of
turbulence and resemble the molecular viscosity coefficient η. In this case,
although equation of motion is closed, K in Eq. (4.10) is not known, but
as η is related to the features of the medium, K is confirmed by the nature
of turbulence.

Equations (4.8)–(4.10) are the dynamic equation of movement of the
turbulence by virtue of the average quantity of velocity. It is, in essence,
a statistical theory, in which the random feature of turbulence arises from
the compelled boundary conditions of water [4–8].

4.2.4. The Mechanism of Form of Turbulence and Its

Non-Linear Essence

We now study the relationship of turbulence with wave of water. It is well
known that wave is the propagation of vibration of oscillators in substance
under action of recovery or elastic force. In water the recovery force is
caused by the changes of its density with decreasing distance among the
particles, i.e., ∂ρ/∂z < 0, on surface of boundary of water as mentioned
above. In this case, the wave of water changes necessarily the state of
turbulence. In practice, there is a shear force on the surface of boundary,
which results in shear motion of water on the surface due to the fluctuation
of density of water. If the velocity shear ∂u/∂z is too small, then water flow
is steady, in which the perturbation of water is not developed. But when the
shear force exceeds over a critical value the wave occurs in shear layer on the
surface. If the shear velocity increases again, then the wave is not steady and
results in deformation and bending. In this case, there is great velocity shear
and density gradient in micro-scale, which lead to the resolution of water
and form of turbulence. The instability of the water wave is called Ketvin–
Helmholtz instability. In this process, the wave acquires the average kinetic
energy of water flow to develop and split. After this the wave transits further
energy to the turbulence in small scale. Thus, turbulence is developed in
this case.
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Evidently, the turbulence of water is formed by a non-linear interaction,
(v · ∇)v, in Eq. (4.8). However, why does the form of turbulence require
the non-linear interaction? From Eq. (4.7), we know that Reynolds number
is a ratio between the non-linear inertial force (dimension for v2/rv2) and
viscous force (dimension for ην/r2) [3–8], where the viscous force generally
renders flow stability, the non-linear inertial force renders laminar flow
instability as mentioned above. However, how is the laminar flow transited
as the turbulence under action of non-linear interaction? In the light of
Landau’s theory [1], the turbulence is formed by many times of bifurcation
of non-linear interaction on the basis of linear theory.

In fact, when the Reynolds number stands close to the critical value,
the amplitude of perturbation, |F |, is exponentially increased to meet the
differential equation of [9–13]

d|F |/dt = σ|F |. (4.11)

in accordance of linear theory. But the non-linear interaction suppresses the
changes of amplitude |F |, thus Eq. (4.11) becomes

d|F |/dt = σ|F | − b|F |3/2, (4.12)

where σ and b are the linear and non-linear interactional coefficients.
Equation (4.12) can also be represented by

d|F |2/dt = 2σ|F |2 − b|F |4. (4.13)

Equation (4.12) or (4.13) is called Landau’s equation and is one of Ricati
equation.

If |F | in Eq. (4.12) is thought as a diameter vector R in the plane
polar coordinates, then it has two stationary solutions, (d|F |/dt= 0) is
R=0 (polar coordinate origin), and R=

√
2σ/b, which denotes the limit

ring with the radius of R=
√

2σ/b. If σ≈Re − (Re)c< 0 i.e., Re< (Re)c
the stationary solution |F |= 0 is stable, but when σ becomes to σ> 0
from σ< 0, namely, Re> (Re)c, the stationary solution |A|=0 is no longer
stable, but unstable, and bifurcates out a stable limit ring |F |=√2σ/b. The
periodic limit ring expresses a movement with frequency ω1. If Re increases
further, then the second bifurcation, resembling first bifurcation, with two
frequencies of ω1 and ω2 occurs, which expresses the movement of two-
dimensional torus. Thus, Landau thought that n-dimensional ring, which
is formed by n-time bifurcations with n frequencies of ω1, ω2, ω3, . . . , ωn,
is just the turbulence. Although the quasi-periodic movement composed
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of n-bifurcations with n-frequencies are not the turbulence, Landau’s
hypothesis has an important significance for seeking the mechanism of
dynamics of turbulence because he associated the disorder turbulence with
periodic movements and elucidate clearly the important role of non-linear
interaction in the form of turbulence [9–12].

We now elucidate the non-linear essences of turbulence. Liu et al. [9–12]
used the KdV–Burgers equation:

∂u/∂t+ u∂u/∂x− η∂2u/∂x2 + β∂3u/∂x3 = 0, (4.14)

to study this problem. Clearly, Eq. (4.14) is a non-linear dynamic equation
including non-linear interaction, u∂u/∂x, dispersed effect, β∂3u/∂x3, and
dissipated effect, η∂2u/∂x2, of water [13]. Therefore, it resembles Eq. (4.7)
in the turbulence. Thus, we can elucidate the essence and mechanism of the
turbulence by the solutions of Eq. (4.14) and its properties.

Liu et al. found the traveling wave solution by assuming

u = u(ξ), ξ = x− ct. (4.15)

Inserting Eq. (4.15) into Eq. (4.14), Liu et al. [8–11] obtain

−cuξ + uuξ − ηuξξ + βuξξξ = 0. (4.16)

To integrate Eq. (4.16), we gain

βuξξ − ηuξ + u2/2 − cu = A, (4.17)

where A is an integral constant. Equation (4.17) can be separated as
following two equations uξ = υ, υξ = υη/β − (u2 − 2cu− 2A)/2β. The two
equations have two steady states of P (u1, 0) and Q(u2, 0), where u1 = c+√
c2 + 2A, u2 = c−√

c2 + 2A, . . . (c2 +2A > 0). They are the real solutions
of u2 − 2cu − 2A = 0. The representations of P (u1, 0) and Q(u2, 0) in the
velocity field of the turbulence are shown in Figs. 4.6(a) and 4.6(b). In this
case, there are the saddle point–node orbit linking saddle point–focus orbit
linking and node–focus orbit linking between P (u1, 0) andQ(u2, 0) as shown
in Fig. 4.4.

For the saddle point–focus orbit linking in Fig. 4.3, Lui et al. [8–12]
assumed that

u = u1 + u
′
1, u1 = c+

√
c2 + 2A. (4.18)
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Fig. 4.4. (a) The saddle point–node orbit linking and (b) saddle point–focus orbit
linking [9].

Substituting Eq. (4.18) into Eq. (4.17), Liu et al. obtained [9–11]

βu′1ξξ − ηu′1ξ + (u
′
1 + u1)2/2 − c(u

′
1 + u1) = A,

βu′1ξξ − ηu′1ξ + (u2
1 + 2uu

′
1 + u

′2
1 )/2 − c(u

′
1 + u1) = A,

u′1ξξ − ηu′1ξ/β + u
′2
1 /2β(u2

1 + u
′
1

√
c2 + 2A)/β = 0. (4.19)

Let the solution of Eq. (4.19) be

u
′
1 = B exp(b′ξ)/[1 + exp(aξ)]2. (4.20)

Inserting Eq. (4.20) into Eq. (4.19) and at b = 0, Liu et al. [9–12] acquired

(B/2β +
√
c2 + 2A/β) − 2(α2 − ηα/β +

√
c2 + 2A/β)eαξ

+ 2(2α2 + ηα/β +
√
c2 + 2A/2β)e2αξ = 0.

(4.21)

Thus, they obtained [9–12]

(B/2β +
√
c2 + 2A/β) = 0, (α2 − ηα/β +

√
c2 + 2A/β) = 0, and

2α2 + ηα/β +
√
c2 + 2A/2β = 0. (4.22)

From Eq. (4.22), Liu et al. [9–12] obtained

B = −12η2/25β, α = −η/5β, and
√
c2 + 2A = 6η2/25β. (4.23)

Substituting Eq. (4.23) into Eqs. (4.18) and (4.20) we gain

u
′
1 = 12ν2/{25β[1 + exp(−ηξ/5β)]2},
u = u1 − (3η2/25β)[1 + th(ηξ/10β)]2.
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For the saddle point–focus orbit linking in Fig. 4.4, the solution of
Eq. (4.17) is a soliton at ξ > 0, and damping oscillation at ξ < 0. Therefore,
their combination form the saddle point–focus shock wave solution, which
are denoted as

u(ξ) = u1 + [(u1 − u2)/2] exp(ηξ/2β)

× cos[ξ
√

(u1 − u2)/2β − (η/2β)2 · · · (−∞, 0], (4.24)

u(ξ) = u2 + [3(u1 − u2)/2] sech2[ξ
√

(u1 − u2)/8β] · · · [0,+∞).

Clearly, u → u1 at ξ → −∞, u → u2 at ξ → +∞, and u(ξ = 0) =
(3u1 − u2)/2.

If the dissipation effect disappears, i.e., ν = 0, then KdV–Burgers
equation (4.14) becomes KdV equation, which has a soliton solution. In
this case, P point becomes to the center point from focus, but Q point
is still the saddle point in Fig. 4.4. Then the orbit linking from Q point
returns to Q point corresponds to the KdV soliton.

Liu et al. [9–12] thought that the perturbation part u’ of u1 serves as
the velocity field of the turbulence. From Eq. (4.24), they obtain

u′(ξ) = d exp(ηξ/2β) cos(k1ξ), (ξ ∈ (−∞, 0],

where d = [(u1 − u2)/2] =
√
c2 + 2A, k1 =

√
k2
0 − (η/2β)2, and k2

0 =
(u1 − u2)/2β.

If the velocity field of turbulence, u′(ξ), is multiplied by the velocity
field u′(ξ + ς), which is obtained through shifting u′(ξ) about ς we acquire
the correlated function, c(ς) = u′(ξ)u′(ξ + ς) and self-correlated coefficient,
R(ς) = u′(ξ)u′(ξ + ς)/u2(ξ), of the turbulences, where ()=

∫ 0

−∞ ()dξ/L.
Using the above results, Liu et al. [9–12] finally obtained

c(ς) = a2 exp[ςη/2β][(η/β + 2βk2
1/η) cos k1ς

+ k1 sin k1ς]/L[(η/2β)2 + (2k1)2],

and

R(ς) = exp(ςη/2β){cos k1ς + (ηk1/β) sin k1ς/[(η/2β)2 + (2k1)2]},

with R(0) = 1 and R(R(ς) = 0, where the integral scale is denoted as

L =
∫ 0

−∞
R(ς)dς = (η/ 3

√
2β)3/[(η/2β)2 + k2

1/η)][(η/2β)2 + (2k2
1)].
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Therefore, the self-correlate coefficient is oscillatory and damping.
Then, the power spectrum of turbulence can be represented by

S(k) =
√

2/π
∫ 0

−∞
c(ς) cos kςdς =

√
2/πa2[1 − (k1/k0)2/(1 + (k1/k0)2]/

(2Lk2
0)(1 + (k1/k0)2){1 − [2k1/k0.k/k0)/(1 + (k1/k0)2]}. (4.25)

From this power spectrum, Liu et al. [9–12] obtained the gradients of
energy spectrum in the inertial force domain, which are denoted by

log S(k)/ log(k/k0) = −1.76, where 1 < (k/k0) < 3,

log S(k)/ log(k/k0) = −1.97, where 3 < (k/k0) < 10,

log S(k)/ log(k/k0) = −1.94, where 10 < (k/k0) < 30,

log S(k)/ log(k/k0) = −1.88, where 30 < (k/k0) < 80.

The above results concord with the properties of intermittent tur-
bulence described by Frisch [5]. It also indicated that the turbulence of
water is closely related to the non-linear interactions, although we now
cannot affirm exactly and completely whether KdV–Burgers equation is
most appropriate to describe the turbulence. Thus, we can confirm that
the non-linear interactions result directly in the turbulence flow of water.
This is just the mechanism and essence of the turbulence of water.

4.3. KdV Soliton Excitation in Water and Its Properties

4.3.1. Observation of KdV Soliton Excitation in Water

In 1834, the English scientist Scott Russell accidentally observed a won-
derful water wave. In 1844, he reported his observed result in the 14th
conference of British Association for the Advancement of Science and
published the article of “Report on wave” [14]. His vivid description of
this phenomenon is as follows. “I was observing the motion of a boat which
was rapidly drawn along a narrow channel by a pair of horses, when the
boat suddenly stopped — not so the mass of water in the channel which it
had put in motion; it accumulated round the prow of the vessel in a state of
violent agitation, then suddenly leaving it behind, rolled forward with great
velocity, assuming the form of a large solitary elevation, a rounded, smooth
and well-defined heap water which continued its course along the channel
apparently without change of form or diminution of speed. I followed it
on horseback, and overtook its rolling on at a rate of some eight or nine
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miles an hour, preserving its original figure some 30 feet long and afoot
to a foot and a half in height. Its height gradually diminished, and after
a chase of one or two miles I lost it in the windings of the channel.
Such, in the month of August 1834, was my first chance interview with
that singular and beautiful phenomenon”. This is the strange phenomenon
observed by Russell. He thought further that this isolated wave motion is a
stable solution of dynamic equation of water, which he named as “solitary
wave”, but neither him nor other scientists were able to derive the dynamic
equation and give the solution of the solitary wave. Until 60 years later
in 1895, Korteweg and de Vries [15] provided a simple analytic foundation
for the study of solitary waves by developing an equation for shallow water
waves in his paper: “On the change of form of long waves advancing in a
rectangular canal, and on a new type of long stationary waves”.

4.3.2. Theoretical Description of KdV Soliton in Water

In the approximations of long wavelength and small amplitude, the
equation of motion of the mono-direction shallow water wave is represented
by [15–24]

∂h

∂t
=

3
2

√
g

l′
∂

∂x

(
1
2
h2 +

2
3
α′h+

1
3
σ′ ∂

2h

∂x2

)
, (4.26)

where h is the wave height , l′ is the depth of water, g is the acceleration of
gravity, σ′ and α′ are constants which includes. In the equation, there are
both non-linear and dispersive effects but it ignores dissipation. They found
the solution of Eq. (4.26), which is consistent with Russell described results,
namely the solution of the equation is a solitary wave with like-pulse type,
its form and amplitude is constant in movement. In fact, Eq. (4.26) can
represent as a simple form of

∂φ

∂t
+ αφ

∂φ

∂x
+
∂3φ

∂x3
= 0 . . . (α = cons tant), (4.27)

which was first derived by Korteweg and de Vries to describe the lossless
propagation of shallow water waves [16–24] and was extensively used to
describe the solitary waves in other fluids, for example, the ion-acoustic
waves in plasma [25–29], the magneto-hydrodynamic waves in plasma
[30–33], the anharmonic lattice [34, 35], the longitudinal dispersive waves in
elastic rods [36]; the pressure waves in liquid–gas bubble mixtures [37]; the
rotating flow down a tube [38]; and thermally excited phonon packets in
low-temperature non-linear crystals [39]. In general, a rather large class of
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nearly hyperbolic mathematical systems has been shown to reduce to the
KdV equation [40–42].

Whitham [42] wrote the Lagrangian density, L’, corresponding to
Eq. (4.27), which is of

L′ = θxθt/2 + αθ2x/6 + θxϕx + ϕ2/2, (4.28)

where θx = φ and ϕ = θxx, it can be considered lossless in the conventional
sense.

As was already noted, Korteweg and de Vries showed that (4.27)
has solitary wave solutions [15], Zabusky et al. [20, 34–36] gave the
results indicating the formation of solitons. Tappert [43] extended their
results. Zabusky et al.’s analytic expression describing a doublet solution
(i.e., two interacting solitons) [20, 34] is as follows

ϕ = (72/α)
3 + 4 cosh(2x− 8t) + cosh(4x− 64t)
[3 cosh(x − 28t) + cosh(3x− 36t)]2

. (4.29)

For large t, Eq. (4.29) approaches the superposition of two solitons in the
form of

ϕ = (12τ2
1 /α) sech2[τ1(x− 4τ2

2 t) + ϑi], i = 1, 2, ϑi = constant. (4.30)

where τ1 = 1 and τ2 = 2.
What is the soliton? In fact, so-called soliton is a localized solitary

wave, which is defined by

0 < E,M =
∫
ρ(x, t)dmx < +∞,

(where m is the dimensionality of the space),

limt→∞ max ρ(x.t) �= 0, (at certain point x)

where E andM are the energy and mass of substance, ρ(x, t) is its energy or
mass density at position x and time t. This definition represented that the
energy and mass of solitary wave are localized, instead of non-despersion.
Commonly, the soliton is a steady solution of non-linear partial differential
equation. Because the soliton can retain the constants of wave form and
velocity after long-time movement and collision with each other, which
resemble the classical particle, we referred to it as soliton. The solitary
wave form has four shapes: bell-type, vortex (counder-bell) type, kink and
anti-kink types, which are as shown in Fig. 4.5 [44–47].

In practice, the solitary wave solution of KdV equation (4.28) was first
obtained by GGKM et al. [44–47] using the inverse scattering method. Its
main advantages and properties are that the solutions of the non-linear



December 3, 2013 11:57 9in x 6in Water: Molecular Structure and Properties b1656-ch04

Water Flow and Its Non-Linear Excitation States 341

Fig. 4.5. The forms of solitary wave of the soliton [47].

equation were found through the combination of the solutions of several
solved linear equations, i.e., the evolution of the solitons can be exactly
computed through a linear calculation known as the inverse method.
Determination of the soliton velocities is quite simple; it involves only
calculation of the bound state “energies” of a Schrodinger equation for
which the “potential” is the initial displacement.

We here found out [47] the soliton solution of following KdV equation
using another method

∂φ

∂t
+ φ

∂φ

∂x
+ α

∂3φ

∂x3
= 0, (4.31)

where α is either positive or negative constant.
Now let φ(x, t) = φ(ξ), ξ = x − Dt, D = const, and inserting it into

Eq. (4.31) to integrate it two times, which yields

3α
(
dφ

dξ

)2

= −φ3 + 3Dφ2 + 6Aφ+ 6B = f(φ), (4.32)
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Fig. 4.6. The dependence of f(φ) on φ(x, t) [47].

where A and B are the integrated constants. The studies indicate that
Eq. (4.32) has a real solution only if f ≥ 0 in the case of α > 0. If f(φ) has
a real root, then it is unbounded.

In general, f(φ) in Eq. (4.32) has three real roots, thus we assume
that f(φ) = −(φ − c1)(φ − c2)(φ − c3) where c1 < c2 < c3. Thus, D =
1
3(c1 + c2 + c3), A = 1

6 (c1c2 + c2c3 + c3c1), and B = 1
6 c1c2c3 can be gained.

The general form of f(φ) can be denoted by the curve A in Fig. 4.6. Then
the exact solution of Eq. (4.31) can be expressed by the following Jacobi
elliptic function

φ = φ(x, t) = c2 + (c3 − c2)cn2

[√
c3 − c1

12α

{
x− 1

3
(c1 + c2 + c3)t

}
; k

]
,

(4.33)

where k2 = (c3 − c2)/(c3 − c1). The periodic wave train solution (4.33)
is called “Cnoidal” wave. Since the period of the function cn is 2K,
where K is first elliptic integration, the period of “Cnoidal” wave is
Tp = 4K

√
3α/(c3 − c1).

WhenK = 0, cn(ξ, 0) = cos ξ. In this case, Eq. (4.32) has an oscillatory
solution, which is [47]

φ = c+ a cos

[
2

√
c3 − c1

12α

{
x− 1

3
(c1 + c2 + c3)t

}]
, (4.34)

where c = (c2 + c3)/2 and a = (c3 − c2)/2.
When K = 1, then cn(ξ, 1) = sech ξ, in this case c2 → c1, the form

of f(φ) is shown by B in Fig. 4.5, its period is infinite, the solution of
Eq. (4.32) is a common soliton solution as follows

φ = c1 + (c3 − c1) sech2

[√
c3 − c1

12α

{
x− 1

3
(2c2 + c3)t

}]
. (4.35)
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Fig. 4.7. The image of the soliton in Eq. (4.37) [47].

Let c1 = φ∞, c3 − c1 = a, then Eq. (4.35) can be represented as

φ = φ∞ + a sech2

[√
c3 − c1
12α

{
x− 1

3
(2c2 + c3)t

}]
, (4.36)

which is similar with Eq. (4.30) and Russell solitary wave, where φ∞ is the
uniform state at infinite, a is the amplitude of the soliton. From Eq. (4.35),
we know that the velocity of the soliton is directly propositional to the
amplitude and the width of soliton is inversely propositional to the square
root of its amplitude. If φ∞ = 0, α = 1, then, Eq. (4.36) becomes

φ(x, t) = 3Dsech2

√
D

2
(x−Dt). (4.37)

Its image is shown in Fig. 4.7.
The first evidence of solitons in shallow water was recorded by

Russell [14]. Soliton effects have recently been observed in tank experiments
by Zabusky and Galvin [48] and Ham mack [49]. The nature of these effects
is indicated in Fig. 4.8. An initial disturbance of the water waves breaks
up into a number of individual solitons with the larger amplitude solitons
traveling at greater velocities. This process can be computed numerically
by directly integrating the KdV equation. The result of such an integration
is also shown in Fig. 4.8. Experimentally, Zabusky and Galvin [48] show
that this KdV model of shallow water waves is very accurate even for
very large non-linearities. Similar soliton effects have been observed by
Ikezi et al. [50–53] in ion-acoustic plasma wave experiments which can
also be described by the KdV equation [26]. The non-destructive collision
for ion-acoustic wave solitons has also been observed [50, 51]. For-example,
Fig. 4.9. (from the experiments of Ikezi et al.) shows the collision of two
such solitons that are traveling in opposite directions. However, in this case,
the ion-acoustic wave solitons should perhaps be described by some other
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Fig. 4.8. The comparison of KdV solitary wave in Eq. (4.29) and water solitary wave
observed by Russell (Redrawn from Hammack [21, 49]).

wave equation like the Boussinesq equation which allows waves propagating
in both directions rather than the KdV equation which allows only
unidirectional propagation. The existence of solitons has also been observed
by Narayanamurti and Varma in non-linear crystal experiments [54].

4.4. Observation of Non-Propagating Hydrodynamic
Soliton in Water and Its Properties

4.4.1. Experimental Observation of Non-Propagating

Solitary Wave in Water

Wu et al. [55, 56] reported first on the experimental observation of a non-
propagating hydrodynamic soliton, which is a surface wave in water, and
described its properties including the interaction between the two solitons.
These results were obtained in a trough resonator undergoing continuous
excitation.

In this experiment, they used a Plexiglas channel 38 cm long and
2.54 cm wide filled with water to a depth of 2 cm. Several drops of the
wetting agent Kodak Photo-Flo were added to minimize surface pinning
at the walls. Waves were generated by placing the horizontal trough on
a loudspeaker whose cone was driven at a frequency 2v of about 10Hz
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Fig. 4.9. The collision feature of ion-acoustic plasma solitary waves [21, 50, 51].

in the vertical direction. Below a certain threshold there was little or no
significant wave generation. Above the threshold there was parametrically
excited wave at half the drive frequency.

They observed that while all parts of the trough were oscillated with
equal amplitude, the vigorous wave motion occurred in a space of only a
few centimeters long while the rest of the water remained quiet. The phase
shift along x for vcut-off = 5.1Hz and v = 5.4Hz is 90◦ in a distance of
6 cm. They found no measurable phase difference between any two points
in the wave and thought further that the wave was not simply a waveguide.
When observed time increased continuously they saw that was a new
type of non-propagating solitary wave slightly above the cut-off frequency,
which had properties usually associated with solitons. Figure 4.10 is a
computer-generated profile of the soliton based on measurements taken
from photographs, when it is at its peak on the far side of the trough. Half
a period later the wave peak will have the same height on the near side of
the trough. The wave frequency here is 5.1Hz. Obviously, this is a solitary
wave with bell type. They simulated this solitary wave and denoted further
by the plot of z = sech(x/1.12)[2.8 exp(−1.1y)− 0.70]× cos(2π× 5.1t) cm.
At t = 0, it is the profile of the soliton based on curve fits to measurements
taken from photographs.
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Fig. 4.10. The non-propagating solitary wave generated in water trough obtained by
Wu et al. [55].

At the same time they also observed the identical phenomena in an
annular resonator 72 cm in mean circumference and 2.2 cm wide, and in a
straight resonator 19 cm long. With a horizontal drive on a linear resonator
they have seen the soliton, accompanied, however, by a low-amplitude
mode. This suggests that neither the parametric drive nor the resonator
ends are central to understanding the phenomena.

They also gave the image of changes of the height Z of the soliton
with increasing x in Fig. 4.11, in which the points are experimental and
the curve, which characterizes some solutions of dynamic equation in this
case, is denoted by z = 2.1 sech(x/1.12) cm. At the tail of the hyperbolic
secant the decay length, 1.12 cm, is equal to the low-amplitude waveguide
evanescence length γ, and this is just the magnitude of k−1

x . Thus, they
determined the phase velocity of this wave from c = ω/(k2

y + k2
x)1/2 =

2π(5.1)/[(π/ly)2 − 1/γ2]1/2 = 37.7 cm/sec. Finally, they found that the
value was 33.7 cm/sec. When the wave was at its peak, the dependence of
z on y in Fig. 4.10 was found to be far from a cosine function, a best-fit
curve is z = 2.8 exp(−1.1y)− 0.70 cm [55, 56].

They [55] discovered that if the trough is slightly tilted the soliton
slowly moves toward the shallow end. For a slope of 0.05, the soliton’s
average speed is 0.05 cm/sec. When the trough and loudspeaker are
accurately horizontal the soliton maintains its x-position in the trough
for times the order of an hour or more. Else, they saw the nucleated
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Fig. 4.11. The position dependence of amplitude of the soliton in x direction, where
the points express the experimental data, and the solid curve is z = 2.1 sec h(χ/1.12) cm
[55].

phenomenon of the soliton mode by producing a disturbance which is
compatible with it, in which the sloshing motion across the width can be
generated by rocking the resonator or with the help of a hand-held paddle,
where the frequency of the wave is half that of the drive. On the other hand,
the solitons can be moved in various ways if the trough is tilted. They move
in response to gentle jets of air and can be nudged by rods of soft sponge
plastic. Unwanted solitons are killed by stabbing them with such rods.
The dashed lines in Fig. 4.12 describe the range of drive amplitude and drive
frequency in which individual solitons are observed without hysteresis. The
eight full-line curves are equal-wave- response curves. The number on each
curve is the peak height in centimeters of the soliton above the equilibrium
level of water. Note that at 0.7 and 2.1 cm the curves are so short that they
are only represented by points. Outside the dashed boundary, change in
drive amplitude and/or frequency are generally hysteretic [54]. Figure 4.13
showed the process of change of combination and separation of two water-
solitons in the case of the frequency, which is lower than the small amplitude
v0,1, where Fig. 4.13(b) denotes their overlapping to create an amplitude
at the center, Fig. 4.13(c) exhibits a complete overlapping of two solutions,
Fig. 4.13(d) represents that solitons 1 and 2 have passed through each other
and exchanged places while in Fig. 4.13(e) the configuration is the original
one. These results exhibited clearly the nature of soliton [55, 56].
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Fig. 4.12. The region of drive amplitude and frequency of the non-propagating
hydrodynamic soliton obtained by Wu et al. [55].

Fig. 4.13. The process of change of combination and separation of two water-solitons
in the case of the frequency, which is lower than the small amplitude v0,1 obtained by
Wu et al. [55].
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4.4.2. The Properties of Non-Propagating Solitary Wave

in Water

The experimental apparatus used by Cui et al. [57–59] is quite simple. It
included an organic glass trough of 38 cm long and 2.0–5.0 cm wide, which
was filled with various liquids to a depth of d = 2.0 − 5.0 cm and was put
on a vibrational plane-station — a loudspeaker, whose cone was driven
by a low frequency (7–15Hz) signal in the vertical direction and another
signal (12–25Hz) in the horizontal direction, with a power amplifier and
appropriate measuring instruments.

The water trough was placed on the vibrational plane station, which
was driven by the power amplifier. During the initial periods, when the
frequency of the driving signal was below a certain threshold, only a
few small ripples were observed and no significant wave generation took
place on the surface of the water trough. In this case, the density of the
water molecules was uniform, however, above the threshold of the driving
frequency, if a non-linear initial disturbance was applied to the surface of
water trough, a parametrically excited wave occurred at half the driven
frequency. As large numbers of water molecules assembled and got together
to form a bell-type, non-propagating solitary wave on the surface of the
water in the trough, due to the non-linear interaction among the water
molecules arising from the surface tension (as shown in Fig. 4.14) a soliton of
the same type as the soliton of the non-linear Schrödinger equation (NLSE)
in non-linear quantum mechanics, appeared.

An obvious peculiarity in this phenomenon is that the density of water
molecules where the soliton occurs are much larger than found in other
parts of the water trough (as shown in Fig. 4.15), therefore, the mechanism

Fig. 4.14. The bell-type non-propagating surface water soliton occurring in the water
trough [57–59].
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Fig. 4.15. The change of density of water and the illustration of the direction of the
motion of water molecules [57–59].

forming the water soliton through gathering of the water molecules can
be called self-localization water molecules due to the non-linear interaction
arising from the surface tension as shown in this case.

With different liquids and different initial disturbances and with proper
vibrations, one or two, or even more, solitary waves can be established on
the water surface. However, the shapes of these solitary waves are different
in different liquids. If the driving amplitude is further increased, several
solitary waves can also be formed.

From these experiments, we can obtain the following conditions for
forming solitary wave [57–59]:

(a) The depth of the liquid should be appropriate and greater than certain
smallest value, i.e., if the depth is too shallow, solitary wave cannot be
formed.

(b) The coefficient of surface tension of the liquid must be smaller than a
certain value. This upper boundary depends on the characteristics of
the liquid.

(c) The vertical driving frequency is about twice the intrinsic frequency,
and the horizontal frequency is about the same as the inherent
frequency. And, the driving amplitude should lie between certain
minimum and maximum values.

(d) A non-linear initial excitation should be applied.
(e) The channel should not be too wide.

Another interesting distinguishing behavior is that there is a fixed
position in the x direction at which the peak of wave occurs and the
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Fig. 4.16. Measured profiles of water solitary waves [57–59].

wave formed does not propagate but oscillates in the y direction. Also,
the frequency of oscillation is about the same as the intrinsic frequency.
In the x direction, the profile of the soliton is a bell-shaped curve.
In glycerin–water, the soliton curve can be fitted into the expression
φ= 1.7 sech(x/1.25) cm.

The measured profiles of soliton for four other liquids are shown in
Fig. 4.16 and they are given in the order of increasing surface tension.
Curve I is that of an ideal fluid whose surface tension is zero. Curve V
is the wave of glycerin–water and it is clear that, as the amplitude of the
soliton increases, its width decreases as the surface tension increases. If the
coefficient of surface tension is greater than the upper bound, no soliton
can be formed.

The surface water soliton can be moved under the influence of external
forces. For example, when they are pushed with a little oar, or when they
are blown by the wind, or if saltwater is added into the channel so as
to increase the surface tension, the soliton moves toward greater surface
tension. If the channel is titled to a slope of 0.05, the soliton moves toward
the shallow side and the height of the solitary wave is reduced and as soon
as the soliton reaches the point where the depth of water is the minimum for
forming solitons, the motion of the soliton stops. Also, as it often occurs the
motion of a soliton can be prevented by another soliton, which is likely out of
phase and has small amplitude, these dynamic properties of water soliton
appear similar to those of classical particles and microscopic particles in
non-linear quantum mechanics [60, 61].

The following two types of interactions, or collisions, between two
solitons may be distinguished as: (a) Out-of-phase solitons that repel
each other and do not merge as shown in Fig. 4.17, or; (b) Interactions
between two solitons, that are in-phase, and that show a cyclic process
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Fig. 4.17. Collision between two solitons that are out of phase [57–59].

Fig. 4.18. The collisions between two water solitons which are in-phase [57–59].

of attraction→merging→separation→and re-attraction, as the driving
amplitude is increased, as shown in Fig. 4.18.

These properties of collision between the solitons are basically the same
as those obtained in non-linear quantum mechanics for microscopic particles
[60, 61]. Thus, the collision properties of microscopic particles in non-linear
quantum mechanics, and the fact that the forms of the microscopic particles
can be retained after a collision, are experimentally confirmed.
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In the case of a horizontal driving force, the driving frequency required
for the soliton formation increases when the depth of the liquid increases.
If the channel is rotated horizontally, by up to 50◦ while the driving
signal remains the same, the soliton still remains at its original place.
Similar phenomena can be observed in non-rectangular-shaped channels,
such as, in round, ring or trapezoid, channels, and V- or an X-shaped
channels.

Many experiments have been further conducted in our investigations
on localized stationary non-propagating hydrodynamic solitary waves in
the trough subject to either vertical or horizontal oscillation [57–59].
The apparatus involved are similar to those of Wu’s and rather simple.
The rectangular organic glass channels used have a length of l= 30–80 cm, a
width of b=2−7 cm. The water depth (d) in the channels is 2–8 cm. The soli-
tary waves are generated by placing the trough horizontal directions with
driving frequencies of 7–15Hz and 12–25Hz, respectively. If an additional
non-linear initial disturbance is applied with proper vibration conditions, a
solitary wave or two or even more can be observed. Figures 4.19 and 4.20
show the experimental curves representing the relationship between the
vertical driving amplitude and the frequency when a single solitary wave
can be generated, where the numbers at every points are the heights (cm)
of solitary waves in Fig. 4.19. The shapes of the curves are different for
different liquids. Meanwhile, several solitary waves can exist simultaneously
if the vibration amplitude is further increased. With the shape and size of
the channel specified, the necessary conditions for these solitary waves to
be formed, which are first obtained by us, and the properties of the solitary
waves are summarized as follows [57–59].

The amplitudes of the solitary wave are increased but its width is
decreased with increasing surface tensions of the liquids as shown in
Table 4.1. If the surface tension coefficient (STC) is smaller, then the
amplitude of the solitary wave is lower, STC of glycerin–water is larger,
so the amplitude of the solitary wave generated in it is greater. However,
STCs of the distilled water and the deep well water are too large, hence
there are no solitary waves in them. This means that no solitary waves
are formed if STCs are too large, which are greater than an upper bound
value. In order to substantiate this point, we measured the properties of
solitary waves in soap-water and glycerin–water in rectangular channels
with length l = 38cm, b = 2.53 cm, d = 2.0 cm in the conditions of driving
frequency f = 10.64Hz and driving voltage V = 9 − 11V. Their results
are shown in Table 4.2. From this table, we see that there are really the
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Fig. 4.19. The relationship of driving amplitude with driving frequency in the case
of generation of water soliton, in which number at all points denotes wave’s height
(cm), where b = 2.53 cm, l = 38 cm, d = 2.0 cm, “0” is the results of soap-water with
ρ = 1.0024 g/cm3 and σ = 41.10 dyn/cm, b = 253 cm, l = 38 cm, d = 2.0 cm; “•” is the
results of alcohol + water with ρ = 0.9315 g/cm3 and σ = 36.44 dyn/cm, b = 253 cm,
l = 38 cm, d = 2.0 cm [57–59].

upper limits of STC of these liquids for generating the solitary wave, but
the upper limits of STC are different for different liquids.

If the width of channel and the depth of liquid change to b = 5.0 cm and
d = 3.9 cm from the above values, respectively, the solitary waves can be
also formed, but d/b is still less than 1.0 in these conditions. These results
are shown in Table 4.3. But if d/b > 1, then the results are different, for
example, b = 5.0 cm and d = 6.0 cm, its result is shown in Table 4.4.

Our experimental results are greatly different from Miles’s theoretical
values [62–64], which gave that if the surface tension lie in the range of



December 3, 2013 11:57 9in x 6in Water: Molecular Structure and Properties b1656-ch04

Water Flow and Its Non-Linear Excitation States 355

Fig. 4.20. The relationship of driving amplitude with driving frequency in the case
of generation of water soliton, in which number at all points denotes wave’s height
(cm), where b = 5.0 cm, l = 40 cm, d = 23.9 cm, “0” is the results of soap-water with

ρ = 1.0024 g/cm3 and σ = 39.40 dyn/cm, b = 253 cm, l = 38 cm, d = 2.0 cm; “•” is
the results of alcohol + water with ρ = 0.9877g/cm3 and σ = 39.98 dyn/cm, b = 253 cm,
l = 38 cm, d = 2.0 cm [57–59].

0.14 < 6 < 0.25 (6 =T1K
2/g), no solitary waves occur for deep water

(Kd> 2). A comparison of our experimental values with his theoretical
values is shown in Table 4.5. We see from this table that the difference
between the two results is great.

On the other hand, the solitary wave formed in the water trough can
move forward under an externally applied force, such as the pushing by a
little oar or blown by wind or pouring running water, etc. In the latter, the
solitary wave can move mating an inertial movement after the pouring
is stopped, which resembles the property of a macroscopic particle.
This indicates clearly that the hydrodynamic solitary wave possesses the
behaviors of classical particle.
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Table 4.1. The features of the solitons generated in different liquids, where b = 2.53 cm,
d = 2.0 cm, l = 38 cm, driving frequency f = 10.64 Hz in the vertical driving case.

Liquids Alcohol
Acid-
fixer

Soap+
water

Glycerin+
water

Distilled
water

Deep well
water

Density (g/cm) 0.857 1.088 1.0008 1.0638 1.001 1.0031
Surface tension

(dyn/cm)
22.93 36.75 50.95 55.27 66.74 81.83

Driving
amplitude,
2a0 (mm)

0.27 1.05 0.90 1.20 Optional Optional

Amplitude of
soliton, amax

(cm)

1.6 1.7 2.0 2.5 No solitary wave

Width of
soliton, wmax

(cm)

12 10 9 7 No solitary wave

It was also discovered in our experiments that if some saltwater flows
into the water from one side of the soliton in the channel, which increase
the surface tension of the water in this region, then the soliton would
move toward the side with shallower water while the channel is tilted. This
phenomenon resembles also the movement of a macroscopic particle on the
bevel. When the soliton reaches the region where the water depth is just
enough for a soliton to be formed, it neither moves any more nor disappears,
instead an out-of-phase soliton with a smaller amplitude would take place
which would prevent the original soliton from moving. We obtained the
relation curves of the amplitude of the soliton with the driving frequency
as shown in Figs. 4.21 and 4.22. Within the area surrounded by the curves,
a soliton can be generated. We may see from the figures that the amplitude
of the soliton decreases as the driving frequency increases and no soliton will
be formed if the driving frequency exceeds some upper bound value [57–59].

It has also been discovered that the soliton will be formed and become
visible quite easily if the whole channel is rotated continuously around the
central axis of the channel while the driving force still exists. If the rotating
speed is high the amplitude of the soliton will increase, the width of the
soliton will decrease and multi-solitons may also appear.

The above results show that the properties of water solitons depend not
on the shape of the channel, nor on the form and the method of driving, but
on the characteristics of the liquid (i.e., surface tension, scope of the free
surface of the liquid, etc.), the ranges of driving frequency and amplitude
and the boundary conditions.
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Table 4.2. The STC values of soap-water and glycerin–water in different cases, where b = 2.53 cm, d = 2.0 cm, l = 38 cm, driving
frequency f = 10.64Hz and driving voltage V = 9 − 11V.

Soap-water Glycerin+water

liquids I II III IV V VI VII I II III IV V VI

STC T1 (dyn/cm) 31.20 31.93 33.74 36.85 37.22 41.58 42.69 48.53 55.46 57.28 59.47 61.66 66.71
Dose, the soliton has. Has Has Has Has Has No No Has Has Has unstable No No
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Table 4.3. The results for increasing the width of channels.

Soap-water Glycerin+water

Liquids I II III IV V I II III IV V

STC T1 (dyn/cm) 57.69 58.94 66.07 67.54 68.30 67.29 70.73 71.22 71.96 74.17
Driving frequency, F (Hz) 7.66 7.66 7.66 7.66 7.69 7.66 7.69 7.69 7.58 7.69
Driving voltage, V (v) 9.8 9.5 9.2 9.2 11 9.5 9.8 9.8 9.8 9.8
Density (g/cm) 1.0020 1.0017 1.0012 1.0010 1.0009 1.0864 1.0013 1.0047 1.0523 1.026
Dose, the soliton has. Has Has Has No No Has Has Has Has No
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Table 4.4. The experimental results of soap-water for d/b > 1, f = 7.22Hz,
V = 11.4V.

b = 5.0 cm and d = 6.0 cm b = 2.0 cm and d = 3.0 cm

The liquid of soap-water I II III I II III

STC T1 (dyn/cm) 49.35 50.34 54.28 49.12 51.82 61.34
Dose, the soliton has. Has Has No Has Has no

Table 4.5. The compare of limit of STC.

Experimental limit of STC (dyn/cm)Theoretical limit of
b (cm) Kd STC (dyn/cm) Soap-water Glycerin+water

2.53 2.48 88.98 41.59 61.66
5.0 2.45 347.5 67.54 74.17
5.0 3.77 347.5 54.28 70.42

Fig. 4.21. The changes of amplitude of the soap-water soliton with increasing driving
frequency, where b = 253 cm, l = 38 cm, and d = 2.0 cm [57–59].

The above results show that the properties of water solitons depend not
on the shape of the channel, nor on the form and the method of driving, but
on the characteristics of the liquid (i.e., surface tension, scope of the free
surface of the liquid, etc.), the ranges of driving frequency and amplitude
and the boundary conditions.
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Fig. 4.22. The changes of amplitude of the alcohol–water soliton with increasing driving
frequency, where b = 5 cm, l = 40 cm, and d = 3.9 cm [57–59].

Worth noticing is the phenomenon that in order to elucidate the
influence of the changes in the liquid characteristics on the properties
of the soliton we have conducted an experiment on the behavior of the
water soliton in magnetized liquids. With the liquid magnetized, the soliton
was easily formed and very stable. In addition, the interaction processes
of the solitons became more apparent too. Table 4.6 shows the behavior
of the soap-water solitons in magnetic field of 104 Gs with the channel
being 38 cm long, 11 cm wide and the water in it being 2.5 cm deep. The
phenomenon was still visible when the magnetic field intensity decreased
to 3×103 Gs. Similar results were also obtained in magnetized deep well
water. These results tabulated here have not been reported.

In the conclusion, we have reported near experimental results about
the characteristics and properties of the non-propagating surface solitary
wave which is a special type of soliton.
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Table 4.6. The behaviors of the solitary wave in magnetizing soap-water.

The behaviors of the solitary wave

Height (cm) Width (cm) StabilityThe half The
The period driving Magnetization Magnetization Magnetization
depth, of driving voltage,
d (cm) force (ms) V (V) No Have No Have No Have

2.0 47 7 1.8 1.7 7.5 8.2 Stable Stable
2.0 47 8 1.87 1.75 7.6 8.1 Stable Very

stable
2.0 47 11 1.89 1.76 7.6 8.1 Stable Very

stable
4.0 47 7 1.78 1.7 7.8 8.3 No stable Stable
5.6 47 8 2.35 2.2 7.9 8 No stable Stable
7.3 47 8 No 2.2 No 8 No soliton Stable

4.4.3. The Theoretical Researches of Non-Propagating

Solitary Wave in Water

4.4.3.1. Miles and Larraza et al.’s theory

Miles [64–67], Larraza et al. [68, 69], and Pang et al. [70–72] theoretically
demonstrated that this phenomenon could be very well described by an
NLSE. Larraza et al. [68, 69] derived the concept that the surface wave in
water troughs satisfies the following NLSE, and

C2 d
2φ

dx2
+ (ω2

1 − ω2)φ+A |φ|2 φ = 0, (4.38)

and, based on the velocity potential of the fluid, φ, satisfies the Laplace
equation and the corresponding boundary conditions.

For A > 0 and kφ > 1.022, the soliton solution of Eq. (4.38) is in the
form:

φ =

√
2(ω2

1 − ω2)
A

sech
[
(ω2

1 − ω2)x
C2

]
, (4.39)

where

C2 =
g

2k

[
T + kd(1 − T

2
)
]
, A =

1
8
k4(6T

4 − 5T
2

+ 16 − 9T
−2

),
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d is the depth of water, k = π/b̃, where b̃ is the width of the water troughs,
T = tanh(kd), ω2

1 = gkT where g is the acceleration due to gravity and ω

is the frequency of the externally applied field.
A slightly different form of the NLSE was obtained by Miles in similar

phenomenon [64–66], which is given by:

Bφxx + (β +A|φ|2)φ + vφ∗ = 0. (4.40)

It has the following soliton solution:

φ = eiθ sech

(√
A′

2B
X

)
, (4.41)

at v= 0, where, X = 2kx
√
εT , T = tanh kd, . . . , k=π/b,B= T +kd(1−T2

),

A
′
=

1
8
(6T

4 − 5T
2

+ 16 − 9T
−2

), β =
(ω2 − ω2

1)
2εω2

1

,

γ =
ω2a0

εg
, ω1 =

√
gk tanh(kd),

a0 and θ are constants, and finally ε is a small and positive scaling
parameter.

4.4.3.2. The comparison of the experiment results with the results
of the above theories

We made a detailed comparison of our experimental results with their
theory. On the upper limit of STC, our experimental results [58–60] are
greatly different from Miles’s theoretical results as shown in Table 4.5.
The difference between the experiments and the theory represents not only
this fact but also the non-linear resonant frequency ω and the sloshing
frequency for water soliton in Y direction, ω, and the minimal driving
amplitude a0min, which generates the solitary wave, etc. For example,
when the solitary wave exists in the channel, according to Miles’s formula
of the non-linear resonant frequency: ω = ω1[1 + A(a/λ)2/8], where ω1

is the inherent frequency of the liquids, ω1 = (gk tanhKd)1/2, k = π/b,
λ = K−1tanh Kd, A is the non-linear coefficient, if considering the effect
of surface tension, then A is

A = A∗ = (1/2)[1 + (1 − T 2)2 + (1 + 4σ)−1

·(1 + T 2)2/2 − (T 2 − 4σ)−1(3 − T 2)2/4],



December 3, 2013 11:57 9in x 6in Water: Molecular Structure and Properties b1656-ch04

Water Flow and Its Non-Linear Excitation States 363

Table 4.7. The values of non-linear resonant frequency.

Soap+ Alcohol+ Soap+ Alcohol+
Liquids water water water Water

STC T1 (dyn/cm) 41.10 36.44 39.4 49.98
Depth of liquid, d (cm) 2.0 2.0 3.9 3.9
Width of tank, b (cm) 2.53 2.53 5.0 5.0
Non-linear coefficient, A∗ 0.553 0.400 0.845 0.819
Inherent frequency, w1 (HZ) 34.64 34.64 24.63 24.63

w(HZ) Theoretical 40.32 42.76 38.61 38.94
Experimental 32.74 32.74 24.16 24.50

here σ = T1K
2/g, T = tanKd, we calculated the values of w, but discovered

that it was greatly different from our measured values. The comparison is
shown in Table 4.7.

The comparison of the experimental solitary wave sloshing frequency,
ω, and minimal driving amplitude, a0 min, and the theoretical solitary wave
are shown in Tables 4.8–4.9, respectively. Notice: calculating the sloshing
frequency, ω, we used Miles’s formula: (ω/ω1)2 − 1 = 2[(ω2a0/g)2 − δ2]1/2

[64–67], but in calculating the minimal driving amplitude a0min, we used
Miles’s formula: a0 > gδ/ω2 ≈ δ/KT , where δ is the damping coefficient
[64–67] and: δ = δw + δs + δL, where δL = 8KT/πa1bg, δw = (ε̄/2π)[1 +
(π − 2Kd)/ sin 2Kd], δs = ε̄(C1

r − C1
i )cothKd/4, ε̄ = (2ν/ω)y2K, ν =

η/ρ, here ν is the moving viscosity, η is the absolute viscosity, k is the
practical coefficient and choose k = 0.05 for wet wall of tank or k = 0.3 for
unwet wall.

For the shape and the amplitude of solitary wave, our measured results
are greatly different from their theoretical results. The former is greater
than the latter in the general case.

Past theories, for example, Larraza’s and Miles’s theory, are not
reasonable explanations of this phenomenon. The difference between our
experimental results and their theories is at least 15–50%.

4.4.3.3. Pang’s theoretical model of non-propagating solitary wave
in water

From the above research results, we see that past theories have a lot of
faults. Their theoretical results are not consistent with the experimental
values. Meanwhile, the physical mechanism and reason generated by the
phenomenon are also not clear and definite in theories. Some ideas, i.e.,
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Table 4.8. The values of the sloshing frequency ω, here (A) is b = 2.53 cm, l = 38 cm, f = 10.64 Hz, (B) = is b = 5.0 cm, l = 40 cm

and f = 7.69 Hz.

Alcohol Ether Kerosene Glycerin+water Benzol Alcohol+water

Liquids A B A B A B A B B B

STC T1 (dyn/cm) 20.62 27.01 14.24 22.84 22.59 32.17 45.67 67.29 34.39 36.50
Minimal depth Dmin (cm) 0.90 1.8 1.0 2.1 1.2 2.2 1.3 2.1 2.5 2.0
w2

w2
1
− 1 Theoretical values 0.05 0.02 0.03 0.02 0.06 0.01 0.11 0.08 0.01 0.01

Experimental values 0.14 0.17 0.09 0.10 0.09 0.09 −0.01 0.09 0.03 0.12
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Table 4.9. The values of minimal driving amplitude a0 min and the ratio K = (a0 min)ex/(a0 min)th, ν = η/ρ, where f = 7.69Hz,
T = 12◦C, l = 40 cm, (A) is b = 5.0 cm, d = 3.9 cm (B) is b = 2.53 cm, d = 2.0 cm.

Ether Ethyl alcohol Kerosene Glycerin+water Benzol Alcohol+water

Liquids A B A B A B A B A A

Absolute viscosity, η(p) 0.00294 0.0243 0.01507 0.02079 0.03257 0.03007 0.02992 0.01930 0.00774 0.01339
Moving viscosity ν 0.00405 0.00335 0.01812 0.0250 0.0405 0.0374 0.0280 0.0191 0.00818 0.01527
a0 min (mm) 0.213 0.136 0.254 0.278 0.453 0.327 0.781 0.508 0.142 0.412
Ratio K 3.6 2.7 2.1 2.1 2.6 2.0 3.3 2.5 1.6 2.8
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the method of the static limit, used in theoretical deduction are also not
reasonable. Therefore, it is necessary to re-establish a new theory. In the
following, we proposed the new theory according to the conditions generated
by the solitary wave and its properties. We think that the phenomenon
comes from the change in the characteristics of water and applied driving
force (ADF) with periodicity, with the latter being especially significant, if
it is not, then the solitary wave will certainly not appear. However, what is
its action in forming the solitary wave? In our experiments, we see that the
ADF makes the corpuscles (it may involve the molecules and their group)
in water to move up and down, back and forth without ceasing due to
influence of periodicity of ADF as shown in Fig. 4.10. The water in the
channel is no sooner driven by ADF than the corpuscles near the driving
source move up and down without ceasing. After this, the corpuscles were
far from the source of movement. Lastly, the corpuscles on the free surface
in water also move up and down by means of transmission of interaction
among the corpuscles and the pressurized effect of water generated by
ADF. Such motions of up and down in corpuscles without ceasing is like a
vibration. We here call it “quasi-vibrating motion”. The quasi-displacement
and corresponding force constant of it are assumed as η(x, y, z, t) and β,
respectively. Obviously, β is related to the inerrant feature of the liquid and
the characteristics of the ADF [70–72].

Evidently, this motion of corpuscles changed the state of water, its
velocity potential, φ(x, y, z), satisfies the Laplace equation:

∇2φ(x, y, z) = 0, for − d < z < η(x, y, z) (4.42)

for the irrotational motion of an incompressible in viscid water in a
gravitational field, where its boundary conditions are of the form:

φz = 0, at z = −d; φy = 0 at y = 0, b, (4.43)

where water fills this horizontal rectangular waveguide to a depth d with
−d < z < 0, width b with width coordinate Y and to an infinite extent
labeled by lengthened coordinate X . On the other hand, this back and
forth motion of the corpuscles may propagate along the free surface of water
to give rise to the “quasi-vibrating motion” of the corpuscles on the free
surface. The small wave at first and solitary wave later on the free surface of
water and diagram of streamline of the corpuscles (as shown in Fig. 4.10),
where the solitary wave was observed experimentally by us, come from the
collective effect of the “quasi-vibrating motion” and the interaction between
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it and total water. This means that there are two modes of motion, the
total motion of incompressible in viscid water described by φ(x, y, z) and
the “quasi-vibrating motion” of the corpuscles in water described by the
η(x, y, z, t) generated by ADF with periodicity. The latter has to affect and
change the state of the former. On the contrary, the behavior of the former
can change and control the motion of the latter because the corpuscles are
contained in water. Thus, the interaction between the two modes of motion
is necessary. Just so, the small wave at first and the solitary wave later
can appear on the free surface, the difference of which is that the solitary
wave comes only from the optimal coupling interaction between them. Now,
we may assume that the coupling energy between them is α|η||φ|2, which
depends on the sizes of energy of interaction between two modes of motion.
This coupling interaction is frequently seen in condensed matter physics
[13, 47]. The coupling coefficient, α, is in relation to the inherent features
of water and the properties of ADF. In this case, Eq. (4.42) will change,
and the corpuscles will also make “quasi-forced vibrating motion” following
ADF, instead of the “quasi-harmonic vibration”, which is of [70–72]

ρηtt + βη = 0 (where ηtt = ∂2η/∂t2), (4.44)

where ρ is the density of the liquid. Meanwhile, at the free surface z =
η(x, y, t), the kinetic and dynamic boundary conditions become

ηt + ηxφx + ηyφy = φz at z = η(x, y, t),

φt +
1
2
(∇φ)2 + Ẋx+ Ẏ y + (v̇ + g)η +

T1

2ρ
(ηxx + ηyy) = 0, (4.45)

where T1 is the STC, Ḧ = (Ẍ, Ÿ ) and V̇ represent the horizontal and verti-
cal driving accelerations, respectively. In vertical driving, Ẍ = Ÿ =0, V̇ �= 0
(here the dot, “••”, represents the total derivative).

According to the analysis mentioned above, the Lagrange function of
this system can be written now. The Lagrange function of unit volume in
this system, when the interaction between the two modes of motion exist,
is represented by [70–72]

L′ =
1
2
ρ|∇ϕ|2 +

1
2
ρ|ηt|2 − 1

2
β|η|2 − α|η||ϕ|2, (4.46)

where the second and third terms are the Lagrange density function of
the “quasi-harmonic vibration” of the corpuscles. The first term denotes
the original Lagrange density function of the irrotational motion of incom-
pressible viscid fluid. The fourth term is the energy density of interaction
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between the two modes of motion. And yet, this condition for an optimal
coupling between them, which can result in the solitary wave, means that
the Lagrange functions, Eq. (4.46), make an extremum [13]. Thus, their
dynamic equations can be obtained, which [70–72] are

ρ∇2φ+ 2α|η|φ = 0, (4.47)

ρηtt + βη + α|φ|2 = 0, (4.48)

respectively, where Eq. (4.47) is a Poisson equation, instead of a Laplace
equation, Eq. (4.42). Equation (4.48) is just the equation of a “quasi-forced
vibrating motion”, instead of the equation of a “quasi-harmonic vibration”
in Eq. (4.44). Then, the physical meaning of each equation here is very clear
and definite.

If adopting similar method with Larraza, et al. and Miles, we [70–72]
can find out the solutions of Eqs. (4.47) and (4.48). Therefore, we assume
that the applied vertical oscillation is

z0 = a0 cos 2ωt. (4.49)

Thus, the acceleration is of

v = 4a0ω
2 cos 2ωt, (4.50)

where ω is the frequency of ADF. According to the experimental and
theoretical results mentioned above and in accordance with Larraza’s
method we assume that

η(�r, t) = Anη(�r)eiωt. (4.51)

Since the base face in coordinate z and the edge face in coordinate y
are rigid, we can assume that the oscillation of water in the direction y is
of the form

φn(y) =
√

2 cos(kny), kn = nπ/b, n = 1, 2, 3, . . . . (4.52)

It is a isochronous vibration. If we choose this function, Eq. (4.52), as an
orthogonal base of the function, then the φ(x, y, z) may be represented as

φ(x, y, z) = ϕ(x) cos(k
′
m(z + d)) cos(kny), (4.53)

where cos(k
′
m(z + d)(k

′
m = π

dm,m = 1, 2, . . .) is a trial solution with the
feature of vibration in direction z, which can be obtained approximately
from solving Eq. (4.47) by a separation method of the variables. The
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solution, Eq. (4.53), satisfies also Eq. (4.43). Substituting Eq. (4.51) into
Eq. (4.48), we may obtain [70–72]:

|η| = {α/[ρ(ω2 − ω2
0)]}|ϕ|2, (ω2

0 = β/ρ). (4.54)

Substituting Eq. (4.54) into Eq. (4.47), may yield:

ρ∇2ϕ+ [2α2/ρ(ω2 − ω2
0)]|ϕ|2ϕ = 0. (4.55)

Substituting again Eq. (4.53) into Eq. (4.55), we finally obtain:

∂2ϕ(x)
∂x2

− (k2
n + k

′2
m)ϕ(x) − 2α2

ρ2(ω2 − ω2
0)
| cos2(k

′
m(z + d))

× cos2(kny)||ϕ(x)|2ϕ(x) = 0. (4.56)

The ω0 is the “quasi-inherent frequency” of water, Eq. (4.56) is a
generalizing time- independent NLSE, which has a time-independent soliton
solution. It seem very difficult to find the solution of Eq. (4.56), because
the coefficient of the cube term of ϕ(x) is a function of y and z. However,
if considering the requests of the solution and its boundary conditions, we
may always make an average in a period for this coefficient of the cube term
of ϕ(x) because it is a periodic function (certainly, we may also find out
its absolute value directly), then we can find out its approximate solution.
In this case, Eq. (4.56) becomes

∂2ϕ(x)
∂x2

− k2ϕ(x) + r|ϕ(x)|2ϕ(x) = 0, (4.57)

where r = α2π
ρ2(ω2−ω2

0)
, k2 = k2

n + k
′2
m. Clearly, Eq. (4.57) is a general NLSE.

Its soliton solution may be found out easily, which can be represented
approximately by [13, 47]

ϕ(x) =

√
2k2

r
sech(k(x − x0)). (4.58)

Therefore, the velocity potential of water, which is denoted in Eq. (4.53),
is of the form

φ(x, y, z) =

√
2k2

r
cos(k

′
m(z + d)) cos(kny) sech(k(x− x0)). (4.59)

The displacement of the corpuscles on the free surface of water can be
obtained from Eqs. (4.51) and (4.54), which is of the form

η(x, y, t) = An sech2(k(x − x0)) cos2(kny)eiωt, (4.60)



December 3, 2013 11:57 9in x 6in Water: Molecular Structure and Properties b1656-ch04

370 Water: Molecular Structure and Properties

where

An =
2αk2

ρr(ω2 − ω2
0)

or

An =
2ρ
πα

[(πn
b

)2

+
(πm
d

)2
]

(here cos2(k;
md) = 1). (4.61)

This is just a non-propagating solitary wave with bell-type. If we choose
appropriate values of the parameters: α, b and d, by means of experiment
and estimation, we may obtain a theoretical curve of dependence of
z= η(x, y, t) on x from Eq. (4.60). This curve for the soap-water is shown
in Fig. 4.16, when α=0.80, b=5 cm, d=3.9 cm, and x0 = 0. We can see
from this figure that it is consistent with the experimental curve. However,
here we do not adopt the method of the static limit in Miles et al.’s
[64–67] and Larraza et al.’s [68, 69] method to get the non-propagating
solitary wave.

Evidently, α in Eq. (4.60) can be defined by means of theoretical
deduction or experiments. Since the free boundary conditions in Eq. (4.45)
manifest a special form of coupling interaction between the two modes of
motion on the free surface of water, we may find out the formula of α by
comparison with Eqs. (4.51)–(4.57). In fact, the free boundary conditions
in Eq. (4.45) may be transferred to z = 0 by using Taylor expansion
in η(x, y, t). Then eliminating η from the two equations in Eq. (4.45),
we have [70–72]:

(v̇ + g)φ2 = −
{

(∇φ)2t +
[(
φ2 +

1
g
φtt

)
φt

]
z

}
+

v̈

v̇ + g

(
φt +

1
2
(∇φ)2

)

−φzz − T1

2ρ
(φttzz + φttyy) +

T1

2ρ
φzz(φtxx + φtyy)

−1
2

{
(∇φ)2xφx − (∇φ)2yφy + (∇φ)2zφz − 2

g
[(∇φ)2tφt]z

}

+O(ε4), (ε = knηmax 	 1) at z = 0. (4.62)

Substituting Eqs. (4.51) and (4.53) into Eq. (4.62), keeping the third order
of φ and considering φ to be time independent, we have the secular condition
for the first harmonics. Through comparison with Eqs. (4.51)–(4.57) we can
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obtain approximately:

α2 ≈ ω4
0(6q2 − 5)

[
(g + a0ω

2)(2gρ− T1) − 1
]
(g + a0ω

2)ρπ

8g3(a0ω2)2
[
(π

d )2 +
(

π
b

)2] , (4.63)

where q = ten hknd.
Equation (4.63) shows that the α is just a function of the amplitude, a0,

and frequency, ω, of ADF, inherent frequency, ω0, surface tension coefficient,
T1, depth, d, and density, ρ, of water as well as the width, b, of the channel
and acceleration of gravity, g. This result is consistent with the above result.
If substituting ρ = 1.0008 g/cm3, T1 = 39.4 dyn/cm, b = 5 cm, d = 3.9 cm,
f = 10.64Hz, a0 = 0.09 cm in the soap-water into Eq. (4.63) we can gain
α = 0.78, which is consistent with the above estimating value, α = 0.8.

4.4.3.4. Applications of the results in Pang’s theoretical model

Using the above results, we can explain many experimental results [70–72],
for example,

(a) From Eqs. (4.61)–(4.63), we know that α decreases and the amplitude
of the soliton increases as T1 increases. However, when T1 > gρ, α2 < 0,
which is not existent. This means that T1 has an upper limit. This result
is consistent with the experimental results.

(b) Equations (4.60), (4.61) and (4.63) show that the amplitude of the
soliton is inversely proportional with d and b, namely, when b and d

increase, the amplitude of the soliton decreases. This means that b and
d have an upper limit. Meanwhile, b and d also have a lower limit
according to the conditions generated by the soliton and its features.
This is consistent with the experimental results.

(c) As it is known, the solitary wave is produced by a special balance
between the dispersion effect and non-linear interaction in the system.
For the time independent and uniform state in our studied system, this
condition in Eq. (4.57) equates to the following equation:

−k2ϕ0 + r|ϕ0|2ϕ0 = 0. (4.64)

Thus, we may obtain the new ground state from Eq. (4.64)

φ0 = ±
√
k2/r �= 0 or φ2

0 = +
√
k2/r �= φ1

0 = −
√
k2/r. (4.65)

Except for ϕ0 = 0 (normal ground state) Eq. (4.65) is a new ground
state corresponding to the soliton in water, which is a lowest state of
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energy and stationary state. Its energy is Elow = −k2/2 < 0. This shows
that the state of water corresponding to the soliton is different from
that of no soliton [12, 46]. However, when φ0 = ±√k2/r → 0 or φ0 =
±√k2/r → ∞, the soliton does not appear [13, 47]. Again from r =
α2π/[ρ2(ω2 − ω2

0)] and k2 = [(π/b)2 + (π/d)2] and Eq. (4.63) we can
obtain the following results. When ω→ω0 or b→∞, d→∞ or α→ 0
and α→∞, or ω→∞, ω→ 0, this soliton excitation does disappear.
This means the soliton does not exist when ADF does not exist, and
the frequency of ADF has an upper limit and a lower limit. Only when
the frequency of ADF lies in this region, the soliton can occur, and its
amplitude decreases as the frequency and strength of ADF increase.
This conclusion holds also with experimental results mentioned
above.

(d) When water is magnetized, its structure and distribution of molecule
as well as the degree of the polarization of the corpuscles in water will
be changed, thus the interaction among the corpuscles, the inherent
frequency (increase), the STC (decrease) and the value α (increase)
will also be changed. Thus, the solitary wave occurs easily in this
case according to the conditions generated by the solitary wave and
Eq. (4.63) [13]. Meanwhile, the amplitude of the solitary wave decreases
and its width increases in this case. This result is also consistent with
the experiment results.

Therefore, the above researched results manifested clearly Pang’s
theory, which describes the correctness and availability of dynamic
properties of non-propagating solitary wave in water.

4.5. Form of a Kink Soliton on the Surface of Water
and Its Features

4.5.1. Experimental Observation of Kink Soliton

on the Surface of Water

Denardo et al. [73, 74] observed a kink soliton in the phase of surface
wave oscillations on a shallow water in a parametrically driven rectangular
channel. Their experimental process and method are described as follows.
The channel used in this experiment is made of acrylic, and has an inner
width w = 5.71 cm and an inner length L = 72.6 cm. The data reported
are for ethyl alcohol with a depth of h = 1.00 cm in a covered channel.
They observed the kinks in either glass or acrylic channels of half the width
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and length with either alcohol or water, in which a wetting agent must be
added to water. To overcome dissipation and achieve a steady state, as well
as to specify the frequency of response, they oscillate the channel vertically
with a shake table, which was made by attaching an aluminum plate to
the cone of an 18-in. loudspeaker, and using springs to offset the weight
of the table and channel. The loudspeaker rests on a tripod which permits
careful adjustment of the angle of inclination of the channel. The angular
position of a wrench attached to one of the leveling bolts was calibrated to
yield this angle. A synthesizer is used to drive the shale table due to the
fact that precise frequency control is demanded. In this case, each probe
used is a pair of vertical weirs separated by 4mm, and connected to a
high-frequency (2 kHz) voltage source. Their resistance (10MΩ) across the
probe decreases with rising the level of water. Thus, the voltage across a
small series resistor (40 kΩ) varies linearly with the surface height. At the
same time, the high frequency of the device is removed from this signal by
a lock-in amplifier.

Figure 4.23 shows a perspective view of a mathematical idealization
of the kink obtained from this experiment, which is a localized transition
between two uniform domains that are 180◦ out of phase. A breather

Fig. 4.23. A perspective view of a mathematical idealization of the kink [73].
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soliton has been also observed in a similar system with a deep water. The
experiments shown in Fig. 4.23 were motivated by their observation of a
kink in a parametrically driven pendulum lattice. The best experimental
evidence for the solitary nature of the kink is its slow but reproducible
drift motion in a channel that is slightly titled, where the vertical surface
displacement is proportional to tanh(ax)cos(ny/ω). Figure 4.24(a) shows
the profile (maximum and minimum vertical surface displacements) as the

Fig. 4.24. The drift motion of a water kink soliton, where (a) is a profile at a fixed
probe, (b) is enlargement of the vertical surface displacement in the nodal region, and
(c) is drift velocity as a function of the angle of inclination of the channel [73].
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kink drifts by a fixed probe obtained by them, which was located at the
longitudinal midpoint and near one wall of the channel [73], where the
drive parameters are 5.37Hz and 0.54mm. We see from this figure that
the kink moves to smaller regions until it stops in the vicinity of the end
wall. The minimum peak-to-peak amplitude is not strictly a node at x = 0
as in Fig. 4.23. Figure 4.24(c) shows the variation of the drift velocity by
changing the angle of inclination of the channel, where the drift velocity
was measured by timing the transit of the cusp (Fig. 4.24) as it moves
between two probes located symmetrically about the longitudinal midpoint
of the channel. The slope of the best-fit line is 3.5 cm/s deg. They observed
that the tilt angle is greater than 0.045◦, the“anti-kink”, which is 180◦ out
of phase relative to the original kink, emerges from the shallower end and
inhibits eventually its drift motion.

For surface waves of small amplitude, the channel used in this
experiment is a resonator characterized by the number of displacement
nodes (nx, ny) perpendicular to longitudinal and transverse directions,
respectively. The even spacing between nodes is determined by the global
geometry, i.e., the walls. The kink observed may occur at any location.
Thus, it may be viewed as a large-amplitude (1, 1) mode, in which the
transverse nodal line has become decoupled from the end walls of the
channel due to the flattening of the profile. Similarly, they observed a kink–
anti-kink pair, which is a large-amplitude (2, 1) mode [73].

On the other hand, authors in [73] created a kinking by imparting to
the channel an angular impulse about any vertical axis through the channel,
as long as the axis was not near the end walls, where the node of the kink
was formed at the axis, and it gradually drifted due to the non-uniformities
of the system in this case. A kink can be moved by “dragging” the node
with a narrow spatula that is inserted parallel to the channel. When using
the spatulas to bring a kink and anti-kink near each other, they observed
a repulsive interaction between the kink and anti-kink, which is so strong
that the annihilation of a pair cannot occur without complete destruction
of the cross mode. The repulsive force has been observed also between a
breather and anti-breather, in which the repulsive forces are in qualitative
agreement with Bernoulli’s law.

The profiles of large- and small-amplitude kinks that emerged in this
experiment are shown in Fig. 4.25 [73], where the points are experimental
values and the curves are theoretical data, the drive parameters are 5.37Hz
and 0.52mm for the large-amplitude case, and 5.23Hz and 0.46mm for
the small-amplitude case. All data are taken with a parallel probe which
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Fig. 4.25. The profiles of large- and small-amplitude kinks emerged in water [73].

is one meniscus length (2 mm) from a wall. In this experiment, authors in
Ref. [69] constructed the cover of the channel to be similar to a slide rule,
with the probe attached to the slide. Since the form of kink is sensitive to
non-uniformities of the channel, a thin isosceles-triangular block, which is
made of acrylic, and has height 1 mm, length 10 cm, and width equal to
that of the channel, is used to fix the kink for the measurement. The probe
was statically calibrated at the beginning and end of each data-gathering
session. The slope of the calibration graph was stable to ±2%.

Figure 4.26 shows the drive-plane region, in which the kink and (1, 1)
mode occur in their experiment [69], the response frequency is just half the
drive frequency. The drive amplitude was measured with an accelerometer.
In this case, the above boundary a denotes that there appear modulations
whose wavelength roughly equals the width of the channel; but the above
boundary b, denotes that the node is repelled from, rather than attracted
to the apex of the triangle. The node drifts to a position near one end
of the channel and eventually disappears in the end. However, the below
boundary c denotes that the kink decays to the rest state from a small
amplitude (≤ 0.5mm). The minimum in boundary c occurs at twice the
linear frequency of (1,1) mode. Each point of boundary d corresponds to
the common point of the stable and unstable branches of a parametric
steady-state response curve, where the amplitude jumps from a finite value
to zero [73].
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Fig. 4.26. The drive-plane region emerging kink soliton on the surface of water [73].

4.5.2. Theoretical Description of Kink Soliton

on the Surface of Water

In the theoretical description, Denardo et al. [73] considered a modulation
of the fundamental cross mode of a channel of water with the dimensions
and coordinates as shown in Fig. 4.23, where L � w. The modulation is
assumed to be slowly varying in space and time. In the case of weakly
non-linear level, they represented the surface height by [68, 69]

φ(x, y, t) = [φ1(x, t)eiωt + c.c.] cos(ky) + [φ2(x, t)e2ωt

+c.c.+ φ
(0)
2 (x, t)] cos(2ky), (4.66)

where ω is the angular frequency of the wave, and k = π/w is the wave
number of the cross mode. They thought that at the leading corner of
secularity, the modulation amplitude φ1 in Eq. (4.66) satisfies the following
NLSE modified to include weak linear damping and weak parametric drive
of frequency 2ω [64–67]:

−2iω
(
∂φ1

∂t

)
+ c2

(
∂2φ1

∂x2

)
+ (ω2 − ω2

0 − 2iωβ)φ1

−2ω2ηφ∗1 − Γω2k2|φ1|2φ1 = 0, (4.67)

where ω0 =(gkT )1/2 is the linear frequency of the cross mode, T = tanh
(kh) and h is the depth of water, β is the damping parameter, η = ω2a/g

is the dimensionless drive amplitude, a cos(2ωt) is the displacement of the
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drive, g is the acceleration of gravity, Γ = (9T−4 − 12T−2 − 3 − 2T 2)/8 is
the non-linear coefficient and c2 = (ω0/k)dω0/dk. The higher harmonics
in the surface displacement in Eq. (4.66), which arises from the non-
linearities, are

φ2 = k(3T−2 − 1)φ2
1/4T, φ

(0)
2 = k(1 + T 2)|φ1|2/2T. (4.68)

The value of non-linear coefficient is changed from Γ =∞ for kh=0 (shallow
limit) to Γ =−1 for kh=∞ (deep limit), and vanishes for kh � 1.058.
This crossover condition corresponds then to a depth of 1.92 cm for the
channel in this experiment. When Γ< 0, the free oscillations of the cross
mode is softened, its frequency decreases as the amplitude increases. In this
case, the mode is subject to the Benjamin–Feir instability [75], and initial
disturbances evolve into breather solitons described by hyperbolic secants.
For Γ > 0, the free oscillation of the cross mode is hardened, thus the mode
is stable. But there is possibly a 180◦ kink in the phase of the mode. Thus,
Denardo et al. [73] gave the soliton solution of Eq. (4.67),

φ1 = (ca/ωk)(2/Γ)1/2 tanh[a(x− x0)]e−iδ , (4.69)

where µ = (ω2η2−β2)1/2 and a2 = (ω2−ω2
0+2ωµ)/2c2, tan(2δ) = β/µ. The

image of the solution in Eq. (4.69) is similar with Figs. 4.23 and 4.24, but
Eq. (4.67) is different from the standard NLSE because it contain the term
of 2ω2ηφ∗1. Even the NLSE (4.67) in the undriven undamped case is also
different from the standard NLSE by the addition of the (ω2 −ω2

0)φ1 term.
But this term can be removed by transforming φ1 with an exponentially
phase factor in time. The added term makes the above soliton solution
become a non-propagating solution, in which the global drive can suppress
the dissipation in the system. On the other hand, in the undriven undamped
case, there is a more general single-kink solution in Eq. (4.67), which not
only propagates in a velocity and has a spatially varying phase, but also
has a “darkness” parameter which is simultaneously a measure of the phase
difference between the two domains and the minimum amplitude of the
profile. Therefore, these solutions are called dark solitons, which are strict
solitons and have the feature of elastic collision. The parameter continuously
connects the kink to the (0,1) mode. So, the free kink is not topological,
which differs from the damped parametrically driven kink in Eq. (4.69).
The non-propagating kink is a limiting case of a spatially periodic wave
described by the elliptic function sn(p, x) where p is the elliptic modulus.
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In this solution, the tanh in Eq. (4.69) is replaced by sn, the amplitude is
multiplied by [2p2/(1 + p2)]1/2 and a is multiplied by [2/(1 + p2)]1/2.

Denardo et al. [73] found out the damping parameter β from the
data of Fig. 4.26 and the parametric-drive threshold condition β = ωη

at ω = ω0 through comparing the experimental data in Fig. 4.25 with the
theoretical results in Eqs. (4.66), (4.68) and (4.69). The resultant value is
β = 0.197 s−1. The small-amplitude profile has elliptic modulus p = 0.732,
and the large-amplitude profile has p = 0.998. There is good agreement
between the experiment and the above theory in the small-amplitude case,
but significant deviations appear in the large-amplitude case.

4.6. The Vortex States of Water Flows and Its Properties

4.6.1. The Vortex Movements of Water Flow

and Its Mechanism of Form

The vortex movement of water flows occur extensively and can be observed
often, especially in the processes of river water overflow and flash flood
we can see the fast movements of many vortexes in water flows. Therefore,
water’s vortex state exists universally in nature. In general, the vortexes are
accompanied always with the movements of the turbulence of water, which
are visible everywhere. For example, when the ship boats in water we can
see launching of a bunch of vortices behind the oar in the turbulent flow field
forward. As far as the forms of vortexes in the turbulence are concerned, a
most typical example is that a ball with radius R moves in viscous water
with viscosity coefficient η and Reynolds number. When Re is small, the
motion of water in the back of the ball may be regarded as constant. If Re

exceeds over a critical value, the motion of water becomes periodic. But
Re increases again, a periodic Karman vortex street occurs. Finally, water
becomes the turbulent motion. The vortex states in the turbulence field
around the ball is shown in Fig. 4.27. Hence, the vortex in water follows
always the movement of turbulence; i.e., they are closely associated, why
is this?

As it is known, the vortex is a coherent structure, in which the directions
of velocity of particles around the vortexes in water are inverse to each other.
This means that there are larger shears of velocity in water. Thus, larger
vortexes can acquire the energy from the turbulence, but they dissipate
additional energy due to the dissipated and dispersed effects of water, thus
they must split some cascade small vortexes though energy transitions.



December 3, 2013 11:57 9in x 6in Water: Molecular Structure and Properties b1656-ch04

380 Water: Molecular Structure and Properties

Fig. 4.27. The vortex states in the turbulence field around the ball [9–12].

At present, we elucidate theoretically this problem using the concept of
helicity.

From the Navier–Stokes equation (4.8) Liu et al. [9–12] thought that
at large Re , in which water is in the turbulent state, it becomes as the
following Euler equation

∂v/∂t+ (v · ∇)v = −(P/ρ). (4.70)

Its equivalent form is

∂v/∂t = v × ω − (P/ρ+ v2/2). (4.71)

The so-called helicity, h, is the scalar product of the velocity vector and
rotation vector. Liu et al. [9–12] denoted the helicity by

h = v · rotv = v · ω, (4.72)

where ω = rotv. If velocity v is propositional to ω, namely the helicity reach
to maximum, and v × ω = 0, then Eq. (4.71) transforms as the following
linear equation

∂v/∂t = −∇(P/ρ+ v2/2). (4.73)

Its constant solution can be obtained from

∇(P/ρ+ v2/2) = 0. (4.74)

Liu et al. [9–12] thought that the constant solution has a maximum helicity
and meets the equation v × ω = 0 in this case. Thus, the fluid is referred
to as Beltrami flow.
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Generally speaking, the movement of the constant velocity field v (u,
v, ω) can be written as

dx

dt
= u(x, y, z),

dy

dt
= v(x, y, z),

dz

dt
= ω(x, y, z), (4.75)

where (x, y, z) is the position of fluid particle, x(t), y(t) and z(t) are really
particle’s tracks or streamlines of flow field (because the velocity field is a
constant field, so they are coincident).

If the velocity field is denoted by u = sinx sin y, v = cosx cos y, ω =
− sinx sin y, then Eq. (4.75) becomes as

ẋ = sinx sin y, ẏ = cosx cos y, ż = − sinx sin y. (4.76)

Liu et al. [8–11] obtained

v = v · rotv =




i j k

∂

∂x

∂

∂y

∂

∂z
u v ω


. (4.77)

Thus, we confirm that the water flow described by Eq. (4.76) is a
Beltrami flow and a non-linear dynamic system. Its constant solution
satisfies (x = ±mπ, y = ±nπ/2), where m = 0, 1, 2, . . . and n = 1, 2, . . ..
[9–12]. The positions of these constant solutions, or singular points of
Eq. (4.76) and corresponded orbital lines are illustrated in (x, y) plane as
shown in Fig. 4.28, where the singular points (dark point in this figure)
are the saddle points. These closed circle lines, which are composed by
four saddle points are just the vortex line. Because the orbital lines cannot
crossover these singular points, these orbited lines are from the saddle point
(t → −∞) to other saddle point (t → +∞), which is called heteroclinic

Fig. 4.28. The singular point of Eq. (4.75) and corresponded orbital lines in (x, y) plane
[9–12].
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orbits. Thus, we can affirm that the turbulent vortexes are formed by these
closed heteroclinic orbits.

From these studies, we see that Beltrami flow is a bridge linking the
vortexes and turbulence because the vortex of Beltrami flow contains the
information of the turbulence. In this case, the vortex of Beltrami flow has a
coherent structure, which can be verified by Karhunen–Loeve expansion
method. This method is a basic or characteristic function, which can make
that the project of pulse momentum of the turbulence on the basic function
is largest. In this case, the basic function possesses a coherent structure.
In the light of this method, the velocity field −→v of the incompressible fluid
(here div−→v = 0) can resolve as

−→v = rot(−ψ−→k ) − rot(χ
−→
k ), (4.78)

using Karhunen–Loeve expansion method, where
−→
k is an unite vector in

the vertical direction, ψ resembles the flowed function of two-dimensional
fluid, ∂χ/∂z resembles the velocity potential in the two-dimensional fluid
field. For Beltrami flow there is the relation of rot−→v = ε−→v , then the velocity−→v can be represented as

−→v = rot(εq
−→
k ) − rot(q

−→
k ), (4.79)

where q meets Helmholtz equation: ∆q + λ2q = 0: Clearly, Eq. (4.79)
is similar with Eq. (4.78). Thus, the coherent structure of the vortex of
Beltrami flow is credible [9–12].

4.6.2. The Properties of Two-Dimensional Vortexes

Liu et al. [9–12] represented the rotation of Euler equation in Eq. (4.71) by

∂−→ω /∂t = rot(−→v ×−→ω ). (4.80)

For the incompressible fluid, the equation, div−→v = 0, may be de-
noted as

∂u/∂x+ ∂v/∂y = 0, (4.81)

where u and v can be represented using the flowed function ψ, which are

ẋ = u = −∂ψ/∂y, ẏ = v = ∂ψ/∂x. (4.82)



December 3, 2013 11:57 9in x 6in Water: Molecular Structure and Properties b1656-ch04

Water Flow and Its Non-Linear Excitation States 383

In this case, the vorticity −→ω of the vortex has only a vertical component,
which is

ζ = ∂v/∂x− ∂u/∂y = ∂2ψ/∂x2 + ∂2ψ/∂y2 = ∆2ψ.

Therefore, the rotation equation (4.80) becomes

∂∆2ψ/∂t+ J(ψ,∆2ψ) = 0, (4.83)

where J(C,D) = ∂C/∂x∂D/∂y − ∂C/∂y∂D/∂x. The constant solution of
Eq. (4.83) can be obtained from J(ψ,∆2ψ) = 0. In this case the rotation,
which is along the flowed function arbitrarily, is a constant, which meets

∆2ψ = f(ψ), (4.84)

where f(ψ) is an arbitrary function of ψ. At present, Liu et al. [8–11]
assumed that f(ψ) = −ψ. Then, Eq. (4.84) becomes

∆2ψ + ψ = 0. (4.85)

In polar coordinates, Eq. (4.85) can be written as

∂2ψ/∂r2 + (1/r)∂ψ/∂r + (1/r2)∂ψ/∂θ2 + ψ = 0. (4.86)

Liu et al. [9–12] assumed further that the solution of Eq. (4.86) is of

ψ = gG1(r) sin θ. (4.87)

The dynamic equations of velocity field are of

vr = ∂r/∂t = −(1/r)∂ψ/∂r = −gG1(r) cos θ/r = F (r, θ),

vθ = (1/r)∂θ/∂t = ∂ψ/∂r = g[G0 −G1(r)/r] sin θ = H(r, θ).
(4.88)

Because of [rG1(r)]′ = rG0, i.e., rG
′
1 + G1 = rG0, then G

′
1 = G0 + G1/r.

Thus, the constant solution of Eq. (4.88) can be obtained from the
equations;

G1(r∗) = 0, sin θ = 0. (4.89)

Liu et al. [8–11] assume thatG1(a) = 0 on the circle having the radius a,
then Eq. (4.89) represents that there are the singulars at θ = 0 and θ = π
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on the circle. In this case, the Jacobi matrix of Eq. (4.88) is of

∂F

∂r

∂F

r∂θ

∂H

∂r

∂H

r∂θ


 =

(
(−gG′

1/r + gG1/r
2) cos θ gG1 sin θ/r2

g(G0 −G1/r)′ sin θ g(G0 −G1/r) cos θ/r

)
.

(4.90)

Substituting θ = 0 and θ = π into Eq. (4.90) yield

∂F

∂r

∂F

r∂θ

∂H

∂r

∂H

r∂θ


 =

(−gG0(a)/r 0
0 gG0(a)/r

)
.

Two characteristic roots of this matrix are the forms of

κ1 = gG0(a)/r and κ2 = −gG0(a)/r. (4.91)

Therefore, κ has positive and negative values, the points at θ = 0 and
θ = π on the circle are saddle points. These orbit lines among these saddles
constitute the vortex lines, which is shown in Fig. 4.29(a) [9–12], where
each vortex is composed of two saddle-saddle heteroclinic orbits.

Liu et al. [9–12] chose again f(ψ) = exp(−2ψ), then Eq. (4.84) becomes

∆ψ = exp(−2ψ). (4.92)

Its solution can be expressed as

ψ = ln[A cosh y + (A2 − 1)1/2 cosx].

Fig. 4.29. Two-dimensional vortexes in the conditions of (a) Eq. (4.85) and
(b) Eq. (4.92) [9–12].
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In this case, the velocity field can be found and denoted by

vx = −Asishy/[A coshy +
√

(A2 − 1) cosx],

vy = −A√(A2 − 1) sinx/[A cosh y +
√

(A2 − 1) cosx].
(4.93)

Liu et al. [9–12] gave finally that these flowed lines denoted by these
solutions form some vortex street along x axis with a gap of 2π, as shown
in Fig. 4.29(b), where each vortex is formed by two saddle point — saddle
point heteroclinic orbit.

Thus, we explain and elucidate the essence and mechanism of form of
the vortexes in water flows using Euler equation in Eq. (4.71), namely, the
vortexes are formed by the non-linear interaction in the turbulence state of
water.
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Chapter 5

Water with Life and Life Activity

Water is one of the main components of all life. Animal organisms consist
of nearly two-third water. The human embryo contains about 93% water
during the first month. There would be no life, life activity, proliferation
and development of cell, blood flow, forms of three-dimensionally structures
of biomacromolecules of protein and DNA as well as works of enzymes,
proteins and DNA without water. Therefore, water and life activity
are closely linked, and recognized throughout history by all civilizations
and present day scientists. Water is required for life to start and for
life to continue. In this chapter we annotate, explain and elucidate in
detail the profundity of the statement that “there would be no life, life
activity, proliferation and development of cell, blood flow, forms of three-
dimensionally structures of biomacromolecules of protein and DNA as well
as works of enzymes, proteins and DNA without water.” As a matter of
fact, water forms the basic medium in which biochemical reactions take
place in the cell, it forms the liquid part of the blood and the lymph, it is
essential for digestion because the decomposition of carbohydrates, proteins
and fats takes place by addition of water molecules, water is released in
the cell when proteins are synthesized from amino acids, the physiological
properties of biopolymers and many supermolecular structures depend
considerably on their interaction with water, and so on. At the same time,
we here studied and obtained the properties of interactions of water with
proteins, DNA, ions, nanocorpuscles and electrons as well as millimeter
wave and infrared light in life systems. The results obtained indicate that
they form various hydration status, thus their intrinsic properties are
changed, then, a lot of interesting results related with life activities are
obtained.

389
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5.1. An Annotation of “There is No Life without Water”

5.1.1. The Chain Structures of Protein

and Deoxyribonucleic Acid Molecules

It is well known that protein and deoxyribonucleic acid (DNA) molecules
are the main components required for life; life cannot exist without DNA
and protein molecules [1–5]. The molecular structure of protein is well
known, it is made up of more than 20 different individual building blocks,
the amino acids. Each amino acid is composed of an amino group (NH2),
a carboxyl group (COOH), and a side group or radical (R) attached to the
α-carbon atom. The nature of the side group distinguishes one amino acid
from another. Amino acids polymerize to form the long chains of residues
that constitute protein molecules. When two amino acids join together,
they release one molecule of water and form a peptide bond. The one-
dimensionally linear polypeptide chain is the preliminary structure of the
protein molecule. It can fold into a variety of complex three-dimensional
conformations. Of particular interest are three structural configurations
that recur regularly in proteins: the α-helix, the β sheet, and globular
conformation [1–5]. In the α-helix, the polypeptide chain is tightly coiled
about its longitudinal axis. In the β sheet, the chain can be visualized
as pleated strands of protein. The globular conformation is the most
complex since the chain is folded irregularly into a compact, near-spherical
shape. The polypeptide chain is most often in the α-helix or β sheet
configuration.

In the case of DNA, the molecule consists of four nucleotides, dAMP,
dGMP, dCMP and dTMP. Each nucleotide is composed of phosphate,
ribose and a base. The bases of DNA are adenine (A), cytosine (C), guanine
(G) and thymine (T). Ribonucleic acid (RNA) consists of AMP, GMP,
CMP and UMP and its bases are adenine (A), cytosine (C), guanine (G)
and uracil (U). These bases link with riboses by means of glycoside bonds.
Formation of these bonds involves release of water molecules. Two riboses
are combined as a straight chain by the phosphatide bond at the 5′ and 3′

positions of the neighboring riboses. The preliminary structures of DNA and
RNA are also one-dimensional linear chains. Two chains combine together
by hydrogen bonding between complementary base pairs and fold further as
duplex and super-helical structures, which form the secondary and tertiary
molecular structures of DNA, respectively [1–5].

From above, we know that the preliminary or basic structures of pro-
teins, DNA and RNA are linear chains. In practice, the molecular structure
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of the other two major classes of biomacromolecules, the carbohydrates and
lipids, are also linear [1, 2, 4]. In this case, few questions arise. Why are
all these preliminary structures of biomacromolecules linear? Why their
alternative structural forms of matter, such as face center cubes, body
center cubes, hexahedrons or other polyhedrons, are not formed in living
systems? At the same time another question arises as well: How are the
linear chains formed? These questions are worthy of study further. Very
clearly, the above molecular structures of DNA and proteins cannot achieve
their final conformation independently from nucleotide and amino acid
molecules since any self-assembly of molecules requires a template, that is
to say, DNA and proteins cannot be formed and assembled spontaneously
without templates, particularly in prehistory when life was originating. The
question of what constituted the original templates for formation of DNA
and protein molecules at life’s origin remains unanswered. From molecular
biology and gene expression rules we now know that proteins are synthesized
from amino acid molecules using genetic information supplied by DNA
through transcription and translation of RNA in the ribosomes of cells at
physiological temperatures in the living systems [1–3, 5]. This shows that
the proteins can be formed, only if DNA and RNA exist firstly in the life
body. In the meanwhile, the nature of the templates of the process are also
unclear. In one sense it is clear that the templates are RNA molecules in
the ribosomes. However, what are the templates of formed DNA and RNA?
Especially in the process of the origin of life there remains uncertainty
surrounding the processes by which DNA, RNA and protein molecules
are formed on earth and what the templates for these original molecules
were.

As it is known, there is no life without water. Why is this? We have not
yet fully understood the role of water in life’s origin. We observed [5–10]
the existence of cluster chain structures of water molecules of size 2–70nm
including linear and ring hydrogen-boned chains. Thus, we can contend
that water is not only a prerequisite for the biosynthesis of DNA and
protein molecules but also fundamental in the formation of their preliminary
structures of chain, namely the linear and ring hydrogen-bonded structures
of molecules in water as mentioned in Chapter 1 are the templates of formed
DNA, RNA and protein molecules, in other words, the chain preliminary
structures of DNA, RNA and protein molecules are formed or grown from
these linear and ring hydrogen chains. Here, we will argue and annotate
this idea, thus annotate further the conclusion and truth of “there is not
life without water” in the world.
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5.1.2. Annotation of Form of Chain Structure of DNA

and Protein Molecules in the Process of Origin

of Life

It is well known that water is an important environmental constituent
that is necessary for the appearance of life on earth [3–5]. There appear
to have been only water, amino acid molecules or nucleotide molecules on
earth at the time of life’s origin. Water provides a suitable environment
for the development of life including the formation of bio-tissues, DNA
and protein molecules. DNA and protein molecules may have proliferated
orderly along the linear hydrogen-bonded chains of water molecules, when
these nucleotide and amino acid molecules were orderly self-assembled
as the preliminary structures of the one-dimensional chains of DNA and
proteins. In this process these amino acid molecules or nucleotide molecules
are firstly arranged along the backbone of water molecule chains through
the hydrogen bonds between O and H atoms in them. Once these the
preliminary structures of the one-dimensional chains of DNA and proteins
are formed, these water molecules could depart from these DNA and
protein molecules or attach on them to form the DNA hydration and
protein hydration, respectively. The mechanism of form of the preliminary
structures of the one-dimensional chains based on the templates of linear
water molecular chains is described in detail as follows.

As it is known, amino acids and nucleotide molecules have the electrical
dipole moments of 4–6 Debyes and 5–6 Debyes [5, 6], respectively. Each
water molecule and O–H bond have also the dipole moments of 1.8 Debyes
and 1.18 Debyes [5, 6], respectively. When they are together in a system,
amino acid and nucleotide molecules move toward water molecular chains
due to the dipole–dipole attraction interactions among them, combining
together via hydrogen bonds between the hydrogen atoms in the O–H bonds
of water molecules and the oxygen atoms of amides (O=C) in these amino
acids or the oxygen atoms of ribose rings in nucleotide molecules. Thus,
these amino acids and ribose rings in the nucleotide molecules could then
be fixed onto the templates of water molecular chains through hydrogen
bonds as shown in Figs. 5.1–5.4. Once a number of amino acids were
fixed onto the templates of water molecular chains as shown in Fig. 5.1,
in which glycine (G), alanine (A), valine (V), serine (S), threonine (T)
and methionine (M) were fixed onto a hydrogen-bonded chain of water
molecules, these amino acids could have then formed the preliminary
structures for the one-dimensional chains of protein molecules by peptide
bonds between neighboring amino acids, where one water molecule was
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Fig. 5.1. The situations of distribution of amino acid molecules of G, A, V, S, T and
M fixed on the templates of water molecular chains.

Fig. 5.2. A form of single protein chain built by the amino acid molecules of G, A, V,
S, T and M on the basis of templates of water molecular chains.

Fig. 5.3. A form of single DNA chain built on the basis of templates of water molecular
chains, where A, T, G, and C represent four bases in DNA, respectively.

released as shown in Fig. 5.2. Subsequently, they could fold to form the
α-helix, β sheet and globular conformations (or secondary, tertiary and
quaternary structures) of protein molecules with the support of various
hydrogen bonds which would be generated under appropriate conditions
of water environment and temperature. This is the mechanism for the
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Fig. 5.4. Another form of single DNA chain built on the basis of templates of water
molecular chains, where A, T, G, and C represent four bases in DNA, respectively.

formation of protein molecules from amino acid molecules in the process of
life’s origin proposed by Pang [11].

DNA could also have been formed in a similar way. Thus, after many
ribose rings in the nucleotide molecules were fixed onto the templates of
water molecular chains through hydrogen bonds, these nucleotide molecules
could have subsequently formed the preliminary structures of the one-
dimensional chains of DNA by phosphate bonds between the 5’ position
of ribose rings and the 3’ position of neighboring ribose rings with the
release of two water molecules. At the same time, one base could also link
to the 1’ position of the ribose ring with the release of one water molecule
(Fig. 5.3), in which dA-adenosine monophosphate(A), dT-thymine(T), dG-
guanine(G) and dC-cytosine(C) are fixed onto the hydrogen-bonded chain
of water molecules. In practice, the preliminary structures of DNA could
also be formed in another way, namely, the phosphate molecules could firstly
be fixed onto the templates of water molecular chains through hydrogen
bonds between the O–H bonds of water molecules and oxygen atoms of
O=P bonds in the phosphate groups. Subsequently, these ribose rings could
be linked via these phosphate groups by phosphate bonds to form the
preliminary chain structures of DNA as shown in Fig. 5.4. Finally, both one-
dimensional structures could form a double-chain of DNA and fold further
to form the higher structures with their helical or super-helical shapes.

The above mechanism and process for the formation of preliminary
chain structures of DNA and protein molecules are only a reasonable
speculation or assumption, rather than experimental result, and may have
been the processes occurring at the origin of life and the route to formation
of DNA and proteins from the nucleotide and amino acid precursors, respec-
tively. From consideration of these processes we suggest that the water
molecular chains may have played a key role in the origin of life. The chain
structures of water molecules are simply the templates for the preliminary
structures of the one-dimensional chains of DNA and protein molecules.
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From this mechanism and processes of formation of preliminary chain
structures of DNA and protein molecules we know that they are completely
spontaneous. As a matter of fact, in the early processes of life’s origin there
were only water molecules, amino acids and nucleotide molecules. Under
such conditions, the above mechanism and processes are the only way in
which DNA and protein molecules could have been formed. Thus, we can
say that no preliminary chain structures of DNA and protein could have
formed without the linear water molecules in the process of the origin of
life. We also hypothesize that there could not have been DNA and protein
molecules or life without the prior presence of water on earth. This is just
one reason why there is no life without water in the world because DNA
and protein molecules are main and basic components of life. Thus, we
annotated the truth of “there is no life without water”. This is a novel idea
which has not previously been proposed. However, the mechanism of the
formation of DNA and protein molecules does not contradict the theory
of molecular biology, in which the positions of amino acids on the proteins
are controlled by genetic information of DNA in life systems [1–4]. But
this theory of gene expression of DNA has not solved the problem of how
these amino acids are only arranged as chains and not in other forms. Since
the probability of forming these preliminary chain structures of DNA and
protein molecules on the templates is very small, we can also explain why
form of life needs very long times by this theory.

In the early processes of life’s origin there is, as yet, no known sequence
for the appearance time of DNA or protein molecules. In fact, we see clearly
from the above processes that the forms of DNA and protein molecules
are independent and not mutually dependent as previously thought. In
other words, the formation of DNA and protein molecules may have
occurred independently and simultaneously during the process of life’s
origin. Therefore, we cannot conclude that DNA arose before proteins, or
vice versa. Then we could explain the long-time controversial problem of
the origin sequence of DNA and protein molecules in life science. Finally,
it follows that not only is there no life without water but also that protein
molecules and DNA may have appeared simultaneously, taking their origins
from water.

5.2. An Explanation of “There is No Life Activity without
Water”

As it is well known, life activity is a basic mark of life. But what is life
activity? In the light of biophysicist’s view, the so-called life or life activity
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is just processes of mutual changes and coordination and unity for the bio-
material, bio-energy and bio-information in the live systems. Their synthetic
movements and cooperative changes constitute total life activity. Therefore,
we can say that the bio-material is the foundation of life, bio-energy is its
center, the bio-information is the key of life activity, but the transformation
and transfer of bio-information are always accompanied by the transport
of bio-energy in living systems [5]. This means that the bio-energy played
an important role in life activity. We can say that “there is no life activity
without the bio-energy. However, where does the bio-energy come from?
In fact, the bio-energy source for all life bodies on earth is the light of
the sun and water, for example, plants and photosynthesizing bacteria use
directly the energy of the sun and water. In the photosynthesis process
glucose molecules are formed from water and carbon dioxide and with the
participation of inorganic salts other more complex organic compounds are
formed, which can be denoted by

6H2O + 6CO2
hν−−→ C6H12O6 + 6O2.

Some organisms, such as anaerobic life of nitrite bacteria oxidize ammonia
to nitrites and nitrate bacteria oxidize nitrites to nitrates, do not need
oxygen. They obtain their energy from the above chemical reactions.
The energy released in chemical transformations in animal cells is con-
verted, accumulated and used in the synthesis of new compounds of non-
equilibrium distributions of substances and ions inside and outside the cell.
This shows clearly that water plays an important role in the generation of
bio-energy and life activity. Thus, we can affirm that “there are not the
bio-energy and life activities without water for these life bodies”.

However, bio-energy in most of life body, specially human and animals,
is derived by its release from the hydrolysis of adenosine triphosphate (ATP)
molecules in mitochondria, which is the energy factories of the cell, in the
living systems, where this chemical reaction is closely related with water. In
this section, we discuss mainly the properties of bio-energy released in ATP
hydrolysis and its mechanism of transformation into the protein molecules.

As it is known, Kal’kar first proposed the idea of aerobic phosphoryla-
tion, which is carried out by the phosphorylation coupled to the respiration.
Belitser and Tsybakova [12] studied in detail the stoichiometric ratios
between the conjugated bound phosphate and the absorption of oxygen and
gave further the ratio of the number of inorganic phosphate molecules to
the number of oxygen atoms absorbed during the respiration, which is not
less than two. He thought that the transfer of electrons from the substrate
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to the oxygen is a possible source of energy for the formation of two or
more ATP molecules per atom of absorbed oxygen. Therefore, Belitser and
Kal’kar’s research results are foundations in establishing the modern theory
of oxidative phosphorylation of ATP molecules in the cell.

In such a case, we must know clearly the mechanism and properties
of the oxidation process, which involves the transfer of hydrogen atoms
from the oxidized molecule to another molecule, in which there are always
protons present in water and in the aqueous medium of the cell, thus we may
only consider the transfer of electrons in this process. The necessary number
of protons to form hydrogen atoms is taken from the aqueous medium. The
oxidation reaction is usually proceeded inside the cell under the action
of special enzymes, in which two electrons are transferred from the food
substance to some kind of initial acceptor, another enzymes transfer them
further along the electron transfer chain to the second acceptor etc. Thus, a
water molecule is formed in which each oxygen atom requires two electrons
and two protons.

The main initial acceptors of electrons in cells [13] are the oxidized
forms of NAD+ and NADP+ of NAD (nicotinamide adenine dinucleotide or
pyridine nucleotide with two phosphate groups) molecules and NADP (nico-
tine amide adenine nucleotide phosphate or pyridine nucleotide with three
phosphate groups) as well as flavin adenine dinucleotide or flavoquinone
(FAD) and flavin mononucleotide (FMN). The above oxidized forms of
these molecules serve for primary acceptors of electrons and hydrogen atoms
through attaching two hydrogen atoms, which is expressed by

NADP+ + 2H+ + 2e− → NADP · H + H+,

where the NADP+ molecule becomes the reduced molecule NADP·H. The
NAD+molecule has also the same active center as the NADP+ molecule, it
can be converted to the reduced molecule NAD·H by combining with two
atoms of hydrogen according to the reaction:

NAD+ + 2H+ + 2e− → NADP+ + H+,

where NAD+ and NADP+ are the enzymes, which can perform the reaction
of dehydrogenation on compounds containing the group of atoms by
removing two hydrogen atoms.

In the presence of enzymes, such as pyridine-dependent hydrogenases
and with the participation of NAD+ and NADP+ molecules two hydrogen
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atoms are removed from this group of atoms. One proton and two electrons
combine with the NAD+ or NADP+ molecule converting them to the
reduced forms NADP·H or NAD·H and the second proton is released.
This mechanism can be also used to oxidize lactic acid (lactate) with the
formation of pyruvic acid (pyruvate) and NAD·H, in which the reduced
molecules NADP·H and NAD·H serve as electron donors (reducing agents)
in other reactions. They are involved in a large number of biosynthetic
processes, such as in the synthesis of fatty acids and cholesterol.

Therefore, the molecule NAD·H can serve as an electron donor in the
process of oxidative phosphorylation, then the phosphorylation reaction is

H+ + NAD · H + 3H3PO4 + 3ADP + 1/2O2 → NAD+ + 4H2O + 3ATP,

where ADP is called the adenosine diphosphate. The abbreviated form of
this reaction can be written as [13]

ADP + Pi → ATP + H2O. (5.1)

Three ATP molecules are formed in the reaction in Eq. (5.1), in which
the synthesis of the ATP molecule is carried out through the transfer
of two electrons from the NAD·H molecule along the electron transport
chain to the oxygen molecule in the mitochondria. In this way, the
energy of each electron is reduced by 1.14 eV. The reaction is called the
phosphorylation of ADP molecules. However, an ATP molecule can react
with water, which results in the energy release of about 0.43 eV under
normal physiological conditions with the help of special enzymes. The
reaction can be represented by [13]

ATP4− + H2O → ADP3− + HPO2−
4 + H+ + 0.43 eV, (5.2)

or ATP + H2O → ADP + Pi + 0.43 eV. (5.3)

In this process, ATP molecules are transformed as ADP molecules and
the bio-energy of about 0.43 eV is also released. Then it is referred to as
de-phosphorylation reaction of ATP molecules.

We know from the above representations that an increase in free energy
∆G in reaction in Eq. (5.2) and its decrease in reaction in Eq. (5.3)
depends on their temperatures, concentrations of the ions, Mg2+ and Ca2+,
and on the pH value of the medium. Under the standard conditions,
∆G0 =0.32 eV (∼7.3kcal/mole). If appropriate corrections are made taking
into consideration the physiological pH values and the concentration of
Mg2+ and Ca2∗ inside the cell as well as the normal values for the
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concentrations of ATP and ADP molecules and inorganic phosphate in
the cytoplasm, we obtain a value of ∼0.54 eV (∼12.5kcal/mole) for the free
energy for the hydrolysis of ATP molecules [13]. Hence, the free energy for
the hydrolysis of ATP molecules is not a constant value. It may not even
be the same at different sites of the same cell if these sites differ in the
concentrations of ATP, ADP, Pi, Mg2+ and Ca2+.

On the other hand, cells contain a number of phosphorylated com-
pounds and their hydrolyses in the cytoplasm are associated with the release
of free energy. Then the values for the standard free energy of hydrolysis
for some of these compounds are also different.

The enzymes carrying out the above synthesis of ATP molecules from
ADP molecules and inorganic phosphate in the coupling membranes of
mitochondria are the same as in the cytoplasmic membranes of bacteria,
which are mainly composed of F1 and F0, and are joined to each other by the
small proteins F5 and F6 [13]. These proteins form the F1–F0 complex or the
enzyme ATPase, in which F1 is composed of five protein subunits and has
the shape of a sphere with a diameter of about 9 nm which projects above
the surface of the membrane in the form of a protuberance. In the coupling
membrane of mitochondria and the cytoplasmic membrane of bacteria, the
complex F1–F0 is positioned such that enzyme F1 is on the inside of the
membrane.

Enzyme F0 can extend from one side of the membrane to the other
and has a channel which lets protons through. When two protons pass
through the complex F1–F0 in the coupling mitochondrial membrane, one
ATP molecule is synthesized inside the matrix from an ADP molecule and
inorganic phosphate. This reaction is reversible. Under certain conditions,
the enzyme transports protons from the matrix to the outside using the
energy of dissociation of ATP molecules, which may be observed in a solu-
tion containing isolated molecules of enzyme F1 and ATP. The largest two
proteins in F1 take part in the synthesis and dissociation of ATP molecules,
the other three are apparently inhibitors controlling these reactions [13].

After removing enzyme F1 molecules from mitochondria the remaining
F0 enzymes increase greatly the permeability of protons in the coupling
membranes, which confirms that enzyme F0 has a channel for the passage
of protons which is constructed by enzyme F1. However, the mechanism for
the synthesis of ATP molecules by the enzyme ATPase is still not clearly
known.

The bio-energies needed in biological processes in the bio-tissues come
basically from the energy released in the hydrolysis of ATP molecules
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mentioned above, namely, it is mainly used in the life activities, such as, the
muscle contraction, DNA duplication and the neuroelectric pulse transfer on
the membranes of neurocytes as well as work of calcium pump and sodium
pump, and so on. The above results indicate the life activity requires bio-
energy, its generation is closely with water as shown in Eqs. (5.1) and (5.2).
Thus, we conclude that the activities of life bodies are closely related with
water, there is no life activity without water.

5.3. Elucidation of “There are no Bio-Cells and Its
Proliferation without Water”

5.3.1. The Structures of Bio-Cell and Water

As it is known, all life bodies are made of cells, the cell is, in reality, a mini-
mum life body. The cell is, in general, composed of cell nuclei, cytoplasm and
cytomembrane, but the cell nuclei consists again of nucleoplasm, nucleolus
including DNA and nuclear membrane as well as a small quantity of water.

The cytoplasm is in the center between the nuclear membrane and
cytomembrane, it contains various organelles and intracellular matrix, such
as the ribosomes, lysosome, peroxide corpuscle, mitochondria, as well as the
cilia, centriole, microtubule and microfilament, which are the organelles
related to the movements. In essence, the cytoplasm is constructed by
protein molecules, enzyme, RNA, water, lipid, carbohydrates, inorganic salt
and nucleic acid, inorganic ions of K+, Na+, Cl− in which the weights of
these components are different, water is about 75%, protein molecules and
enzyme are about 20%, the lipid is about 1%, carbohydrates is about 1%
and inorganic salt is about 1%.

The lysosome has many bio-functions, for example, the biomacro-
molecules, which come in the lysosome from the external part, can
be swallowed, fused and digested further by the lysosome through the
hydrolysis for providing the nutrition to the native animals due to the fact
that there are plenty of water in the lysosome. This is called as the swallowed
effect of the cell. If the hydrolysis and swallowed effect of the lysosome are
reduced or harmed, then the cells will be damaged or apoptosized. This
means that water contents in the lysosome play an important role in the
proliferation and damage of the bio-cells [5, 14, 15].

The mitochondria in the cytoplasm contains many proteins, lipids,
water and inorganic salt ions, and so on. However, water and proteins
are its main components because ATP hydrolysis and bio-energy release
occur just in this organelle. At the same time, in the mitochondria there
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are many cations of calcium, magnesium, strontium, manganese, etc.,
their aggregation and dispersion will influence the states and amount of
corpuscle of the electron dense addicted osmic acid matrix grains composed
of phosphate lipoprotein in the mitochondrial matrix. Otherwise, the
coenzyme Q (CoQ), FMN, FAD and NAD, which exist in the mitochondrial
and are some small molecules, are involved in the oxidation–reduction
(REDOX) process of electron transfer as a coenzyme (or secondary).
The corpuscles of DNA, RNA, and ribosome in the mitochondrial matrix
constitute a unique system of genetic and protein synthesis out of cell
nuclei, which endows the mitochondria with the functions of heredity and
protein synthesis. The mitochondria contains about 140 kinds of enzymes,
in which REDOX enzyme is about 37%; the synthetase is about 10%, the
hydrolytic enzyme is less than 9%. They are located in different regions
of the structure or a specific position, such as the monoamine oxidase is in
the outer membrane, the cytochrome oxidase is in the inner membrane,
the adenosine kinase is between the membrane cavity and the Krebs
cycle enzyme system is in the matrix, etc. They have different functions.
Therefore, the mitochondrial possesses a lot of biological functions and plays
an important role in life activity [5, 14, 15].

The bio-membrane involves, in general, the cytomembrane and
intramembrane systems, where the latter includes the membranes of all
organelles and the nuclear membrane. Its thickness is about 5–10nm.
Biochemical analysis manifests that these membranes are composed of lipid
molecules and protein molecules, glycolipid and glycoproteins, in which
the lipid molecule is the skeleton of the membrane, the protein molecule
mainly embodies and carries out the functions of bio-cytomembrane. Here,
the lipid molecules are 50%, the protein molecules are 40%, glycolipid and
glycoproteins are about 2–10%, but the ratio between protein and lipid is
different in different bio-membranes, generally speaking, the greater the
protein’s content, the more complex would be the functions of protein
molecules, vice versa. For example, the plasmolemma in the animal cells
contain the same amount of lipids and proteins; but the contents of the
protein and lipid in the intramembrane of the mitochondria are about 80
and 20%, respectively, [5, 14, 15].

Lipids, including phospholipids, glycolipids and cholesterol, in biolog-
ical membrane are its main composition and mostly polarized, there are
about 109 lipid molecules in the cell membrane (5 × 106mu/m2) in each
animal. The cell membranes in the animal contain all phospholipids, which
can be again divided into phosphoric acid glyceride and sphingomyelin,
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Fig. 5.5. The structures of the phosphatidyl cholin [5], where (a) is its scheme, (b) is
chemical structure, (c) is molecular structure model, and (d) is sign representation [4, 5].

but they are all composed of phosphatidyl bases and the fatty acid
through the incorporation of glycerol molecules or sphingosine as shown
in Fig. 5.5. Phosphoric acid glyceride is composed of a glycerol molecule,
two fatty acid molecules and one phosphoric acid fat molecule, which is
denoted as The hydroxyl in the phosphoric acid can combine with the
choline (HO–CH2–CH2–NH2), diethanolamine (ethanolamine) (HO–CH2–
CH2–NH2) and L-serine (HO–CH2–CH (-COOH) group–NH2) to form the
phosphatidyl choline (lecithin), phosphatidyl ethanolamine, cephalin and
phosphatidyl serine, respectively, but nervous lipid contains only the long
chain aliphatic alkali, not the glycerol lipid [5, 14, 15].

.

The most common neurological amino alcohol is
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in which the nitrogen base at 16th carbon is linked with the fatty acids,
18th carbon and hydroxyl is linked with the phosphoric acid choline, or
ethanolamine phosphate, or phosphoric acid or phosphoserine. The heads
of the phospholipid molecules, which is the phosphatidyl base, is shorter,
strongly polarized and hydrophilic. But its tail parts, which are the fatty
acids, are two long hydrocarbon chains, which are non-polarized and
hydrophobic. So, they are called the parent molecules. As a matter of fact,
the above lipids are all the parent molecules.

The above lipid molecules pair to form the cytomembrane with double
layer structure, in which their hydrophobic parts combine together to place
the median of the double layer membrane, but their hydrophilic parts com-
bine towards the surface of cytomembrane and the cytoplasm, respectively.

Glycolipids are the parent molecules and widely distributed in the
cytomembrane in animals, plants and microbial, their head parts contain
the sugar residues, which are polarized and hydrophilic, their tail parts
contain fatty acids or sphingosine, which are hydrophobic.

There are plenty of membrane proteins in the cytomembrane, in which
most of membrane parts involve one or many alpha-helical structures, which
are composed of about 20 hydrophobic amino acid residues, where their
external parts, which are the hydrophobic side chains, interact with fatty
acid chain in the fat double molecules by the van der Waals forces. The inner
sides of the α-helical structure, which are composed of polarized chains,
can form some specific across a membrane channels of the ions, such as
K+, Na+, Ca+, Cl− and water, which can form different currents. These
ions with different concentrations are distributed in water solutions in the
surface of cytomembrane and the cytoplasm, respectively [5, 14, 15].

Most of peripheral proteins are polarized and soluble in water, they
combine to the external and internal surfaces of the cytomembrane through
interactions with polarized head parts of the loosely integral protein or lipid
molecular, but combine with membrane.

The cytomembrane has certain fluidity due to the existence of water,
thus it plays important role of material and drug transfer, energy conver-
sion, cell identification and immune feature. The fluidity of cytomembrane
determined its basic activity. When the membrane is curable and its
viscosity increases to a certain degree due to the lack of water, the
transmission of biological matter will be interrupted and enzyme activity
will be suspended within membrane. The cells will decay or die. Therefore,
water plays a determinant role in the fluidity of cytomembrane and the
activity of the cells.
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From the above investigation of relationship of cell form and structure
with water, we know that the cells cannot be formed and will decay or
die when there is lack of water. Hence, water has key roles and important
functions in the formation of cells.

5.3.2. The Properties and Functions of Intracellular Water

The so-called intracellular water is the water inside cells that bathes all
the necessary biological molecules including the proteins and nucleic acids.
Cells contain differing amounts of water dependent more on their purpose
(and hence expressed as proteins) rather than their source organism (for
example, the water contents in the erythrocyte are about 64% whether from
man or dog whereas frog heart contains 80% but a frog egg only has 49%
water) [16]. This water is not solely a medium but a metabolic reactant,
product, catalyst, chaperone, messenger and controller. Water is essential
for biomolecular recognition [17] and orchestrates the cell machinery [18].
The complexity and organization within the cytoplasm is expressed in a
comprehensive review of intracellular water [19] and an interesting current
review has considered the versatility and adaptability of intracellular water
in engaging in a wide range of cellular biochemistry. According to Ball [20],
water is an active constituent in cell biology and he studied the versatility
and adaptability of intracellular water in engaging in a wide range of cellular
biochemistry. Wiggins discussed [21] that life depends upon two kinds of
water, and obtained that a key feature of intracellular water is its ability
to convert between high and low density states.

An increase in cell size, following cell membrane depolarization, occurs
together with a reduction in water’s diffusivity, indicating the different
characteristics that intracellular water appears to possess when compared
to extracellular water. For example, CO2 production in metabolizing
cells may give rise to complex changes in water movement and osmotic
pressure changes as neutral CO2 diffuses readily but ions formed from it
on hydration do not [22]; actively metabolizing cells may be producing a
significant amount of their intracellular water [23]. Tychinskii [24] studied
the properties of cell by dynamic phase microscopy and discovered that
study of the live cell is fraught with difficulties as most procedures may alter
the in vivo conditions, although dynamic phase microscopy shows promise.
There are two theories concerning intracellular water that have greatly
influenced current thinking concerning the complex roles of intracellular
water. These are the “polarized multilayer theory” of Gilbert Ling [25]
and the ‘gel sol transition’ of Gerald Pollack [26, 27]. The combination of
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aspartic and glutamic acid ion-pairing with K+ ions, changes the mobility
of key proteins and the natural low density clustering within intracellular
water are shown to contribute towards intracellular metabolic transitions
and information transfer. Both prior theories are accommodated within this
hypothesis [28].

The different characteristics of the intracellular and extracellular envi-
ronments manifest themselves particularly in terms of restricted diffusion
and a high concentration of chaotropic inorganic ions and kosmotropic
other solutes within the cells. Note that both chaotropic inorganic ions and
kosmotropic other solutes encourage low-density water (LDW) structuring.
The difference in concentration of the ions is particular between Na+ and
K+; where Na+ ions create more broken hydrogen bonding and prefer
a high aqueous density, whereas, K+ ions prefer a low density aqueous
environment. A 1000-fold preference for K+ over Na+ has been found in
a halophilic organism without any energy expenditure but with a highly
reduced intracellular water mobility [29]. As explained in discussion of the
Hofmeister effect and shown by the negative apparent ionic volumes (that
is, addition of the ions reduces the volume of the water), the interactions
between water and Na+ are stronger than those between water molecules,
which in turn are stronger than those between water and K+ ions; all
these aspects are explained by the differences in surface charge density.
The interaction strength is reflected in that the distance between the Na+

ions and water is shorter than between two water molecules which is shorter
than between K+ ions and water. Ca2+ ions have even stronger destructive
effects, on the hydrogen bonding, than Na+ ions. Clearly, K+ ions are
preferred within the intracellular environment. Therefore, we can determine
that the intracellular solutions contain more K+ ions. The comparison of
feature of four basic cellular ions is denoted in Table 5.1.

Obviously, the cellular membrane ion pumps cannot produce these large
differences in ionic composition in the absence of other mechanisms, as the

Table 5.1. The comparison of feature of four basic cellular ions [5, 14, 15, 29].

Surface
Ionic charge Molar ionic Water

Ion radius density volume Intracellular Extracellular preference

Ca2+ 100 pm 2.11 −28.9 cm3 0.1 µM 2.5 mM High density
Na+ 102 pm 1.00 −6.7 cm3 10 mM 150 mM High density
K+ 138 pm 0.56 +3.5 cm3 159 mM 4 mM Low density
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(ATP) energy required appears to exceed the energy that is available to the
cell and the gradients are maintained in the absence of intact membranes
and/or the absence of active energy (that is, ATP) production [25, 27].
But many studies show that cells do not need an intact membrane to func-
tion [27]. Higgins et al. [30] discussed the features of structured water layers
adjacent to biological membranes and found that the intracellular water
tends towards a low density structuring due to the kosmotropic character of
the majority of the solutes, the confined space within the cell stretching the
hydrogen-bonded water and the extensive surface effects of the membranes.
The ions partition according to their preferred aqueous environment; in
particular, the K+ ions partition into the cells. Ion pumps must thus be
present for other (perhaps foul proof) purposes, such as speeding up the
partition process after metabolically-linked changes in ionic concentration.

Cell membrane lipids contain hydrophilic kosmotropic groups, such as
the phosphatidylethanolamine, shown opposite, which encourages the lower
density water structuring inside cells. This is particularly relevant as there
is extensive membrane interfacial water within cells, e.g., liver cells contain
∼100000µm2 membrane surface area. The aqueous interface next to the
membranes forms a functional unit linking the membrane to the water-
soluble proteins of the cytosol, facilitating the rapid exchange of structural,
dynamic and physiological information. These problems were researched by
Disalvo et al. [31], where they discussed structural and functional properties
of hydration and confined water in membrane interfaces. Their results show
that membranes help create a tendency towards LDW in cells. The above
results indicate that the intracellular water plays important role in cell’s
functions.

5.3.3. The Proliferation of Bio-cells Cannot Depart

from Water

The cultivation of the cells is, in essence, just its cloning, i.e., the process of
proliferation from one cell to plenty of cells. The cloning of the cell can be
carried out both in vitro and in vivo. The latter determines the proliferation
and development of persons, animals and plants. The research results show
that the following physiological condition would need to be emulated for
cultivation of the cells in vitro [14, 15].

(a) Appropriate temperature. However, too low temperature will result
in slow growth of the cells and too high temperature will cause cell
metamorphosis, or degeneracy, even death. This is due to the fact that
protein molecules, DNA and enzymes need the optimal temperature



December 3, 2013 11:57 9in x 6in Water: Molecular Structure and Properties b1656-ch05

Water with Life and Life Activity 407

to grow, higher temperature causes the change or loss in the spatial
structure of these biomacromolecules and the metamorphosis of the
cell membrane. Therefore, the constant temperature incubator must
be used in the cultivation of the cells.

(b) The pH value of the cultivation solution is suitable about 7.0–7.1. Too
much acidity or too much alkalinity may lead to cell death, in which
the denaturation of protein molecules and the damages of structure of
the cell membrane occur.

(c) Appropriate osmotic pressure of the cell is demanded, then the
substances, which can be solved in water, can pass easily the cell
membrane from external part to internal.

(d) Cell culture fluid must be well prepared. It is composed of water
and nutrients. The nutrients contain N and C source, which provide
energy, inorganic salt, vitamin and hormone, which is associated with
metabolic adjustment and controlling. Therefore, the cell culture fluid
involves various substances, including water, which are required for
cell proliferation and growth. Thus, the cell culture fluid is key for
the cell cloning. This means that water plays an important role in the
proliferation and growth of the cells.

Water is one of the largest materials, but the water content in the
cells, which are in different species, different parts and different periods of
growth, are completely different, for e.g., the water content in the drought
plant cell may reach 90%.

Several kinds of commonly used cell culture media products are as fol-
lows. (a) BME (basal medium eagle) Eagle medium, (b) MEM, (c) DMEM,
(d) IMDM, (e) RPMI-1640, (f) M199, (g) Mccoy’s 5A, (h) F10\F12\DMEM
hybrid F12.

Several commonly used configurations of the reagents in the cell culture
(buffer, balanced salt solution, etc.) are described as

(a) The ion solution without calcium and magnesium is 1000mL, sodium
chloride (NaCl) is 8 g, sodium dihydrogen phosphate (NaH2PO4H2O)
is 0.05 g, potassium chloride (KCL) is 0.2 g, sodium bicarbonate
(NaHCO3) is 1 g, sodium citrate (Na3C6H5O7, H2O) is 1 g, glucose
is 1 g, and deionized water or double evaporate water is 1000mL.

(b) Phosphate Buffered saline (PBS): A liquid is 0.2mol/L sodium
hydrogen Phosphate, 28.4 g disodium hydrogen phosphate solution
(anhydrous), 8.77 g sodium chloride with 1000mL deionized water or
double evaporate water.
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B liquid is 0.2mol/L sodium dihydrogen phosphate solution, 2.4 g
phosphate sodium dihydrogen (anhydrous), 8.77 g sodium chloride
with 1000mL deionized water or steam water.

(c) Hanks liquid (Hank’s Balanced Salt Solution (HBSS)).

In practice, the culture of animal cell in vitro is the most difficult because
it needs the following special conditions [14, 15].

(i) It demands certain serums that provide the natural nutrient solution
and growth essential factor such as hormones, trace elements, minerals
and fats for the proliferation of the cells. The most commonly used is
the calf serum.

(ii) It needs the support in the culture of animal cell in vitro because most
of the animal cells habitually have adherent growth. Glass is commonly
used for in vitro culture.

(iii) The gas must be exchanged, i.e., the ratio of carbon dioxide and oxygen
gas must be continuously adjusted in the process of cell culture for
maintaining appropriate gas conditions and environment.

The above descriptions indicate clearly that cell cannot proliferate without
water.

5.4. No Blood Flow and Transport of Bio-nutritional
Material in the Vascellum without Water

5.4.1. The Compositions of Blood and Water Biological

Functions

As it is known, blood’s main functions are to supply O2 acquired from
the lungs and transport the bio-nutritional materials obtained through
intestines and stomach digestion for the proliferation and growth for various
organizations as well as to carry back the CO2 produced by different tissues
to the lungs and to discharge the metabolic wastes generated from the
tissues through the kidney. In these bio-processes, water plays an integral
part, for example, a large amount of water must be used in the intestines
and stomach digestion process of foods [5].

In addition, there are some tangible components in blood and plasma.
The former contains erythrocyte, leukocyte and platelet. There are salt,
other inorganic substances, fibrous protein, globulin, albumin in plasma,
such as inorganic, fibrous protein, globulin, albumin, etc. So we can say
blood is a suspension liquid of cell and other visible components, which
are dispersed in the plasma, in which most erythrocytes are present. In
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adults there are 500∼800 million erythrocytes in 1 mm3 in the blood, the
volume of erythrocytes is about 40∼45% of the total blood. But the weights
of their membranes does not exceed 3% of the erythrocytes, in which the
hemoglobin is about 32%. The main functions of the erythrocyte are to
supply O2 acquired from the lungs for the proliferation and growth for
various organizations and to carry back the CO2 produced by different
tissues to the lungs, which are carried out by hemoglobin and myoglobin [5].

The ratio between the erythrocyte and leukocyte is about 1000:1 in
blood, but the volume of leukocyte is only 0.9% of the erythrocyte, its
main compositions are the granulocyte and lymphocyte and monocyte, in
which the granulocyte is 60∼70% of total leukocyte, but the lymphocyte
and monocyte are only 20∼30%.

Platelets are more less than the number of erythrocyte and leuko-
cyte, its shape is irregular, its diameter is about 2∼ 3mm, there are
(1.5∼3.5)× 105 in 1mm3 of blood, which is less than 1/10 of the erythro-
cyte, but their volumes are not more than 0.3% of the erythrocyte in blood.

Plasma protein is mostly a glycoprotein, in which the sugar has N-
acetyl–D-glucosamine, N-acetyl–D-galactosamine, D-galactose, D-mannose,
d-glucose, L-fucose, N-acetyl neuraminic acid, D-xylose. They combine with
proteins to form various kinds of glycoprotein, but the prealbumin, albumin,
retinol binding protein and C-reactive protein do not contain sugar. In
accordance with the standards of the plasma protein proposed by Putnam,
they are divided into the protein–blood coagulation system and complement
system, immune globulin, lipoprotein, proteinase inhibitor, carrier protein,
known function protein and unknown function protein in the many enzyme
system [5].

However, the blood contains mainly large amounts of water, where
water accounts for about 60∼ 70% of the total weight blood, which
determines that blood can flow and bio-nutritional material can transport
along the vascellum, thus blood circle can occur in the living system.
Therefore, there are no blood flow and transport of bio-nutritional material
in the vascellum without water.

5.4.2. The Properties of Blood Flow and Its Relationship

with Water

As it is known, the matter has a rheological property only if it can flow
and deform under actions of an appropriate external force. Blood is a fluid
because it contains a great amount of water, but blood vessels and the heart
is a kind of elastomer and have a rheology. Thus the blood, blood vessels
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and heart constitute the circulation system of the blood in animals and
persons. It has a flow and rheological properties, that provide continuous
circulation of blood flow in the blood vessels and normal supply of blood and
nutrients for the tissues and organs. This ensures normal operation and
relatively stable life activity, healthy excitation function of the muscle and
nerve, the immune function of body and the regulation function of the
humorals. Therefore, the circulation flow of blood plays an important role
in the life activity. Once obstacles of blood circulation and microcirculation
occur in whole body or local parts, various diseases will appear due to
the ischemia, hypoxia, lack of water and function and metabolic disorders,
which result in a series of pathology, such as the gangrene, inflammation,
necrosis, degeneration, edema, and thrombosis. Hence, water content in
blood will influence its flow and rheological property [5].

In general, the flow property of the fluid arises from the large gaps
among a great number of fluid molecules, which cause changes in the
equilibrium position in these molecules. Thus, these molecules are always
in constant motion with certain speed, but different bloods have different
speeds of flow. For example, the flow speed of pure water is different from
that of blood under actions of same forces although the blood includes a
great amount of water. The former is very longer, but the latter is small.
This is due to the fact that the internal friction force among water molecules
in pure water is small than that of the blood. The internal friction force
is referred to as the viscosity of fluid, which is denoted by the reciprocal
of the mobility or coefficient of fluidity. Therefore, the viscosity is a basic
physical quantity of the liquid.

It is very clear that when there are plenty of clusters formed by protein
and lipid molecules in blood, the resistances of blood flow over these clusters
will be increased due to the increase in cohesion or gravity between the
clusters and blood, the viscosity of blood is also increased in this case.
Correspondingly, if water contents are decreased in blood, its viscosity
will be increased. Therefore, it is very necessary to maintain normal water
content in blood. This means that there is no normal blood flow or blood
circulation and microcirculation without water or normal water content in
the living systems.

5.4.3. Water Participates Directly in Some Biological

Processes of the Blood Circulation

The anchor protein is a peripheral protein on the erythrocyte membrane,
it can form the dimer of spectrin-anchored protein through the action of
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β-spectrin. In the meanwhile, it can also combine with belt-III protein to
make the spectrin bind on the erythrocyte membrane.

The belt-III protein is, in essence, an anion transfer protein and a
dimer because it is composed of two identical chains by the form of parallel
connection through the disulfide bond, in which each chain contains 929
amino acids. In plasma membrane, they form the alpha helix structure of
across membrane through folding of 12∼ 14 times back and forth, the sugar
content is less on its outer surface. N-end of belt-III protein stretches into
the cytoplasm area to fold as a number of water soluble domains, which
provide the incorporated points of the skeleton protein, anchor protein and
protein 4.1 on the erythrocyte membrane and the enzymes and hemoglobin
participating into the glycolytic reaction. There are 5×105 belt-III protein
dimers in each erythrocyte. Experiments show that belt-III proteins play
an important role in the action of ruling out CO2 of the erythrocyte, which
is described as follows.

In practice, CO2 exists mainly in the form of HCO−
3 in plasma, and

HCO−
3 is formed under the action of enzymes concerned in the erythrocyte,

and can be further decomposed, which is expressed [5] by

.

This shows that water molecules participate directly in the transporta-
tion of CO2 in the blood circulation. Thus, water can play an important
part in the transportation of CO2 in the blood circulation in the living
systems.

On the other hand, Garczarek et al. [32] studied also the biological
effects of functional waters in intraprotein proton transfer monitored by
FTIR difference spectroscopy. Singh et al. [33] studied the morphological,
thermal and rheological properties of starches from different botanical
sources. Lin et al. [34] studied the nature of aqueous tunneling path-
ways between electron-transfer proteins. From these investigations, they
observed [32–34] that both proton-transfer processes and electron-transfer
reactions [34] may be facilitated by ordered water molecules connecting
proton donor to acceptor sites or electron donor to electron acceptor sites
respectively. In both the cases, the transfer is faster where the linking water
molecules possess stronger hydrogen bonding.

Rodier et al. [35] researched the properties of hydration of protein–
protein interfaces. Lu et al. [36] analyzed the features of ligand-bound
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water molecules in high-resolution crystal structures of protein–ligand
complexes, Reddy et al. [37] discussed the nature of protein–DNA where
recognition is mediated by water molecules and Chaplin [38] discussed
the functions of water in biological recognition processes. From these
studies, they obtained that water molecules form an integral part of most
protein–protein [35], protein–DNA [36] and protein–ligand [37] interactions,
aiding mutual recognition of both binding thermodynamics and binding
kinetics [38]. The small size, polarity and conformational flexibility, together
with the strength and directionality of the interactions, ensures good fits
whilst retaining flexibility and ease of reversibility. At the same time,
Lim et al. [39] discussed the features of hydration shells of molecules in
molecular association and mechanism for biomolecular recognition, Jana
et al. [40] researched conformational flexibility of a protein–carbohydrate
complex and the structure and ordering of surrounding water. The studied
results showed that the driving force for binding depends not only on the
interaction of the biological molecules with each other but the energetic
cost for the necessary removal of hydration water and the energetic gain for
the subsequent molecular rearrangement of the hydration water molecules.
Sleigh et al. [41] found out the features of peptide binding to OppA protein
using the crystallographic and calorimetric analysis and discovered that the
use of water may be useful in broadening the specificity of such links; for
example, the peptide-binding protein OppA uses several flexibly adaptive
water molecules to hydrogen bond and shield charges when binding to
lysine-X-lysine tripeptides, where X is any one of the 20 common amino
acids.

In summary, water molecules have proved integral to the structure and
biological function of a dimeric hemoglobin [42]. Meyer [43] discussed in
detail the properties of internal water molecules and H-bonding in biological
macromolecules and gave a review of structural features with functional
implications.

5.5. Hydrophobic and Hydrophilic Effects of Biomolecules

5.5.1. Hydrophobic and Hydrophilic Effects of Molecules

The term “hydrophobic” is derived from hydro- (water) and phobos (fear).
However, it is not so much that hydrophobic molecules “fear” (that is,
“do not enjoy the company of”) water as water “fears” the hydrophobic
molecules. Hydrophobic molecules in water generally tend to aggregate,
so they minimize their surface contact, and associated surface energy, with
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water; hence “oils and water do not mix”. Smaller hydrophobic materials do,
however, dissolve to a small extent in water as water molecules can arrange
around them without breaking hydrogen bonds or losing much energy and
the hydrophobic molecule can interact with these water molecules with
multiple van der Waals interactions, due to the small size of water molecules
and flexibility in their spatial arrangement.

In fact, the hydrophobic and hydrophilic interactions are of central
importance in biology. They essentially determine the secondary structure
of protein molecules and the structure of cellular and intracellular mem-
branes without which there would be no individual cells and many biological
processes, which are important to life. It is the hydrophobic interactions
which are responsible for the fact that living organisms are insoluble in
water although they are two-thirds water [44].

Langmuir discovered that the polar (e.g., carboxyl) parts of the
molecules in monomolecular layers of fatty acids on the surface of water
are immersed in the water and the non-polar hydrocarbon ends protrude
out of the water, when the features of such layers were studied [13]. The
increase in the free energy is due to the fact that the contacts between
the non-polar parts of large molecules and water are thermodynamically
unfavorable. Small non-polar molecules (e.g., CH4, C2H6 etc.) may dissolve
in water at very low concentrations occupying the interstitial “vacancies”
between large associates of water molecules. Furthermore, its free energy
drops because of the van der Waals’ interactions and increase in entropy of
mixing. However, when the molecular sizes are increased, their solubilities
are considerably reduced, such as the solubility of the molecule C6H12 (its
diameter is 0.5 nm) is roughly 30 times less than the solubility of C2H6

molecule (its diameter is 0. 38 nm) and is nearly one hundred times less than
the solubility of CCl4 molecules. This phenomenon is called hydrophobic
effect of these molecules.

In this phenomenon, the interactions between water molecules and
large non-polar molecules are considerably weaker than the interactions
between water molecules due to hydrogen bonds. The introduction of
large molecules into water leads to the destruction of hydrogen bonds
so that these molecules are ruled out from the water (like oil), i.e.,
they are ruled out under the influence of hydrophobic forces because the
hydrophobic forces are stronger than hydrogen-bond interaction between
the water molecules. As a matter of fact, the hydrophobic forces are a
result of cooperative phenomenon of ordinary van der Waals’ forces and
hydrogen bonds between molecules. Franks [45] suggested even that the
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term “hydrophobic interaction” be replaced by the term “hydrophobic
hydration”. However, some thought that the hydrophobic interactions are
only determined by a change in the structure of water, and assumed that
they are connected with a shift in the equilibrium in the direction of a
more ordered, porous structure of water. This ordering would then lead
to a lowering in entropy and consequently to an increase in free energy.
Other researchers even suggested the formation of an ice-like structure
(“icebergs”) in the neighborhood of non-polar molecules. However, there
is no experimental or theoretical justification for this assumption.

On the contrary, polar molecules dissolve in water relatively easily.
Thus, we say that the molecule is hydrophilic. In this case, the solubility is
due to the gain in free energy on orientation of the water molecules in the
electrical field of the polar molecules. Obviously, this is a manifestation of
the overall effect of hydration due to a pair of charges bound in the dipole
moment of the dissolved molecule.

In many cases, large biological molecules (lipids) have hydrophobic and
hydrophilic sections. At very low concentrations, these molecules dissolve in
water. However, starting at a certain concentration they form aggregates-
micelles in which the hydrophilic sections are grouped at the surface and the
hydrophobic sections are directed inwards. The polar groups of biologically
important molecules often contain oxygen, nitrogen and hydrogen atoms
which can form hydrogen bonds with water molecules strengthening the
hydrophilicity of the group. Examples of these are the hydroxyl group, R–
OH, the amino group, R–NH2, and the carboxyl group, where R denotes
the residual part of the molecule. These groups may be present in water as
ions which further increase their hydrophilicity.

Since the result of hydration polar molecules in water dissociate
into ions, the decrease in free energy on formation of hydrate shells by
ions is larger than the energy of the ionic bond in the molecule. In
pure water, the dissociation may be denoted by H2O ⇔ H+ + (OH)−.
At 25◦C the concentration of these ions is very small, which is about
[H+] = [(OH)−] = 10−7 mole/L. In this case, the hydrogen ion in water is
usually present as the hydroxonium ion (H3O)+.

The dissociation process can be characterized by specifying the value
of the negative logarithm to the base 10 of the proton concentration. This
value is designated by the letters pH. For water, pH = log(1/[H]) = 7.
In such a case, pure water is considered to be electrochemically neutral.
If the solution contains an excess of protons compared to pure water
(pH< 7) then the medium is called acidic. In an alkaline solution, there
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are fewer protons than in pure water (pH> 7). In animal cells under
normal conditions, pH=7.0−7.5. These pH values are called physiological.
In water, an acid A (proton donor) dissociates into a proton H+ and
the conjugated base B−. In accordance with the law of mass action, the
equilibrium constant KA of the dissociation process: A ⇔ B− + H+ at very
low concentrations is determined via the concentrations KA = H+B−/A.
For water A= 1, H+ =(OH)− =10−7, then KH2O =10−14. Thus, we can
obtain 1/[H+] = [B−]/KA[A], where the square brackets denote the ion
concentrations of the corresponding elements [13].

The dissociation of a weak acid A is expressed by the number, pKA =
− log KA. From KA mentioned above we can gain the relationship

pH = pKA + log{[B−]/[A]}.

The lower the value of pKA the better is the given group as a proton
donor. Molecules of organic compounds dissociate to a small extent in water
(weak electrolytes). One of the strongest acidic groups is the phosphate
group, its value of pK1 for the dissociation of its first hydroxyl group is
equal to 2. The corresponding value for the carboxyl group is equal to
3–4. The amino group, R–NH2, has a basic character (proton acceptor)
R → NH2 + H+ ⇔ R − (NH3)+. Then, the value of pKNH3 is equal to
9–10.

5.5.2. The Properties of Hydrophobic Hydration Effect

Mikheev et al. [46] studied the properties of the hydration of hydrophobic
substances and gave the thermodynamic effects of the hydrophobic hydra-
tion, which are summarized as follows.

(a) An increase in the chemical potential of the solute is indicative of its
low solubility.

(b) This phenomenon has a strong temperature dependence in the enthalpy
of the system from being exothermic at low temperatures where the
hydrophobic solute can fit into the pre-existing LDW network and
gain multiple van der Waals interactions, which may be correlated
to show synergism [46]) to being endothermic at high temperatures
where the cavity formation required for the hydrophobic solute absorbs
energy.

(c) A large negative entropy of mixing compared with the formation of a
hypothetical ideal solution was obtained.
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(d) A decrease in the partial molar volume (it is lower by 5–20 cm3 mol−1

in a dilute aqueous solution than in a non-polar organic solvent) is
observed, as the molecule fits into cavities in the water network.

(e) An increase in heat capacity (see below) is observed [46].

Fisicaro et al. [47] discussed the general thermodynamic model of
hydrophobic hydration processes by thermal equivalent dilution determina-
tions and manifested that the “hydrophobic effect” of hydrophobic solutes
in water is primarily a consequence of changes in the clustering in the
surrounding water rather than water–solute interactions. Miyata et al. [48]
debated cationic and anionic effects on the homogeneous nucleation of ice in
aqueous alkali halide solutions. Gutmann [49] researched the fundamental
features of liquid water. From these investigations, they obtained that the
hydrophobic hydration [48] produces a reduction in density and an increase
in the heat capacity [49]. The expanded network causes the density decrease,
whereas the ordered bonds must be bent on increasing the temperature,
thus affecting the heat capacity. Hence, hydrophobic hydration behaves
in an opposite manner to polar hydration, which increases the density
and decreases heat capacity due to their associated disorganized hydrogen
bonds being already bent or broken. Hydrophobic hydration is accompanied
by a negative enthalpy change, due in part to the multiple van der
Waals interactions between water and the hydrophobic material, a negative
entropy change due to the increased order in the surrounding water and
positive heat capacity change (CP ) due to the negative enthalpy change
(i.e., the stronger hydrogen bonds at the surface). For example, Butler [50]
calculated the energy and entropy of hydration of organic compounds and
found that adding CH2 groups to aliphatic alcohol increases the heat
produced on solution (∆H/CH2 = − 5.4kJ mol−1), but causes a greater
decrease in the entropy (−T∆S/CH2 = + 7.1 kJ mol−1). The increased
van der Waals attractions over the liquid gas interface causes γls <γlg.
At the same time, Imai et al. [51] and Graziano [52] studied hydrophobic
effects on partial molar volume and acquired that there is likely to be an
overall reduction in volume due to more efficient solute packing density,
only partially compensated by the localized solvent density decrease. These
thermodynamic factors compensate to some extent but the entropy term
is greatest so the free energy is generally positive, accounting for the low
solubility of hydrophobic molecules in water.

Tarasevich [53] researched the state and structure of water in the
vicinity of hydrophobic surfaces and obtained that a water layer with
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a thickness of up to 35 nm exists at hydrophobic surfaces. This layer is
characterized by a more ordered network of hydrogen bonds than liquid
water. There are at least the following five ways for describing what happens
to the structure of water at hydrophobic surfaces [53].

(a) From investigations of interconversion of the Ia and Ib crystalline forms
of cellulose by bending, Jarvis [54] thought that water at a hydrophobic
surface loses a hydrogen bond, therefore has increased enthalpy. Water
molecules compensate for this by doing pressure–volume work, that is,
the network expands to form LDW with lower entropy.

(b) Rezus et al. [55] debated the features of immobilized water molecules
around hydrophobic groups and thought that water covers the surface
with clathrate-like pentagons in partial dodecahedra, thus avoiding the
loss of most of the hydrogen bonds. This necessitates an expanded low-
density local structure. In this case, the formation of clathrate struc-
tures maximizes the van der Waals contacts between the hydrophobic
solute and the water but without reducing the hydrogen bonding. The
rotational restriction of the hydrogen bonds at the hydrophobic surface
may be partially responsible for their increased strength. Such clathrate
structures do not exist as rigid “crystal-like” clusters but are minimum
enthalpy structures and are easily and constantly disrupted by kinetic
effects (e.g., raised temperature). They found also that at any point of
time some of these water molecules are much more rotationally fixed
(immobilized) than the others, with the proportion “fixed” dependent
on the structure covered.

(c) Borchardt [56] discussed the chemical features of the formula H2O using
extended X-ray absorption fine structure (EXAFS), Wakisaka et al. [57]
studied the structure and thermodynamics of solvents and solutions
of microscopic cluster structure of binary mixed solutions: water–
methanol and water–acetonitrile by neutron reflectivity. Tongraar
et al. [58] argued the dynamical properties of water molecules in the
hydration shells of Na+ and K+ by ab initio QM/MM molecular dynam-
ics simulations and X-ray reflectivity. From these studies, they thought
that the dangling bonds result in the increase of water’s chemical
potential, thus water decreases this potential by expanding the water
network. This expansion has been verified at the hydrophobic air–water
interface at about 6% using Borchardt’s EXAFS method [56], about 6–
12% over 2–5nm by Wakisaka et al.’s neutron reflectivity [57] and about
7–10% over 1–1.5 nm by Tongraar et al.’s X-ray reflectivity [58].
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(d) The high interfacial energy is compensated by forming LDW.
(e) Rodnikova [59] used a new approach to reveal the mechanism of solvo-

phobic interactions. From this study, he proposed that the elasticity of
water’s hydrogen-bonded network surrounds or squeezes out hydropho-
bic molecules dependent on their size and how well they could be
accommodated within its network. In this case, when the LDW overlays
hydrophobic surfaces, there will be a tendency for surface minimization
by surfaces interacting and excluding water, causing the formation
of junction zones in many hydrocolloids. It is the incompatibility
between the LDW and the hydrophobic surface that drives the structure
formation. The formation of LDW next to hydrophobic surfaces and
concomitant junction zone formation are encouraged if this LDW is
also associated with high-density water created near additional solute
polar groups (for example, in polysaccharides). Alternatively, the local
strong hydrogen bonding is able to create LDW without assistance.
It is likely that local weak water–water hydrogen bonding (and hence
greater availability of water molecules) will discourage such junction
zone formation because of its greater hydration capacity.

Caffarena and Grigera [60] studied the properties of hydrogen-bond
structure of water at different densities and found that the hydrophobic
effect decreases with increased pressure (or density) as it is dependent on
the presence of tetrahedrally-placed water molecules (as in LDW), which
reduce in number under the distorting influence of pressure. However, in
cold water, the hydrophobic effect increases with increasing temperature
(that is, hydrophobic molecules become more sticky) due to the reduced
ease of clathrate formation increasing the energetic cost of the hydrophobic-
water surface and reducing the hydrophobe-surface hydration. These results
are interesting.

5.5.3. Hydrophobic and Hydrophilic Properties of Protein

Molecules

As it is known, water plays also an important role in the formation of
three-dimensional structure of protein molecules and its activity. If there
is no water environment, the protein molecules cannot form the functional
structure of three-dimension, including α-helix structures and cannot play
any important roles in biological processes, i.e., protein molecules lack
activity in the absence of hydrating water. Therefore, the hydrophobic
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and hydrophilic properties of protein molecules possess an important
significance in biology, thus these problems are studied extensively, also
described in Martin Chaplin’s website [61]. We here give only few simple
statements.

In practice, the aqueous structuring around protein molecules is
affected by at least a nanometer from its surface or 2 nm between
neighboring proteins, which was obtained using terahertz spectroscopy by
Ebbinghaus et al. [62], in which they studied the properties of an extended
dynamical hydration shell around proteins. In the meanwhile, they found
that water molecules can interact with the surface of proteins by reorienting
themselves and the surface groups whereas other water molecules link
these to the bulk in an ordered manner whilst remaining in dynamically
active [63]. On the other hand, Bett et al. [64] debated the effect of pressure
on the viscosity of water and obtained that in the solution the proteins
possess a conformational flexibility, which encompasses a wide range of
hydration states. Equilibrium between these states will depend on the
activity of the water within its microenvironment; that is, the freedom
that the water has to hydrate the protein. Thus, protein conformations
demanding greater hydration are favored by more re-active water (e.g., high
density water containing many weak, bent and/or broken hydrogen bonds)
and “drier” conformations are relatively favored by lower activity water
(e.g., LDW containing many strong intra-molecular aqueous hydrogen
bonds). Surface water molecules are held to each other most strongly by the
positively-charged basic amino acids. Bandyopadhyay et al. [65] researched
the sensitivity of polar solvation dynamics to the secondary structures
of aqueous proteins and the role of surface exposure of the probe, and
discovered that the exchange of surface water (and hence the perseverance
of the local clustering and the overall system flexibility) is controlled by
the exposure of the groups to the bulk solvent (that is, greater exposure
correlates to greater flexibility and freer protein chain movement). Dey
et al. [66] investigated the solvent tuning of electrochemical potentials in
the active sites of HiPIP versus ferredoxin, in which they found that the
hydration affects the reactions and interactions of coenzymes and cofactors;
thus, the various redox potentials (and hence whether they oxidize or
reduce) of some iron–sulfur proteins are accounted for by differential
hydration rather than direct protein binding effects.

It is known that the folding of proteins depends on the same factors
as controlling the junction zone formation in some polysaccharides; that
is, the incompatibility between the LDW and the hydrophobic surface that
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drives such groups to form the hydrophobic core. This drive for hydrophobic
groups to mostly cluster away from the protein surface (in water soluble
proteins) is controlled by the charged and polar group interactions with
each other and water. Li et al. [67] studied the properties of protein
fragments solubilized in salt–free water and the possibility of resurrecting
abandoned proteins with pure water by CD and NMR. From this study,
they obtained that in pure water and in the absence of screening dissolved
ions, some buffer-insoluble proteins are quite soluble due to the weak or
unshielded interactions between the protein’s intrinsic charges and non-
ionic kosmotropes, which stabilize both LDW and the structure of proteins.
In addition, Kurkal et al. [68] debated the low frequency enzyme dynamics
as a function of temperature and hydration by a neutron scattering
and acquired that water acts as a lubricant, thus easing the necessary
peptide amide-carbonyl hydrogen bonding changes. Oleinikova et al. [69]
researched the formation of spanning water networks on protein surfaces
via two-dimensional percolation transition, in which they gained that the
biological activity of proteins appears to depend on the formation of a
two-dimenstional hydrogen-bonded network spanning most of the protein
surface and connecting all the surface hydrogen-bonded water clusters.
Nakasako [70] argued further the behaviors of water–protein interactions
from high-resolution protein crystallography and found that such a water
network is able to transmit information around the protein and control
the protein’s dynamics, such as its domain motions. Brovchenko et al. [71]
discussed the properties of a spanning network of hydration water and
obtained that much life functions optimally at about 37◦C where this
spanning network is about to break down on heating, perhaps to help
compensate for the biosystem’s entropic changes.

In general, the intra-molecular peptide (amide) hydrogen bonding
makes a major contribution to protein structure and stability but is only
effective in the absence of accessible competing water. From the study
of effect of pressure on the viscosity of water, Bett et al. [72] discovered
that even the presence of close-by water molecules causes peptide hydrogen
bonds to lengthen, thus loosening the structure. In the meanwhile, Cameron
et al. [73] indicated the verification of simple hydration/dehydration meth-
ods to characterize multiple water compartments on tendon type 1 collagen,
Arikawa et al. [74] characterized the hydration state in solution using
terahertz time-domain attenuated total reflection spectroscopy. From these
studies, they obtained that water-mediated hydrogen bonding between
peptide links has been found to be particularly important in the structure
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of collagen where only a third of the peptide links directly hydrogen bond
to other peptide links [73] and the stability of the triple helix is sequence
dependent [74]. Ikura et al. [75] discussed the water-mediated interaction at
a protein interface and obtained that water molecules can bridge between
the carbonyl oxygen atoms and amide protons of different peptide links
to catalyze the formation and its reversal of peptide hydrogen bonding as
well as forming long-lived linkages stabilizing protein–ligand and protein–
protein interfaces. On the other hand, Pacaroni et al. [76] studied fast fluc-
tuations in protein powders and the role of hydration, Coutinho et al. [77]
debated the electronic polarization of liquid water by converged Monte
Carlo quantum mechanics. In these investigations, they obtained that the
internal molecular motions in proteins, which is necessary for biological
activity, are dependent on the degree of plasticizing, which is determined
by the level of hydration [78]. Thus, internal water enables the folding of
proteins and is only expelled from the hydrophobic central core when finally
squeezed out by cooperative protein chain interactions [77]. Many water
molecules (similar in amount to individual amino acids) remain behind
buried in the core of the proteins, thus forming structurally-important
hydrogen-bonded linkages. The position of the ES�CS equilibrium around
enzymes has been shown to be important for their activity with the enzyme
balanced between flexibility (CS environment) and rigidity (ES environ-
ment). Khan et al. [78] discussed a liquid water model that explains the
variation in the surface tension of water with temperature, in which they
acquired that addition of non-ionic chaotropes only, or kosmotropes only,
may inhibit the activity of enzymes (by shifting the equilibrium to the right
or left respectively) whereas an intermediate mixture of kosmotropes and
chaotropes restores optimum activity. Also, Ramos et al. [79] studied the
influence of the water structure on the acetylcholinesterase efficiency and
obtained that the ease of enzyme–substrate contact may be controlled by
the level of water structuring in the protein environs.

Yokomizo et al. [80] studied the hydrogen-bond patterns in the
hydration structure of a protein and obtained that the first hydration shell
around proteins (∼0.3 g/g) is ordered; with high proton transfer rates and
well resolved time-averaged hydration sites; surface water showing coherent
hydrogen-bond patterns with large net dipole fields. In the meanwhile,
Chakraborty et al. [81] obtained the features of low-frequency vibrational
spectrum of water in the hydration layer of a protein by a molecular
dynamics simulation way, in which they inferred that the hydrogen bonds
holding these water molecules to the protein are stronger with longer
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lifetimes than bulk water and this water is unavailable to colligative effects.
As hydration sites may be positioned close to each other and therefore
mutually exclusive, it has been argued that the solvation is better described
as a water distribution density function rather than by specific water
occupied sites. Makarov et al. [82] gave the residence times of water
molecules in the hydration sites of myoglobin, which is no more than 164
of the 294 high-density hydration sites around myoglobin at any moment,
and there is no correlation among the maximum site density, occupancy
and residence time. Wilson et al. [83] studied the surface relaxation in
liquid water and methanol by X-ray absorption spectroscopy and obtained
that the first hydration shell is also 10–20% denser than the bulk water
and probably responsible for keeping the molecules sufficiently separated
so that they remain in solution (that is, solutions are kinetically stable but
often thermodynamically unstable). Matsuo et al. [84] and Roy et al. [85]
researched the gelation mechanism of agarose and k-carrageenan solutions
estimated in terms of concentration fluctuation and acquired that although
a significant amount of this density increase has been shown to be due to
simple statistical factors dependent upon the way that the surface is defined
in depressions, much is due to a protein’s structure with the excess of polar
hydration sites (tending to increase surface density) easily counteracting
the remaining non-polar surface groups (tending to produce low-density
surface water). This water is required for the protein to show its biological
function as, without it, the necessary fast conformational fluctuations
cannot occur. Chen et al. [86] observed the fragile-to-strong dynamic
crossover in protein hydration water, Swenson1 et al. [87] investigated the
properties of hydration water and its role in protein dynamics. From these
studies, they concluded that proteins have no activity (and enter a glassy
state, at about 220K) when the surrounding water becomes predominantly
low dense.

As far as the hydration shell is concerned, using X-ray analysis shows
that it has a wide range of non-random hydrogen-bonding environments and
energies. Proteins are formed from a mixture of polar and non-polar groups.
Water is most well ordered round the polar groups where residence times are
longer, but where they will interfere with water’s natural hydrogen bonding,
than around non-polar groups where aqueous clathrate structuring may
form. Both types of groups create order in the water molecules surrounding
them but their ability to do this and the types of ordering produced
are very different. Polar groups are most capable of creating ordered
hydration through hydrogen bonding and ionic interactions). This is most
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energetically favorable where there is no pre-existing order in the water
that requires destruction. Hildebrandt et al. [88] debated the electrostatic
potentials of proteins in water using a structured continuum approach,
and indicated that the ordering created in the water surrounding proteins
extends the proteins’ electrostatic surfaces well away from their physical
(that is, amino acid) surfaces giving them far greater electrostatic visibility
to visiting ligands. This non-specific electrostatic effect of the water is
additional to any specific directed hydrogen bonding that may extend away
into the bulk from the surface.

From the above investigations, we see clearly that protein molecules
can interact with water to form the hydration states, therefore, protein
molecules have an obvious hydrophilic property. However, the hydrophilic
properties of different protein molecules are different, their hydration states
are also not same due to the distinctions of structure and conformation of
protein molecules as well as their differences of water environments. Thus,
various protein molecules have different biological functions because the
latter are closely related to their hydrophilic properties.

5.5.4. Hydrophobic and Hydrophilic Properties of DNA

The same as protein molecules, DNA or nucleic acid molecules also have
the hydrophobic and hydrophilic properties or can be in a hydration
state. Just so, DNA’s double helical structure can be formed and its
biological functions can be accomplished. Therefore, DNA’s hydrophobic
and hydrophilic properties as well as its hydration state have an interesting
function in biology, thus these problems have been widely researched and
described in Martin Chaplin’s website [61]. We here give only few simple
statements. Chaplin [89] debated the importance of water in cell biology and
pointed out that DNA or nucleic acid hydration is crucially important for
their conformation and utility, as noted by Watson and Crick [90]. Makarov
et al. [91] discussed the solvation and hydration of proteins and nucleic acids
by the theoretical simulation and experiment. From these studies, they
obtained that the strength of these aqueous interactions is far greater than
those for proteins due to their highly ionic character. The DNA double helix
can take up a number of conformations (for example, right handed A-DNA
pitch 28.2 Å 11 bp, B-DNA pitch 34 Å 10 bp, C-DNA pitch 31 Å 9.33 bp,
D-DNA pitch 24.2 Å 8 bp and the left handed Z-DNA pitch 43 Å 12 bp) with
differing hydration. The predominant natural DNA, B-DNA, has a wide and
deep major groove and a narrow and deep minor groove and requires the
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greatest hydration. B-DNA needs about 30%, by weight, water to maintain
its native conformation in the crystalline state. Partial dehydration converts
it to A-DNA (with a narrower and deeper major groove and very wide
but shallow minor groove). Brovchenko et al. [92] researched that water
percolation governs polymorphic transition and conductivity of DNA, from
computational biophysics to systems biology (CBSB07) and found that
the above transition for this transformation occurs at about 20 water
molecules per base pair, with its midpoint at about 15 water molecules
per base pair. In the meanwhile, Gu et al. [93] studied also solvent-induced
DNA conformational transition and obtained that the B-DNA possesses a
spanning water network, and it is the loss of its continuity together with the
competition between hydration and direct cation coupling to the free oxygen
atoms in the phosphate groups that gives rise to the transition to A-DNA.
Asthagiri et al. [94] pointed out from the studies of the hydration state of
OH-(aq) that this dehydration-induced structural transition decreases the
free energy required for A-DNA deformation and twisting, which is usefully
employed by encouraging supercoiling but eventually leads to denaturation.
Fuller et al. [95] discussed the features of water–DNA interactions by X-ray
and neutron fiber diffraction, and pointed out that the dehydration results
in the least hydrated D-DNA (favored by excess counter-ions that shield
the DNA phosphate charges), which has a very narrow minor groove with
a string of alternating water and counter-ions distributed along its edge.

From the above investigations, we see that hydration is greater and
more strongly held around the phosphate groups that run along the
inner edges of the major grooves in DNA. The water molecules are
not permanently situated, however, due to the rather diffuse electron
distribution of the phosphate groups. Hydration is more ordered and more
persistent around the bases with their more directional hydrogen-bonding
ability and restricted space. Water molecules are held relatively strong
with residence times for the first hydration shell being about 0.5–1ns. The
hydrating water is held in a cooperative manner along the double helix in
both the major and minor grooves due to the regular structure of DNA. The
cooperative nature of this hydration aids both the zipping (annealing) and
unzipping (unwinding) of the double helix. Pal et al. [96] investigated the
anisotropic and sub-diffusive water motion at the surface of DNA and of an
anionic micelle CsPFO, and indicated that water motion within the grooves
is slowed down compared with the bulk water, with the greatest reduction
within the more restricting minor groove. Spink et al. [97] discussed the
effects of hydration, ion release, and excluded volume on the melting of
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triplex and duplex DNA, and pointed out that on melting, about four water
molecules per base pair are released in spite of extra hydration sites being
released by the previous hydrogen-bonded base pairing, thus confirming
the importance of this cooperative nature of the water binding within the
grooves.

Rozners and Moulder [98] studied the properties of hydration of short
DNA, RNA and 2′-OMe oligonucleotides determined by osmotic stressing,
and acquired that the nucleic acids have a number of groups that can
hydrogen bond to water, with RNA having a greater extent of hydration
than DNA due to its extra oxygen atoms (that is, ribose O2’) and unpaired
base sites. These extra hydroxyl groups create additional hydration in
duplex RNA as they provide a scaffold for the minor groove hydration
network, which can be represented by [98].

As it is known, the bases are involved in hydrogen-bonded pair-
ing in DNA. Bonvin et al. [99] researched the properties of water
molecules in DNA recognition II and debated the molecular dynamics
of the structure and hydration of the trp operator. They obtained that
even these groups, except for the hydrogen-bonded ring nitrogen atoms
(pyrimidine N3 and purine N1), are capable of one further hydrogen-
bonding link to water within the major or minor grooves in B-DNA. Their
molecular dynamics simulation showed that both grooves were equally
hydrated with hydration roughly CN4/GN2/TO2>AN6/CO2/GO6>AN3/
GN3/GN7/TO4 �AN7. Thus, in B-DNA, guanine will hydrogen bond to a
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water molecule from both the minor groove 2-amino- and major groove
6-keto-groups with further single hydration on the free ring nitrogen atoms
(minor groove N3 and major groove N7). Cytosine will hydrogen bond to
a water molecule from both the major groove 4-amino- and minor groove
2-keto-groups. Adenine will hydrogen bond to a water molecule from the
major groove 6-amino-group with further single hydration on the free ring
nitrogen atoms (minor groove N3 and major groove N7). Thymine (and
uracil, if base paired in RNA) will hydrogen bond to a water molecule from
both the minor groove 2-keto- and major groove 4-keto-groups.

Green et al. [100] studied water and solutions at negative pressures by
Raman spectroscopy with 80 Megapascals. Dondos and Papanagopoulos
[101] argued the difference between the dynamic and static behaviors
of polymers in dilute solutions. Their results indicated that phosphate
hydration in the major groove is thermodynamically stronger but exchanges
faster. There are six (from crystal structures, [100]) or seven (from
molecular dynamics, [101]) hydration sites per phosphate, not including
hydration of the linking oxygen atoms to the deoxyribose or ribose residues.
The deoxyribose oxygen atoms (O3′ phosphoester, ring O4′ and O5′

phosphoester) all hydrogen bond to one water molecule, whereas the free 2′-
OH in ribose is much more able to hydration and may hold on to about 2.5
water molecules. The total for all these hydrations, in a G≡C duplex, would
be about 26–27 but about 14 of these water molecules are shared. There are
a number of ways in which these water molecules can be arranged with B-
DNA possessing 22 possible primary hydration sites per base pair in a G≡C
duplex but only occupying 19 of them [101]. The DNA structure formed in
this case depends on how these sites are occupied; water providing the zip,
holding the two strands together. However, please note that about 2% of
the hydrating water molecule sites may be transiently replaced by cations.

Yonetani and Kono [102] discussed the features of water-bridge at the
surface of DNA and did systematic molecular dynamics analysis of water
kinetics for various DNA sequences. Yonetani and Kono [103] debated the
sequence dependencies of DNA deformability and hydration in the minor
groove. They [102, 103] found that the hydration of the B-DNA minor
groove is dependent on the DNA sequence with water-bridge lifetimes
varying from 1 to 300 ps, depending on the sequence; usually involving
single water molecules connecting the strands but connection via pairs of
water molecules, with varying interchange between these forms, may allow
greater structural flexibility in the DNA and/or interaction with specific
proteins [103]. Petrenko et al. [104] and Babin and Dickinson [105] discussed
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the influence of transglutaminase treatment on the thermoreversible gela-
tion of gelatin, and water behaviors in the system. They gained that there is
a spine of hydration running down the bottom of the B-DNA minor groove,
particularly where there is the A=T duplex [104], which is important in
stabilizing it [105]. Meanwhile, Privalov et al. [106] debated the properties
of what drives proteins into the major or minor grooves of DNA, and
obtained that A=T duplex sequences favor water and protein binding in the
minor groove driven by the large entropy release on this low entropy water’s
release. Tsukamoto et al. [107] investigated theoretically the structure and
electronic properties of hydrating water molecules in the minor groove
of decameric DNA duplex by a combined molecular dynamics/density-
functional method and pointed out that water molecules that hydrogen-
bond by donating two hydrogen bonds are bridged between thymine 2-
keto(s) and/or adenine ring N3(s) in sequential opposite strands (that is,
not paired bases). This water has been called cross-strand bridging water
(CSBW) and appears to be important for charge transfer (hole transport)
between separated guanine bases down the DNA duplex. CSBW water
is fully hydrogen bonded by accepting two further hydrogen bonds from
secondary hydration water and fixing the primary hydration water more
firmly in place such that they exchange slower (0.9 ns) than any other water
hydrating the DNA. The primary hydration may occur regularly down the
minor groove connecting the strands but any cooperative effect is through
the secondary hydration. Arai et al. [108] discussed the properties of
complicated water orientations in the minor groove of the B-DNA decamer
d(CCATTAATGG)2 by neutron diffraction measurements. They discovered
that the minor groove has a complex hydration pattern including water
hexagons from the initial spine of hydration (above) through secondary
hydration out to the 4th aqueous shell. On the other hand, Sola-Penna
et al. [109] argued the stabilization against thermal inactivation promoted
by sugars on enzyme structure and function and held the view that trehalose
is more effective than other sugars. They obtained that this hydration is
more strongly held than in the G≡C duplex giving rise to greater apparent
hydration about 44 water molecules per A=T duplex base pair. The A=T
base pairing produces the narrower minor groove and more pronounced
spine of hydration, whereas the G≡C base pairing produces a wider minor
groove with more extensive primary hydration, due in part to the 50%
greater hydration sites.

Nguyen et al. [110] discussed the role of water molecules in DNA–ligand
minor groove recognition, and acquired that the above solvent interactions
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are key to the hydration environment around the nucleic acids and directly
contributes to the DNA conformation; B-DNA possessing higher phosphate
hydration, less exposed sugar residues and smaller hydrophobic surface, is
stabilized at high water activity, whereas A-DNA, with its shared inter-
phosphate water bridges, is more stable at low water activity. Thus, if the
relative humidity is kept constant, there will tend to be a transformation
from B-DNA to A-DNA with increasing temperature [109]. The much
greater loss in primary hydration of G≡C base pairs (compared with A=T
base pairs) on changing from B-DNA to A-DNA is clearly responsible for
the tendency of G≡C base pairs rather than A=T base pairs to form the A-
DNA conformation. However, Pope et al. [111] pointed out from the studies
of properties of ordered water around deuterated A-DNA by neutron fiber
diffraction that in contrast to B-DNA, A-DNA possesses a hollow core down
its axis where water can form a hydrogen-bonded structure linking to the
bases from the side of the major groove. Clearly, any disruption of this core
structure may lead to the A-DNA−→B-DNA transition.

From the above investigations, we see that DNA can interact with
water to form the various hydration states, therefore, DNA possesses a
complicated hydrophilic property. Different hydration states of DNA occur
resulting in different biological effects in the DNAs.

5.6. The Hydrations of Ions in Water in Living System

Hydration status is difficult to define or determine precisely or accurately.
An indicator of hydration status is the osmolality of the blood. However, it
is normally closely controlled around about 284mol/kg (increasing slightly
(1–2%) among the elderly people and decreasing ∼ 3% during pregnancy)
and is, therefore, a relatively poor indicator of hydration status. Short-
term hydration status may be determined simply and accurately by weight
as only water content affects weight over short periods when food intake,
fecal output and other possibly confounding factors are controlled. On the
other hand, there are many ions, such as Na+, K+, Cl− and Ca2+, which
have important bio-functions, in life activity. Therefore it is quite necessary
to study the influence of hydrations the ions on their bio-functions.

5.6.1. The Hydration of Ions in Water

As it is known, the electrical dipole moments of water are responsible for its
high dielectric constant (ε≈ 79). In the electrical field of an ion the polar
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water molecules are partially “aligned” such that they considerably screen
this field. This process of forming a directed environment around the ion
is called its hydration or salvation. This phenomenon can appear in both
water and all other solvents. The complete alignment of the dipole moments
of water in the field of the ion can be prevented by the hydrogen bonds and
thermal motion. The potential energy of polarization of a medium around
an ion was computed by Born [112] using a very simple model of a solvent
in the form of a continuous isotropic medium with a dielectric constant
ε surrounding a spherical ion of radius R and charge Ze, in which the
electrical induction vector of the electrical field produced by the ion can be
represented by �D(r)=Ze�r/r2, r ≥ R. This field polarizes also the medium,
its polarization strength may be expressed by the dialectical polarization
vector of �P (r)= (1 − 1

ε
) �D(r)/4π. The potential energy of polarization of

the medium is given [13, 113] by

U = −2π
∫ ∞

R

−→
D(r)

−→
P (r)r2dr = −(Ze)2

(
1 − 1

ε

)
/2R. (5.4)

In biological systems, all processes generate at constant temperature
and pressure so that at temperature T different from zero the hydration
energy is determined by the change in Gibbs’ free energy as a result of the
polarization of the medium:

E = U − T∆S + P∆V, (5.5)

where ∆S is the change in entropy of the system and ∆V is the change
in volume. The entropy of hydration has a negative value because with
an ordered arrangement of molecules around the ion the entropy of water
is reduced. At room temperature the contribution of the entropy to the
hydration energy in Eq. (5.5) is about 10%. But the value of P∆V is
insignificant.

Born’s equation (5.4), which was obtained from electrostatic theory, can
be used to estimate roughly the hydration energy. After this, many scientists
attempted to replace it by a continuous model, in which it is necessary to
take account of the very large uncertainty in selecting effective ionic radii for
comparing Born’s theory with experiment. Thus, the assumption is made
that the dimensions of the ion in the solid crystal lattice are roughly the
same as in the solution. In this approximation following Pauling, the ionic
radius is determined by halving the distance between the nearest ions in the
crystal. The radii of Na+,Li+,K+ and Cl− obtained in this way are 0.117,
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00.94, 0.149 and 0.164nm for other methods, which are crystallographic
radii, but 0.098, 0.069, 0.133 and 0.181nm for Pauling radii, respectively.

Since water molecules have finite dimensions (≈ 0.193nm) and the
center of the electrical dipole is not positioned symmetrically in the
molecule, Latimer suggested using the crystallographic radii increased by
0.01 nm for cations and by 0.008nm for anions as an effective dimension
of the ions in Born’s equation (5.4) [13]. This means that the change in
the dielectric constant of water in the vicinity of the ion should be taken
into account. Assam showed that when the hydrogen bonds are taken into
consideration in the vicinity of the ion [13, 61], at a distance of about
0.6 nm, the dielectric constant is decreased by a factor of nearly 2. It was also
proposed to consider the temperature dependence of the dielectric constant.
When the temperature is increased the dielectric constant decreases because
of the disordering of the orientation of the water molecules by the field
of the ion. If this is considered the entropy term already appears formally
in Eq. (5.4).

Mishchenko and Sukhotin proposed a relatively electrostatic calculation
of the hydration energy based on consideration of the interaction of
the ion with rigid water molecule dipoles [13], which is denoted by
U = − 127.2

(ri+rH2O+β)2
(kcal/mole) for the hydration energy where ri is the

crystallographic radius of the ion, rH2O =0.193nm, β=0.025nm for cations
and anions.

It is known that all electrostatic theories are phenomenological, in
which the phenomenological concepts of the dielectric constant are used,
but it is changed in the vicinity of the ion and the value of the effective
ionic radius. With an appropriate choice of these parameters in the above
models, an agreement with experimental data on the hydration energy can
be obtained.

The concept of the radius of the free ion is hypothetical since the
electric charge density distribution falls off exponentially from the center
of the atom and in some atomic states does not have spherical symmetry.
In the case of the ion in solution as a result of interaction with the solvent
molecules, there must be a redistribution of electron density between them
and a change in structure of the solvent in the vicinity of the ion. These
changes are revealed by spectroscopy, X-ray and other methods, but the
interaction details of ions with the solvent are complicated and can be
explained by using the quantum theory.

Plenty of attempts were made to calculate the hydration energy by
considering the structure of the water in the immediate vicinity of the
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ion based on the classical work of Bernal and Fowler [114]. Thus, the
hydration energy was denoted in the form of the sum of interaction energy
of the ion with the water molecule, dipole molecules of the first hydrate
shell possessing a tetrahedral structure, and the interaction energy of this
complex of radius Ri + RH2O surrounding water, which was taken as a
continuous medium and introduced the contribution −(1 − 1

ε
) (Ze)2

Ri+RH2O
to

the hydration energy.
At the same time, other attempts of calculating the structure of water

on hydration were proposed by Mishchenko and Poltoratsky et al. [115] and
Izmailov [116]. A systematic theory of hydration should take into account
the electronic structure of the ions. On the other hand, Kruglyak [117]
and Izmailov et al. [116, 118] considered both the effect of the electronic
structure of the ions and the structure of water to calculate the hydration
energy in water by quantum theory based on a donor–acceptor mechanism,
in which the ion forms a quasimolecular structure with the first hydrate
shell. In Shchegolev et al.’s work [119], a quantum calculation was carried
out on the complexes formed by the ions Li+, Na+ and K+ with water. The
radii of the first hydrate shells were determined and the bond energy of the
complexes Li(H2O)+n and K(H2O)+n were obtained. The relative stability
of complexes with different coordination numbers was argued. The results
indicated that n = 6 for the most stable ions with Li+ ions and n = 8
for the most stable ions with Na+ and K+ ions. This means that K+

ions cause weaker hydration than Na+ ions. If these results do not change
when the calculations are refined and when hydration at greater distances
is considered, then these results are helpful to explain the different behavior
of Na+ and K+ ions in the cellular cytoplasm. Therefore, to improve the
calculated methods, a theoretical idea of hydration of ions in water can
promote in further developments of its theory and experiment. Then it may
reveal interesting qualitative behaviors at the molecular level in biological
processes.

At present, the hydration of ions in water are widely studied. Obviously,
this phenomenon is concerned with the number of water molecules, that
are bound to the ions, and their distribution, but the data is not clear
cut as yet, with different methods measuring different aspects of the
ionic hydration and, hence, producing different results. The methods of
IR [120], NMR [121], molecular dynamics, use of colligative properties
and x-ray and neutron diffraction [122]; other methods include X-ray
spectroscopy [123], ultra-acoustics [124], Raman spectroscopy [125] and gel
exclusion chromatography [126] are now adopted to study and measure
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the behaviors of hydration of ions in water. However, of these methods,
only molecular dynamics and IR give dynamic information, whereas most
methods give time-averaged data. The main properties of hydration of ions
in water are described in following section.

5.6.2. The Properties of Water Clustering Around Ions

Krekeler et al. [127] discussed the mechanism of electronic polarization of
water in the presence of positive ions and found that water molecules are
most affected when they lie closest to the ions and the structuring of the
water away from the ions is little changed from its natural state. Water
molecules around small cations are highly polarized due equally to the
cation and the other cation-surrounding but not mutually hydrogen-bonded
water molecules. Rodnikova [128] gave a new approach to the mechanism of
solvophobic interactions, and Sedlák [129] debated further the large-scale
supramolecular structure in solutions of low molar mass compounds and
mixtures of liquids. From these studies, they found the formation of much
larger domain structures [128] with diameters ∼ 100nm [129], although
the information that is available mostly concerns the local clustering
of water around the ions. The concentrated solutions are often used to
examine salt hydration and reduce the signal from “bulk” water. Clearly,
such solutions only lead to descriptions of the hydrated state in such
concentrated solutions but cannot be used to establish the hydration states
in more commonly encountered dilute solutions. Marcus [130] discussed
the features of water structure in concentrated salt solutions and indicated
that the solution may sometimes be so concentrated that there is no “bulk”
water present and all water molecules are interacting with one or more ions.

Collins et al. [131] debated the properties of forces that control
chemical processes and biological structure in water and discovered that the
dominant forces on ions and polar molecules in aqueous solution are short-
range chemical interactions involving the spare outer electrons on the water
molecules with cations, and positively charged atoms, and hydrogen bonds
donated from water molecules with anions, and negatively charged atoms.
Both processes involve effective partial charge transfer from the ion, or
charged atom, to water. Mobley et al. [132] argued the charge asymmetries
in hydration of polar solutes and obtained that the resulting interactions
with water are quite different with the anion–hydrogen bond interactions
being enthalpically much greater than cation–lone pair electron interactions
for the same size ions due to the closer approach of the atoms.
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In fact, the presence of ions causes localized water clusters to be
stabilized over their state in the bulk of the solution as they reduce the
hydrogen-bonding exchanges of the affected water molecules. Much of the
clustering may be understood in terms of the puckered dodecahedra.

The bound water in hydration of ions reduces with increased tempera-
ture and concentration, and varies with the nature of the counter-ions and
any other solutes present. Catenaccio et al. [133] studied the temperature
dependence of the permittivity of water, and obtained that a tetrahedral
cavity in a puckered water dodecahedra may be used by H3O+ and NH+

4 to
form magic number cluster ions. The octahedral cavity could be occupied
by any of the many monatomic cations and anions that are normally
found in contact with six water molecules in their (inner) hydration shell
(for example, Na+, K+, Cs+, Ca2+, Cl−, Br−), whilst allowing a fully
hydrogen-bonded second shell. Such a structure for Na+(H2O)2O has been
obtained using the AM1 semi-empirical model. Similarly, the cubic cavity
could be occupied by triply charged lanthanoid or actinoid ions that have
coordination number of eight. Pestova et al. [134] analyzed the features of
structure of water salt NaCl–H2O and KCl–H2O by X-ray phase analysis
and found that the clathrate hydration around K+ and Cl− in dilute KCl
solutions agrees with the ∼ 45 molecules of water. Schmidt et al. [135]
used the ions as probes of sub-picosecond water network dynamics to
study the features of water clustering around the ions and found that
the terahertz (THz) spectroscopy of solvated alkali halide salts at around
85 cm−1 (2.5THz) shows that the ions rattle around within the water
network.

Laage et al. [136] debated the reorientational dynamics of water
molecules in anionic hydration shells and discovered that in the case of
chloride, the O–H· · ·Cl− distance (0.37nm) is only slightly less than the
normal clathrate size (0.39 nm), with the bond strength about 1 kJ mol−1

weaker, so allowing water’s easy large angle orientational jumps, consistent
with reversible puckering, such that there are flickering changes in the
closest water molecules. Different ions, even with the same inner hydration
level, may hold their water molecules more tightly or more loosely giving
varying degrees of dynamic puckering. Hence, they would cause different
degrees of hydrogen bonding in their surroundings, as shown by the various
properties of kosmotropic and chaotropic ions.

In all these puckered clusters, there is an opposing balance between
the ion–water interactions and first shell–second shell water interactions.
Seward et al. [137] researched the behaviors of halide ion hydration in
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hydrothermal solutions by X-ray absorption spectroscopy and observed that
when the water–water interactions are weakened by, for example, raised
temperature, then the ions will hold the water molecules more tightly and
the ion–water distance contracts, where the water molecules are only weakly
held to the central ion, thus the water molecules expand away from the
central ion with temperature.

Szkatula et al. [138] and Bock et al. [139] debated the arrangement of
first- and second-shell water molecules around metal ions and the effects of
charge and size, and displayed that a possibility with dodecahedral cluster-
ing is that the two opposite positions from the water dodecahedra may come
together and be replaced by a single ion in the connectivity map and gave
the features of ion in an inner shell of six water molecules and a second shell
of 12 water molecules. Such an arrangement was found around Mg2+ ions.
The Mg2+(H2O)6(H2O)12, Al3+(H2O)6(H2O)12, Zn2+(H2O)6(H2O)12 and
Be2+(H2O)6(H2O)12, clusters with two hydrogen bonds leading from each
of the six inner coordination sphere gave the connectivity opposite tops [139]
as minimum energy structures. Together with the Li+(H2O)4(H2O)9(H2O)5
and Na+(H2O)4(H2O)9(H2O)5 clusters, similarly calculated and shown
opposite bottom [139]. Kiselev and Ely [140] obtained from the studies
of parametric crossover model and physical limit of stability in supercooled
water that the dipoles of the inner water molecules are oriented towards
the ion thus preventing the formation of a complete dodecahedral water
cluster. Hydrogen bonding between the second sphere water molecules was
shown to be particularly important. An identical arrangement (to opposite
top) has been found in the Ti3+(H2O)6(H2O)12 cluster and used for other
hydrated transition metal clusters.

Phillips [141] discussed that the active site water affects enzymatic
stereo recognition and Lemieux [142] studied that water provides the
impetus for molecular recognition in aqueous solution. They discovered
from their investigations that the experimentally-determined second hydra-
tion shell water may consist of all the water molecules that are doubly-
hydrogen-bonded directly to any two of the primary hydration water
molecules in the puckered dodecahedral model. This will result in tetra-
hedrally (4), octahedrally (6) and cubic (8) coordinated primary hydration
water molecules having 0, 6 and 12 secondary hydration water molecules
respectively. Jákli [143] researched the H2O–D2O solvent isotope effects
on the molar volumes of alkali–chloride solutions at T = (288.15, 298.15
and 308.15)K and Thomas and Elcock [144] discussed the results of
molecular dynamics simulations of hydrophobic associations in aqueous salt



December 3, 2013 11:57 9in x 6in Water: Molecular Structure and Properties b1656-ch05

Water with Life and Life Activity 435

solutions, which indicate a connection between water hydrogen bonding
and the Hofmeister effect. In their investigations, the examples of this
primary and secondary hydrations are Li+ (tetrahedral, 4.68 primary, 0
secondary), Ca2+ (octahedral, 6.10 primary, 5.29 secondary) and Ho3+ (as
a typical lanthanide, cubic, 8.00 primary, 10.67 secondary). The Li+ ion has
somewhat strange behavior out of series with the other alkali metal ions,
which may be due to it holding on particularly strongly to one of its inner
sphere water molecules and/or it forming short alternating linear clusters
with the anions.

Khan [145] argued the solvated electron (H2O)−20 dodecahedral cavity
and calculated stretch frequencies and vertical dissociation energy and
exhibited that a highly stable solvated electron was identified inside a
tetrahedrally collapsed dodecahedral (H2O)20 structure, e−(H2O)20 (the
cluster with four inwardly pointing H-atoms). Paik et al. [146] studied the
states of electrons in finite-sized water cavities and observed hydration
dynamics in real time and found that the preferred hydrated electron
structure is e−(H2O)16 with four water molecules in the inner shell only
linking through a weak network to the rest of the cluster. Corridoni
et al. [147] studied also the probing water dynamics with OH− and found
that the hydroxide ion hydration may also involve such (H2O)20 clusters
as it is found that liquid water in its solutions undergoes a great change
in structuring when the concentration of OH− rises above the ratio of one
OH− to 20 H2O.

Therefore, the states of hydrations of ions in water are complicated,
which changed the properties of the ions in life systems.

5.7. Hydrations of Salts and Nanocorpuscle in Water
in Living System

5.7.1. The Hydration State of Salts in Biology

It is well known that salt solutions were used both to stabilize and
destabilize hydrophobic surfaces causing molecules with sufficient non-polar
character to become more (salting-in) or less (salting-out) soluble. Zangi
et al. [148] argued the effect of ions on the hydrophobic interaction between
two plates using the molecular dynamics simulations, which confirmed the
importance of the surface charge density of the ions in the process. Zangi
and Berne [149] exhibited the properties of the aggregation and dispersion of
small hydrophobic particles in aqueous electrolyte solutions, and reported
salting-out as being entropically-driven by ions with high charge density
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(the effect increasing with charge density) that form strong hydration
complexes away from the hydrophobic surfaces, whereas, salting-in is caused
by ions with lower charge density that exhibit preferential binding at
the hydrophobic surfaces and stabilized by entropic or enthalpic effects.
At lower concentrations, ions with lower charge density can also increase
hydrophobic aggregation of hydrophobic particles, stabilizing “micelle-like”
structures but, with increasing salt concentration the micellar particles
disperse rather than aggregate further [149], due to a greater ionic charge
being better spread over their more extensive surface area.

Bowron et al. [150] debated the structure of a salt–amphiphile–water
solution and the mechanism of salting out and revealed the mechanism
of “salting-out” (phase separation of amphiphilic molecules from aqueous
solution) using NaCl and t-butanol. Nakada et al. [151] studied the features
of hydrophobic hydration and anomalous excess partial molar volume of
tert-butyl alcohol–water mixture studied by quasielastic neutron scattering,
and obtained that t-butanol is hydrated by a clathrate-like cage of about 20
water molecules At low concentrations in relatively concentrated solutions,
the t-butanol molecules tend to form loose dimers through hydrophobic
interactions of their methyl groups with no noticeable interactions between
their alcohol groups, which is spectroscopically confirmed by Palombo
et al. [152], who did the spectroscopic studies of the “free” OH stretching
bands in liquid alcohols. Introduction of NaCl causes further interaction of
the butanol residues indirectly through their alcohol groups, due to their
mutual interaction with the anions (Cl−), and increasing both the tendency
for further amphiphile clustering and tendency for phase separation [150].
Paschek et al. [153] discussed the properties of change of hydrophobic
association, when the salts were added to an aqueous solution of t-butanol.
Their results indicated the importance of the anion rather than the cation
in such salting-out phenomena.

5.7.2. The Hydration of Nanocorpuscles in Water

As it is known, there are plenty of nanocorpuscles, such as Na, Mg, Ca,
Cu, and Au in living systems, thus the interactions of nanocorpuscles with
water occur always. Therefore, it is necessary to study their properties.
Yang Zhen et al. [154] investigated systematically the structure of water
around the nanoAu and their dynamical features using classical molecular
dynamics simulation method, in which water molecules are simulated by the
rigid simple point charge (SPC) [155] and flexible SPC model, respectively.
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The results, which are obtained by the radial distribution function based
on the hydrogen-bond structure in water, show that the hydrogen-bonding
structures of water are enhanced with increase in the electric field strength
where the molecular structure tend to be more perfect, which is similar to
the structure of “ice”. The simulation results of the self-diffusion coefficient
show that the self-diffusion coefficient of water in this case is greater than
that of ice, but no electrogenic icing phenomenon occurs in this case. With
increase in the electric field strength, the self-diffusion coefficient of water
reduces sharply, and possesses the characteristics of anisotropy.

In the meanwhile, the results of simulation [154] for the influences of
concentration of NaCl on their microstructure and dynamic features of
water at the temperature 298 K, and in the cases of 0.87, 2.2 and 4.1mol/L
NaCl solution indicated the concentrations can affect the near structure
of water. However, the radial distribution function of O–O bond appears
to be significantly changed with the increase in solution concentration.
In the case of high concentration of NaCl, there is no second ligand
structure around water molecules. Molecular dynamics (MD) simulations
exhibited that the oxygen atoms of water molecules in Na+ hydration
domain approach the cations more, but the hydrogen atoms of water
molecules in Cl− hydration domain approach the anion. At the same time,
the numbers of water molecules in the Na+ hydration reduce gradually with
increase in the concentration of NaCl, on the contrary, the numbers of water
molecules in the Cl− hydration increase with increase in the concentration
of NaCl. On the other hand, the residence times of water molecules in
the hydration domains of the anion and cation are increased with the
increase in electrolyte concentration. The increase in solution concentration
exacerbates the oscillation of ions with the reverse movement and decreases
the diffusion coefficient of water. The results of MD simulation of liquid
methanol with the density of 0.78 g/cm3 at 298K indicated that its latent
heat of evaporation and self diffusion coefficient, are consistent with the
experimental data. The analytic results of the hydrogen-bonded structure
by the computer graphics technology, which can gain the microcosmic
configuration of the system, which is in an equilibrium state, showed that
the mole fraction of the methanol molecules forming two hydrogen bonds is
about 77.39%, but the average number of each methanol molecules to form
hydrogen bond is about 1.902. There is a peak at 12.2◦ in the distribution
curve of the orientation angle between the hydrogen bond O. . .O–H in two
methanol molecules. If the orientation angle is less than 12.2◦, the mole
fraction of methanol molecules is only 57.39%, in this case, the orientations
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of methanol molecules is almost linearly distributed forming the hydrogen
bonds, the average lifetime of its hydrogen bonds is about 12.6 ps.

The results obtained from the study of influences of an electric field
on microscopic structure and dynamic properties of methanol molecules
showed that the electric field makes the dipole vectors of methanol molecule
arrange orderly along the direction of the electric field. The average mole
fraction of methanol molecules forming two hydrogen bonds and average
number of its hydrogen bond, the probability of the linear distribution of
O–H. . .O and average lifetime of hydrogen bonds increase with increase in
the strength of the electric field. Thus, the externally applied electric field
enhances the hydrogen-bonded interactions in the methanol molecules, but
it depresses the average self-diffusion coefficient of the molecules due to the
increases of additional force, which obstructs movements of molecules and
promotes the motions of anisotropy of molecules [154].

The results obtained from the investigations of microscopic structure
and dynamic properties of Na+ and Cl− in methanol solution at room
temperature found that methanol molecules and oxygen atoms in Na+

solvation domain approach to the cation, but methanol molecules and
hydrogen atoms in Cl− solvation domain approach to the anion [154].
In the meanwhile, the results indicated that the angle between the Ion –
0 vector and methanol molecules in the plane decreases significantly, but
the probability of their simultaneous existence in the plane increases, the
residence times of methanol molecule are bigger than that of water molecule
in the ion solvation domain, the self-diffusion coefficients of methanol
molecules and Cl− are consistent with the experimental results, but self-
diffusion coefficients of Na+ are lower than that of the experimental value.
On the other hand, the simulation results showed that the mixed excess
enthalpy of the solution depresses first and increases then with increase
in the concentration of the methanol molecules. The coordination number
N(WW ) of water molecules in the coordination domain are decreased with
increase in the concentration of methanol molecules because the gaps among
water molecules decrease due to the injection of the solute molecules. In this
case, the coordination number N(αβ) versus the composition xM is linear.

The results obtained by classical molecular dynamics simulation
method display that water molecules formed a clear multilayer structure
around the nanoparticles. At the same time, the spatial orientations of water
molecules vary from disordered to order arrangement with the decrease in
the radial distance between them. The simulations show that the water
molecules in first and second layers around the nanoparticles have a low
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diffusion coefficient, but water molecules in third and fourth layers are
just inverse. Analyzing the mean square displacement and residence time
distribution at the interfaces of different water layers indicate that water
molecules can easily leave the interface zone into the bulk. In addition, the
number of hydrogen bonds of each water molecule at the interface are larger
than average number in the bulk [154].

The above results are interesting in water science and biology.

5.8. The Interaction of Electrons with Cluster of Water
Molecules

As it is well known, there are plenty of electrons including both binding
and free electrons in life systems, which can interact with water molecules
and their clusters to form the hydration of electrons. Thus, the properties
of both electrons and water are changed resulting in some new biological
effects in life systems. Therefore, it is necessary to study the properties of
interaction of electrons with water molecules and their clusters.

As far as the interaction of electrons with the cluster (H2O)−n is
concerned, several researchers studied this problem using the detection
of ions mass spectroscopic technique and other methods, in which there
has been considerable interest in the nature of the excess electron in
these clusters. In particular, the question of whether the excess electron
is on the surface or in the interior of the clusters has been the subject of
much speculation [156–161]. Particularly intriguing are the photoelectron
spectra for the (H2O)−n , n =11−150, clusters obtained by the Neumark
group [162]. These spectra show a distinct feature, i.e., its relative intensities
depend on the source conditions and on the cluster size n, the feature
can be interpreted as arising from three distinct isomer classes, where
the feature with the largest electron binding energies (isomer I) was
attributed to an isomer with the excess electron bound in the interior
of cluster and those with the smaller electron binding energies were
attributed to isomers (isomers II and III) with the excess electron in
surface states. However, the study of (H2O)−n clusters found that the surface
states are only stable for n = 20−104 clusters at temperatures of 200 and
300K, and that for T =100K only the n≥ 45 clusters had stable interior
states [163–165]. Thus, Sommerfeld et al. [166] conclude that all isomers
observed experimentally are surface states, thus, despite the long standing
interest in water cluster anions, the electron binding motifs of all but the
smallest systems remain controversial. The conventional problem is that
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the binding of excess electrons to water clusters, in water films, and in bulk
water is dominated by electrostatic interactions between the excess electron
and the charge distributions of the water monomers. In this case, the “free”
OH groups, which are not engaged in H-bonds, of the water molecules
are geometrically arranged so as to generate a region on the surface or in
the interior of the cluster with a net attractive electrostatic potential. In
fact, for the (H2O)−n (n=2−7) clusters, the most abundant anions observed
experimentally are dipole-bound species, with the excess electron localized
on the surface of the cluster, in the vicinity of a water monomer with
two free OH groups. At the other extreme, there is strong evidence that
the hydrated electron (e−eq) [167], an electron in bulk water molecules in
the first “solvation” shell having free OH groups, is oriented toward the
center of the cavity [166]. However, the above model, which focuses only on
electrostatics, is only an approximation. In practice, we should consider the
important roles of electron correlation in the binding of an excess electron to
polar molecules and their clusters. For instance, for typical (H2O)−6 isomers,
about 50% of the binding energy of the excess electron is due to electron
correlation. For the (H2O)−6 anions, the dominant correlation effects arise
from dispersion interactions between the diffuse excess electron and the
more localized electrons of the polar molecules. Nevertheless, in the study
of the states of an excess electron bound to large (n≥ 20) water clusters
the dispersion interactions are always neglected as they are based on one-
electron model potentials, although some influence of correlation may be
included implicitly through the parametrization of the model. If the impor-
tance of correlation contributions for the binding of the excess electron is
considered, then the electron binding motifs can be obtained, but cannot
be described by approaches that do not explicitly include correlation [167].

As a matter of fact, the electron correlation was included and studied
in ab initio calculations on negatively charged water clusters larger than
n≥ 20, which are those of Herbert and Head-Gordon, who examined,
using second-order Moller–Plesset perturbation theory (MP2) [168], where
selected isomers of (H2O)−n clusters with n as large as 24 confirmed the
importance of electron correlation for binding an excess electron in both
surface and cavity states. However, ab initio MP2 calculations for the
clusters of this size cannot be used to explore the potential energy surface
or include the effects of temperature (through Monte Carlo or molecular
dynamics simulations). Meanwhile, ab initio electronic structure methods
do not permit also zeroing out the electrostatic interactions in order to
explore whether correlation effects alone can bind an excess electron.
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Sommerfeld et al. [166] used a quantum Drude oscillator model to
study the role of electron correlation for different binding motifs of an
excess electron to water clusters in the n=12–24 size range, in which
the clusters with surface- and interior-bound excess electron states are
used. This model showed that the relative contributions of electrostatic and
correlation contributions to the electron binding energies are quite different
for these two classes of anions, implying that the inclusion of correlation
effects is essential for establishing the relative stability of surface versus
interior states. In this study, they established that the excess electrons
in small (H2O)−n clusters (n≤ 7) are bound in the dipole field of the
neutral cluster and, thus, exist as surface states. However, the motifs for the
binding of an excess electron to larger water culsters remain the subject of
considerable debate. The prevailing view is that electrostatic interactions
with the “free” OH bonds of the cluster dominate the binding of the excess
electron in both small and large clusters. Else, they gave a new binding
motif, where the excess electron does not occupy a void or cavity, but rather
permeates the H-bonding network. In this study the clusters considered are
depicted in Fig. 5.6 and include the n=12, 16, 20, and 24 fused-cubic
isomers (12a, 12b, 16a, 20a, 24a, and 24b) in (H2O)−n , a pentagonal prism
isomer of (H2O)−20 (20b), and a (H2O)−18 isomer consisting of a prism fused
to two cubes (18a). Apart from 12b and 24b, these structures correspond
to low-energy isomers of the neutral clusters. Isomers 12a, 16a, 18a, and
20b have structures that correspond to those of the global minima of the
respective neutral clusters (other than the small relaxation brought about
by the attached electron). Otherwise, a structure with a double-acceptor
monomer (13a), three dodecahedral isomers (20c–e) and a (445462) isomer
(20f) of (H2O)−20, as well as two (H2O)−24 isomers with either four (24c) or
two (24d) OH groups pointing toward the center of the cluster and which
can support cavity states are included. All geometries were optimized for the
cluster anions using the Drude model and the CI method. 20c is included as
an example of a cluster where the electron binds to the surface even though
the net dipole moment is zero. Optimization of the geometry of the anion
of 20c results in the rearrangement of a structure for which the associated
neutral cluster has a sizable dipole moment.

This result of charge distributions in different clusters or isomer,
(H2O)−n , are shown in Fig. 5.7, in which 12b, 13a, 20e, 20f, and 24b are
now dipole-bound states, with the excess electron localized at the surface of
the cluster; 24c and 24d are cavity bound as over two-thirds of the charge
density associated with the excess electron is localized in the interior of
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Fig. 5.6. Structures of 15 selected water cluster anions examined. The H atoms of free
OH groups are colored purple [166].

the cluster. However, these are also clusters (12a, 17a, 20a, 20b, and 24a)
for which the maximum of the charge distribution occurs in the interior
of the cluster, but for which most of the density of the excess electron
is located outside the cluster. We refer to these as network permeating
states. Moreover, some clusters (20c and 20d) form surface states despite
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Fig. 5.7. Distribution of the excess electron for the various water cluster anions. Also
shown are iso-surfaces of the reduced electron density from the CI wave function. For
12a and 20c, the iso-surface are drawn at a density of 1× 10−4 Bohr−3, for all other
clusters the iso-surface is at 2× 10−4 Bohr−3 [166].
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the small or vanishing dipole, and there are clusters (e.g., 18a) for which the
electron binding motif is intermediate between the latter two scenarios. In
these “network permeating states”, binding of the excess electron derives
almost entirely from electron correlation as is demonstrated through the
results obtained by switching off the electrostatic interactions in the model
potential.

Comparing Fig. 5.7 with Fig. 5.6, they found that a new binding
motif, where the excess electron does not occupy a void or cavity, but
rather permeates the H-bonding network, occurs, in which these “network
permeating states” are formed. The binding of the excess electron derives
almost entirely from electron correlation as is demonstrated through the
results obtained by switching off the electrostatic interactions in the model
potential.

In the meanwhile, they obtained from this study that three major bind-
ing motifs of surface states, cavity states and network permeating states can
be formed by interaction of electron with (H2O)−n cluster at n=12−24. In
the surface states, the excess electron localizes in the vicinity of OH groups
protruding from the neutral cluster, and the excess electron is bound even
in the absence of polarization and correlation interactions unless the dipole
moment is small (see, for example, 20c). However, correlation contributions
enhance significantly the electron binding energies. Examples for structures
that lead to strongly bound surface states include double-acceptor waters
(e.g., 13a) and species with several nearby water molecules with free OH
groups pointed away from the surface in roughly the same direction.

Cavity states can be formed when several water molecules point to free
OH groups toward the center of a cavity in the H-bonded network. Despite
this favorable electrostatic situation for such clusters considered here, the
electrostatic (plus repulsive) potential does still not bind an excess electron.
Even with the inclusion of second-order dispersion interactions, the excess
electron remains unbound. Only when higher-order electron correlation
effects are included, the electron binding energies are sizable.

In the network permeating states, the excess electron is not associated
with free OH groups, but rather is delocalized over the cluster, with the
maxima of the electron density occurring within the three-dimensional
hydrogen bonding network, but with most of the electron density occurring
outside the cluster. The electron binding is essentially independent of
electrostatic interactions and is dominated by correlation effects in some
cases. In this case, ab initio calculations encountered the challenge as use
of a large diffuse basis set, thus it is necessary to include the high-order
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correlation effects for describing the electron binding. Moreover, ab initio
MP2 calculations are not viable because of the lack of a suitable Hartree–
Fock reference wave function for the anion [169].

The above three electron binding motifs are not independent, such as
the state in (18a) is just in the intermediate between surface-bound and
network permeating. The binding energies of the network permeating states
tend to be smaller than those of the dipole- or cavity-bound states, where
the electron densities are more diffuse [170, 171].

It is interesting to study the capture of excess electron by a water
cluster [172]. In this case, assuming that the starting neutral cluster has
zero or a small dipole moment, the initially formed anion is expected to
be in a weakly bound surface state or a network permeating state. For the
cluster sizes considered here, the most stable structures are expected to have
the excess electron in dipole-bound surface states, since the anions with the
excess electron bound in the interior are energetically very unfavorable com-
pared to the most stable neutral clusters. A typical rearrangement pathway
is that when the excess electron moves, one encounters neutral clusters with
increasingly large dipole moments, and, thus, more strongly bound anions.
For the formation of long-lived or stable anions, the early barriers will be
decisive, since in this region of nuclear configuration space, the potential
energy surfaces of the neutral and anionic clusters are close, and rear-
rangement into more strongly bound anions may be suppressed by electron
autodetachment. This picture of the electron capture process, which was
obtained by Sommerfeld et al. [166], suggests a straightforward explanation
for the observed temperature dependence of the photoelectron spectra,
namely, lower cluster temperatures lead to trapping in one of the early
minima with small electron binding energies, along the reaction pathway.

5.9. Water in Life Systems is a Target of Action
of Millimeter Waves

Experiments discovered [4, 173–177] that millimeter waves have some bio-
logical effects and were extensively used in medicine as medical instruments
and health protection equipment and materials to cure diseases. Some of
these instruments are effective, and have very well medical functions, but
others are not. In such a case it is very necessary to know the mechanism
and properties of the biological effect of the millimeter waves absorbed.
Nowadays, we know that the infrared lights have two different kind of
biological effects, thermal and non-thermal effects [173, 174, 177]. In this
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case, we would like to know whether these medical functions are caused
by the thermally or non-thermally biological effects or their combination
effects? In general, this non-thermally biological effect of the millimeter
waves relates to changes in the structure and conformations of biomacro-
molecules [174, 177], such as protein and DNA, but its thermally biological
effect relates to heating of water and changes in the electromagnetic features
of bio-tissues under actions of millimeter waves, namely, water in life
systems is a target of action of millimeter waves. Thus, we thought that
thermally biological effect of millimeter waves is caused by heating water,
which is its mechanism. We here study and elucidate the mechanism of
the thermally biological effects of the millimeter waves and corresponding
medical functions.

5.9.1. Water Molecule’s Absorption of Millimeter Wave in

the Living Systems

What are the states of the bio-waters in the living systems? It is known
that the molecules are polarized, each water molecule has a large electrical
dipolar-moment of 1.84 Debyes (1.84×10−18 e.s.u.) but the dipole moment
of an O-H is only 1.5 Debyes [13] due to the high- electronegativity of
the oxygen atoms in the liquid water as described in Chapter 1. This
means that there are a large number of hydrogen-bonded chains formed
by dipole–dipole interaction between neighboring molecules in the systems,
i.e., the water molecule may form hydrogen bonds with one, two, three or
four other water molecules. In this way, relatively stable dimers and other
polymeric complexes are obtained. Thus, the electromagnetic field including
the millimeter waves can interact with these water molecules and the
hydrogen bonds. However, what is the mechanism for the interaction of the
millimeter waves with the water molecules? According to molecular physics,
we should calculate the rotational energy-spectra of the water molecules.

We first calculated the rotational energy-spectra of one free water
molecule. According to classical physics [4, 176, 178−182], the kinetic energy
of rotation for the water molecule can be represented by

E =
1
2
Iω2 =

P 2

2I
, (5.6)

where ω is frequency of rotation of this molecule, P is its moment of
momentum, I is its moment of inertia denoted by I =

∑
i mir

2
i , here i is the

site of atom in this molecules, mi is the mass of the atom, ri is orthogonal
distance of the atom relative to the rotational axis. For the molecule of
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double atom, I =Mor
2, where Mo =m1m2/(m1 +m2) is the inertia mass

of the molecule, r= r1 + r2 is its radius of gyration.
Accordance to quantum mechanics [4, 176, 178−182], the moment of

momentum is quantized, it can be represented as

P =
√
J(J + 1)

h

2
, (J = 0, 1, 2, . . .), (5.7)

where h is Planck constant, J is quantum number of the moment of
momentum. Inserting Eq. (5.7) into Eq. (5.6) we get the kinetic energy of
rotation as follows

E =
h2

8π2I
J(J + 1). (5.8)

This is just the representation of the rotational energy-spectra for the
molecules, it is quantized. When J = 0, 1, 2, 3, . . . , corresponding J(J +1)
= 0, 2, 6, 12 . . .. Thus, the spacings between the quantum rotational-energy
levels for this molecule is 2, 4, 6, 8 . . . , times for h2

8π2I
. This shows that the

distribution of the rotational-energy levels is non-uniform, the spacings
between them increase with increase in the quantum number in the form
of power.

Experiments and theory demonstrated [4,176, 178–182] that the tran-
sitions between the above rotational energy levels could only occur between
neighboring energy levels with ∆J =1. Thus, the wavelength corresponding
to the light spectra of the rotation resulting from these transitions in above
energy levels for these molecules can be represented by

1
λ

= k =
E′ − E

hc
=

h

8π2Ic
[J ′(J ′ + 1) − J(J + 1)] = 2BJ ′, (5.9)

whereB= h2

8π2I
, J ′ = 1, 2, 3, . . . , k is wave number, the unit is cm−1 in above

formulae. Equation (5.9) shows that the spectrum lines for the rotational
spectra are uniformly distributed. This is a feature of rotational spectra of
the molecules. Its second feature is that different molecules have different
rotational spectra due to the difference of B or I. Thus, we can distinguish
the structures of these molecules through their rotational spectra. The third
feature is that the more atoms are contained in this molecule, the large for
m and I, the small for B, thus the long for the wavelength λ. Since I or B
are closely related to the geometric shape or conformation of the molecules,
we can check the different conformations for the water molecules by their
rotational spectra. Therefore, studying the rotational energy spectra of the
water molecule is helpful to reveal its conformation changes.
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From Eq. (5.9), we can find out the rotational spectra of each molecule,
if the moment of inertia for the molecule, I =

∑
imir

2
i , is known. Obviously,

the larger the volume of this molecule or its molecular weight and the
atomic mass, and the greater the atomic number, then the larger would
be the volume for I. We can compute the I and corresponding wavelength
λ of the absorption or emission, arising from the rotation of the molecule,
only if its molecular structure and atomic distribution in are known. For
a simple molecule with double atoms, for example, for HCl molecules
λ= 1/20.7mm = 0.5mm due to 2B=20.7. Therefore, they can absorb the
millimeter waves according to the rule of resonant absorption. For a free
water molecule, we can find out that B=14.76/mm and corresponding
wavelength λ of absorption or emission, arising from the rotations of these
molecules, is about 0.73mm.

However, as mentioned in Chapter 1, there are some polarized water
molecules with certain dipole moments except for above free molecules
in the liquid water. These polarized molecules are always related with
neighboring molecules via the hydrogen bonds. Thus, the hydrogen-bonded
systems contain 3, 4, 5, 6 and more molecules. Rough estimates give 200–
240 molecules in the clusters at room temperature, 150 at 37◦C, 120 at
45◦C. Also, there is an other form of bio-water which is the hydration
of ions in water in the living systems as described in Section 5.7. In the
electrical field of an ion, the polar water is partially “aligned” so it can
screen this field. Thus, the hydration or solvation of the ion occurs. A third
form for water is the hydrophilic polymer of water with biomacromolecules,
for example, protein molecules and DNA as stated in Secs. 5.5 and 5.6.
For polar biomacromolecule, there is hydrophilic effect, where the molecule
immerses in the water. These group forms of water molecules increase
their masses and moment of inertia, thus the wavelengths of the millimeter
waves absorbed by these group water molecules are lengthened. Therefore,
practical water molecules in the living systems can absorb the millimeter
waves with longer wavelengths from 1 to 8 mm. Thus, we can use the
frequency spectra of millimeter waves to observe the rotational features
of these water molecules.

5.9.2. Thermal Effects of the Millimeter Waves and Its

Biological Functions

A present problem is: What changes occur in the water molecules when
these millimeter waves are absorbed by them? In accordance with molecular
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physics and quantum mechanics [4, 5, 178–182], these water molecules will
be rotated or twisted, when they absorb the energy of the millimeter waves,
namely, the electromagnetic energy of the millimeter waves transforms with
the mechanical energy of rotations of these water molecules. However,
these free water molecules and the hydrogen-bonded chains containing
only minor water molecules are majorly in present liquid water, but in
the case of some small molecules, there are no mechanism to transport
the rotational energy to other places. Thus, the rotational energy of these
water molecules can only transform their kinetic energy of thermal motion.
Then the temperature of the liquid water increases, when it absorbs the
millimeter waves. This is a thermal process. This is just the mechanism of
thermal effect of the millimeter waves in the living systems, which is verified
by the following experiments.

We separate each kind of crystalline amino acid molecules into two
sets in this experiment, which have the same mass (about 0.2 g), and
put them into two dishes in same environment; 0.1 or 0.2 g of water is
added into one dish only. However, two sets are simultaneously exposed
under the same millimeter waves with wavelength 8mm or frequency
37.5GHz and the density of power 60mW/cm2. We use the same sensitive
temperature-sensor to measure changes in the temperature in two dishes.
When the sample is continuously exposed for certain times, we observe
changes in the temperature in the two dishes. In Fig. 5.8(a), we show the
results of temperature changes with increase in the times pure water is
exposed, (line 1) and non-exposed (line 2), to the millimeter waves. In
Fig. 5.8(b), 5.8(c), 5.8(d), and 5.8(e) we show the temperature changes,
respectively, with increasing the times for the amino acid molecules of
glycocoll (Gly), glutamic (Glu), serine (Ser) and arginine (Arg), in which
line 1 denotes the temperature changes in pure water exposed to the
millimeter waves, line 2 denotes the temperature changes in pure water
without the influence of millimeter waves. In Figs. 5.8(b), 5.8(c), 5.8(d)
and 5.8(e), line 1 shows the temperature changess of the Gly, Glu, Ser,
and Agr containing water exposed to millimeter waves, respectively, the
line 2 is the results of the Gly, Glu, Ser, and Agr without water exposed
to millimeter waves, respectively. From these results we clearly see that
the temperature of pure water exposed to millimeter waves is increased
about 0.5◦C relative to that non-exposed to millimeter waves. On the other
hand, for four amino acid molecules, Gly, Glu, Ser, and Agr, containing
water their temperatures increase also 0.5◦C relative to that non-exposed
cases.
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(a) (b)

(c) (d)

(e)

Fig. 5.8. The temperature changes of pure water (a), Gly (b), Glu (c), Ser (d) and
Agr (e) arising from the millimeter waves with increasing times. In figure, the line 1
denotes the the temperature changes of pure water exposed to the millimeter waves,

line 2 denotes the temperature changes of pure water without the influence of millimeter
waves. In figures (b), (c), (d) and (e), the line 1 shows the temperature changes of the
Gly, Glu, Ser, and Agr containing water exposed to millimeter waves, respectively, the
line 2 is the results of the Gly, Glu, Ser, and Agr without water exposed to millimeter
waves, respectively.
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These experimental data indicated clearly that the increases of tem-
perature of the system of amino acids + water are due to heating water by
millimeter waves. As a matter of fact, heating water by millimeter wave
is a common knowledge. Thus, we can infer that thermal effect of the
millimeter waves is caused by heating water. In living systems. Then we
confirmed experimentally the above mechanism of the thermal effect of the
millimeter wave proposed by us. The water content in our bodies varies
and is variable between individuals [183], generally dropping, throughout
our lives from above about 90% of total weight as a fetus to 74% as an
infant, 60% as a child, 59% as a teenager (male; female 56%) 59% as an
adult (male; female 50%) to 56% (male; female 47%) in the over-50’s age
group. The gender differences, from teenage years onwards, are due to their
differing fat levels, as is the drop in the elderly who replace muscle mass with
fat. There is little difference with gender or age from childhood onwards, if
allowance is made for this fat content. Ritz et al. [184] studied the influence
of gender and body composition on hydration and body water spaces. Silva
et al. [185] studied also the properties of extracellular water across the
adult lifespan. In these studies, they gave the reference values of water
content for adults and obtained that body water is distributed between
cells (intracellular fluid, ICF, ∼ 59%; ∼ 26L in a 75 kg man, ICF, ∼ 61%;
∼ 19L in a 60 kg woman) and the extracellular fluid (ECF, ∼ 41%; ∼ 18L
in a 75 kg man including the ∼ 3L of plasma, ∼ 12L in a 60 kg woman) (for
reference values for extracellular water see). Water is free to move between
the ICF and the ECF with any net movement controlled by the effective
osmotic and hydrostatic pressures. The molecules of water have a biological
half-life in our bodies of about 9–10 days with an average residence time of
about 2 weeks (these estimates depend on the person’s age, gender, build
and water consumption with higher intakes giving shorter half-life).

Water in the living systems are distributed in cell-membrane, cyto-
plasm, cytoblast and blood and lymph liquid and space between cells, i.e.,
there is water in all biological organizations. Experimental measurements
show that water is about 45% in blood liquid, 8% in membrane, 80% in
cytoplasm. In Table 3.4, we listed the chemical components of protoplasm
consisted of cytoplasm and cytoblast. In Table 3.5, we listed the percent of
weights of individual components of some organisms [4, 5]. The majority of
the ions in the ICF are K+ and protein anions whereas in the ECF they
are Na+, Cl− and bicarbonate. From Tables 3.4 and 3.5, we see clearly that
water is present in abundance in the living systems. The water comes from
environment via various organs.
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Therefore, water is a main component in life system and plays very
important roles in life activities as described in Sections 5.1–5.6. Thus,
it is not difficult to conclude that heating water by the millimeter waves
can result in a lot of changes in biological processes and phenomena due
to the closed association of water with bio-tissues and biomacromolecules
as presented in Sections 5.3–5.6. Thus, we can affirm that the millimeter
wave has an obvious biological effect [174, 186], its mechanism of thermally
biological effect is caused by heating water by it in living systems.

5.9.3. The Other Mechanism of Thermal Effect

of Millimeter Waves

We thought that the thermally biological effect of the millimeter waves is
caused by the skin effect of millimeter waves in surfaces of bio-tissues, which
is its another mechanism [174, 186]. This mechanism is described in detail
as follows.

According to the electromagnetic theory [4, 176, 178], we find that
millimeter waves can propagate in the surfaces of human beings, animals
and bio-tissues with thickness L=1/|�τ |, k ∼= τ =

√
2πµσω/c, The Joule–

Lenz heat energy, arising from the penetration or skin effect of the
millimeter wave can be denoted by Eheat =0.24σ �E2

ot, where t is the time
propagating. Obviously, the large for the σ, then the large for the heat
energy. For the surface skin of human beings and animals, the σ=17S/m,
ε=12, therefore, the Joule–Lenz heat energy cannot be ignored. Owing
to this, thermal effect occurs only on the surface skin of human beings
and animal and the membranes of cell, thus its biological effect is only to
facilitate increase the blood circulation in them. Detailing calculation is as
follows.

As is known, the propagation equations of electromagnetic wave
(EMW) including the millimeter wave in medium containing the living
systems in steady state are [4, 176, 178]

∇2 �E′ − µε

c2
∂2 �E′

∂t2
− 4πµσ

c2
∂ �E′

∂t
= 0 and

∇2 �B − µε

c2
∂2 �B

∂t2
− 4πµσ

c2
∂ �B

∂t
= 0, (5.10)

when the medium or living system is exposed under the EMW, where
�E′ and �B are strengths of the electric field and magnetic induction of
the EMW, respectively, ε and σ and µ are dielectric constant, electric
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conductive constant and magnetic conductive coefficient of the medium,
respectively, v = c/

√
εµ is the velocity of propagation of the EMW in the

medium. For a steady EMW, the �E′ and �B can be represented by

�E′ = �E′
o exp[�k.�r − ωt] and �B = �Bo exp[�k.�r − ωt], (5.11)

where ω is frequency of the EMW. For the conductors of σ �=0, the ε is
replaced by complex dielectric constant, ε′ = ε + (4πσ/ω)i, here i=

√−1,
then, its wave vector, k, is also a complex and can be represented by
k′2 =µε′ω2/c2, where �k′ =�k + i�τ , thus

k′2 = (k2 − τ2)+ i(2�k.�τ), (k2 − τ2) = µεω2/c2, (�k.�τ ) = 2πεµω/c2.
(5.12)

For the weak conductive medium of small σ, Eq. (5.11) can be replaced by

�E′ = ( �E′
o exp[�τ .�r]) exp[�k.�r − ωt], and

�B = ( �Bo exp[�τ .�r]) exp[�k.�r − ωt], (5.13)

in such a case. This shows that the amplitude of the EMW is exponentially
decaying with the propagating distance, �r, along �τ inverse direction, the
L=1/|�τ | is just the decaying length. When the conductive current is larger
than the displacement current, i.e., 4πσ/εω>> 1, k ∼= τ =

√
2πµσω/c,

the decaying length L=λ/2π, where λ is the wavelength of the EMW.
Obviously, the large for the ω and σ, then the small for the L and the fast
for the decaying of the EMW. This shows that the EMW can only propagate
on the surface or skin layers of the medium or bio-tissues, including the skin
of human beings and animals, with thickness L which indicates penetration
depth of the EMW in the medium. This effect is referred to as penetration or
skin effect of the EMW. In such a case, the energy of the EMW in the surface
layers is also exponentially decaying in the form of E=Eo exp[−τz], where
Eo =(1/8π)( �E′

o.
�D + �Bo. �H) is the energy incoming EMW, z is the propa-

gating distance for the EMW along the propagating direction, �D is electric
displacement vector, �H is the strength of the magnetic field of the EMW.
Evidently, the decrease in the energy of the EMW is ∆E=Eo(1 − e−1)
in the range of the penetration depth. According to the electromagnetic
theory, the energy losing for the EMW is transformed as the Joule–Lenz
heat energy generated by the conductive current, �J =σ �E′, in the medium or
living system with the resistivity 1/σ. The Joule–Lenz heat energy can be
denoted by Eheat =0.24σ �E2

o t, where t is the time propagating for the EMW
in the medium. Obviously, the large for the σ, then the large for the heat
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energy. For the surface skin of human beings and animals, the σ=17S/m,
ε=12, therefore, the Joule–Lenz heat energy cannot be ignored, it can
enable the temperature of surface or skin layers of human beings and
animal lift. This is just another mechanism of thermally biological effect
of the millimeter waves. Because the data of σ and ε of bio-tissues are
closely related to water contents in them in life systems, this mechanism
of thermally biological effect of millimeter wave is also related indirectly to
water. Then the content of water and its change will affect the propagation
of EMW and the amount of Joule–Lenz heat energy or the biological effect
of millimeter wave. Owing to this, thermal effect occurs only on the surface
skin of human beings and animals and the membranes of cell, thus its
biological effect is only to facilitate increase in blood circulation in them.

5.10. Thermally Biological Effect of Infrared Lights is Due
to Thermal Movement of Water Molecules

Scientists and people pay attention to the biological effect of infrared light
because it is closely related to health and development of human beings,
animals and plants. The infrared lights come mainly from sunshine and
various thermal radiators and equipments, such as, a variety of infrared
medical instruments and health protection equipments and materials
containing infrared lamps, underwear, trousers and belts and a lot of
thermal radiators, which have been extensively used for curing illnesses.
However, some of these instruments are effective, which have applications
in medical functions, but others are not so. Why is this? In such a
case, it is necessary to know mechanism and properties of biological
effect of the infrared lights absorbed. Nowadays, we know that infrared
lights have two different kinds of biological effects, thermal and non-
thermal effects [187–189]. As far as the mechanism of the non-thermally
biological effect is concerned, it has been proposed by us and can be
summarized as follows [189]. The infrared light absorbed by the living
systems can cause the quantum vibrations of amide-Is in protein molecules,
the vibrational quanta (excitons) can become soliton by the self-trapping
interaction with deformations of amino acid lattice [4−7, 177, 190−193].
The soliton with energy acquired from the infrared lights can transport
from one place to another by dipole–dipole interaction between neigh-
bor amides to generate a series of biological effects. Also, the infrared
light can participate in some biological chemical reactions, for example,
CO2 +6H2O +hυ→C6H12O6 + 6O2 (photosynthesis reactions) and the
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reaction between ADP and ATP, H3PO4 +ADP + hυ→ATP +H2, which
were described in Section 5.2, etc. This is the non-thermally biological
effect of the infrared lights. However, the mechanism and properties of
the thermally biological effect of infrared light has not been exposed by
us. This question is quite important in life science and biological medical
engineering. Therefore, it requires further study. In this section we study
the mechanism of the thermally biological effects of the infrared lights and
corresponding medical functions by molecular electronics and non-linear
theory from molecular structures of cell and water.

5.10.1. The Mechanism of Thermally Biological Effect

of Infrared Lights

A great number of experiments show that main influences of infrared lights
on living systems are thermal effects [187–189], i.e., absorbed infrared lights
can result in lifting of temperature in life systems. We can confirm that
this thermally biological effect is a result produced by disorder motions
of bio-water molecules, instead of protein, DNA and other biomolecules,
in the living system [187–189]. In this case, the liquid water is heated by
absorbing infrared lights due to following reasons:

(a) The essence or reason for producing heat may be attributed to the
disorder motion of water molecules.

(b) The experimental fact of the infrared light which can be absorbed by
water, which thus is heated in this case.

(c) The features of molecular structure of water, which can be absorbed
by the infrared lights through the mechanism of resonant absorption as
shown in Chapter 1.

From theories of thermodynamics and statistics, we know that heat is
a result of disorder motion of a large number of microscopic particles. As
shown above, there are a great number of water molecules in living systems,
the water molecule is an important component, and microscopic molecules
in the living bodies. Therefore, their disorder motion can generate heat.
Meanwhile, we know that there is a great amount of water in life bodies as
described above, the water molecules are also polarized and certainly have
electric dipolar moment. In the meanwhile, there are vibrations of water
molecules in water, such as the vibrations of OH bonds, their frequencies
of vibration are just in the ranges of infrared frequencies or wavelengths
as mentioned in Chapter 1 [194–199]. Thus, water molecules can interact
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with the infrared light through the mechanism of resonant absorption [13,
200, 201], i.e., vibration of molecule can radiate or absorb infrared lights
according to theory of molecular physics [202–204], or in other words, liquid
water can absorb infrared lights according to the principle of resonant
absorption. Herzherg et al.’s and Jiang Yijian et al.’s [202–206] and our
experimental results [4–7] confirmed this point by Raman and infrared
absorption experiments and gave that the liquid waters can absorb the
infrared lights with 3000–4000 and 400–2800cm−1 wavelengths. In this case,
the energy absorbed by water molecules in life bodies can only transform
as the thermal energy of its disorder motion, thus the water is heated. In
this case, in order to explain the thermally biological effect of the infrared
lights, we must further study what frequencies of the infrared light can be
absorbed by water molecules and what biological effects are generated by
heating bio-water. Then, we should calculate the vibrational energy spectra
of bio-water molecules.

These problems can be solved by calculating the vibrational energy
spectra of bio-water molecules, which can characterize the properties of
emission and absorption of infrared light of water.

5.10.2. Thermally Biological Effects of Water Heating by

Absorbing Infrared Light

We calculated the vibrational energy spectra of water molecules in non-
linear quantum theory, which was shown in Table 1.8, the experimental
results of infrared spectra of absorption of water in 400–4000, 6000–7000
and 7500–9000cm−1 are shown in Figs. 1.2 and 1.3, 2.2 and 3.2. From
these results, we see that water can absorb the infrared lights with the
wavelengths of 0.6–6.5µm. The energy absorbed from infrared light can
result in the enhancement of quantum vibrations of OH or HOH bonds and
the increase in the kinetic energy of water molecules. These effects not only
can break the hydrogen bonds of the water but also enhance the disorder
thermal motion of individual water molecules because there is no a bio-
organization to transport the vibrational energy to an other place from one
in the liquid water. Thus, the temperature of water increases in this case.
This is just thermal effect of infrared lights.

This mechanism can be confirmed by our experiments. We measured
the infrared absorption of 20 different amino acid molecular crystals, which
construct the protein molecules, under exposure of infrared lights with
2–12µm wavelengths radiated by Zhou Lin spectrum instrument [207].
We found that these amino acid molecules can all absorb infrared lights,
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although their absorption coefficients are different. Very surprisingly, the
shape and conformation of these amino acid crystals was changed, but
their temperature were not altered after exposure of the infrared lights.
This shows that the energy absorbed by these amino acids transforms not
as the energy of their thermal motion, but changes their conformations.
However, if inserting water into these amino acids to form their hydrations,
we discover that the temperature of the hydration of amino acid in water
was raised from 25.6 to 27.2◦C under exposure of infrared light about 10 min
through measurement by thermal sensors with high accuracy. This result
shows that the water in these hydrations absorbed the infrared lights, but
the energy absorbed transforms as that of thermal motions of the water
molecules in them. Thus, the temperature of the hydrations in liquid water
was raised. This result confirms experimentally the validity of the above
mechanism.

Presently, we discuss the biological phenomena that occur in the living
systems due to the lifting of temperature of the water. According to the
biological functions of water mentioned above we can suppose that heating
bio-water causes changes in the following biological phenomena.

(a) Because water is a basic medium in which bio-chemical reactions take
place, therefore, heating bio-water can not only accelerate the speed and
evolution of bio-chemical reactions related with waters due to increasing
the velocity of motion of the molecules joining the chemical reaction,
but also increase the speed of bio-zymes escaping from zymogen (a zyme
source) and reduce the times of motion of the zymes between zymes
and substrate, although it does not affect the modulated effect of zymes
to the substrate.

(b) Heating water can increase the rate of breeding of the cell because its
biological activity depends closely on the status of water. We observed
experimentally that the breeding and fecundity of the cell was enhanced
by about 40–50% under exposure of infrared light produced by Zhou
Lin’s spectrum-instrument when compared with that under no exposure
of infrared light [207]. This demonstrated experimentally that the above
conclusion is correct.

(c) Heating water changes the environment condition of protein molecules
and DNA, thus it can increase also the interaction of the protein
and DNA with environments. Therefore, variations of conformations
and states of hydrophilic and hydrophobic protein molecules and
DNA are enhanced. Thus their functions will be changed also in
this case.
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(d) Heating water enhances the speed of motion of water molecules, changes
the conformations of hydrophilic and hydrophobic protein molecules
and combinations degrees of the protein molecules with waters and
hydrocarbon in cell membrane. Thus, biological activity and recognition
of cell membrane are changed, the ability of cell to recognize each other
is enhanced. Because functions and conformation of cell membrane
change, the speed and capacities of passive and forced translates and
transport of ions including Na+, K+, Ca++ and Mg++ and Cl− on the
membrane and the rate of molecules across cell membrane are enhanced,
then coefficients of diffusion and translation of the ions increase on the
membranes.

(e) Heating water promotes the circulation and microcirculation of blood
and flow of lymph liquid in living systems. Because water forms the
liquid parts in blood and lymph, when the temperature of water
increases, the speed of circulation and microcirculation of blood and
flow of lymph also increase. Meanwhile, because the hemoglobin
molecule and myoglobin molecules store and transport oxygen and
carbon dioxide (CO2) [13] in the plasma in blood, therefore, when
water is heated, the ability to transport oxygen and CO2 are
enhanced also.

These biological effects can be proved by the experiments. We demon-
strated experimentally that the Microelement Bioactivity fiber (a Bio-
energy Fiber) (MBF) made by Chinese VITOP Holding LTD. can radiate
the infrared light with 3–8um wavelengths. Y. Sarah Ynan (Assistant
Professor of Surgery and Medical Physiology Microcirculation Research
Institute in Texas A&M University of Health Science Center in U.S.A)
et al. [208] measure the effect of MBF on microcirculation in the cremaster
skeletal muscle in the rat. In their experiment, male sprague-dawley
rats weighing 100–150g were anesthetized with sodium pentobarbital
(100mg/kg, i.p.) and supplemental doses were given as needed. The
cremaster skeletal muscle was exteriorized and suspended over an optical
port in a tissue bath at pH 7.35–7.45 and temperature 33–35◦C. The left
femoral artery was cannulated and the blood pressure was monitored with a
Gould physiological recorder through a pressure transducer. The cremaster
muscle microcirculation was observed using a Zeiss ACM microscope with
a 20X water immersion objective. Inside diameter of microvessels was
measured using a video caliper. Intraluminal centerline flow velocity was
measured with an optical Doppler velocimeter.
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Eight rats were used to investigate the effects of the MBF on
microvascular caliber and flow velocity in the cremaster muscle. In addition,
the effect of fiber that is made of the same materials without bioactive
contents was examined in five rats as a control study. In each experiment,
an arteriole (3rd order) was selected and its diameter and flow velocity were
first measured under control conditions. Then the tested fiber (2× 2 cm,
two layers) was added to touch the cremaster muscle for 20–30 min and the
parameters were again measured. In some of the vessels, the time course of
the responses was monitored. Paired student test was applied to examine
the statistical significance. The differences were considered significant when
P < 0.05. All the data were presented as means ± SE.

In eight arterioles (diameter 33.50±3.48µm), the centerline flow
velocity under control conditions was 15.69±1.77mm/sec. After admin-
istration of the bioactive fiber, the diameter and flow velocity of the
vessels increased to 50.88±9.70µm (P < 0.05) and 23.06±3.59mm/sec
(P < 0.05), respectively (please see Fig. 5.9). In most of the vessels,
this vasoactive effect started as early as 5–10 min and reached its peak
at 20–30min after adding the fiber. In contrast to the bioactive fiber,
the control fiber did not significantly alter arteriolar diameter and flow
velocity.

The data suggest that the MBF has vasoactive effects on rat cremaster
skeletal muscle. It can significantly increase arteriolar caliber and flow
velocity. Zhou Ke-sen [208] obtained similar results under same conditions.
He measures further the temperature of changes in the surface of skin of
a person’s finger and velocity of arterial limb in nail-fold capillary loop

Fig. 5.9. The effects of MBF on microcirculation of rat cremaster skeletal muscle [208].
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Fig. 5.10. The changes of velocity of arterial limb in nail-fold capillary loop [208].

under the skin through exposure of MBF. He discovers that increase in
temperature in the skin from 25.2 to 26.1◦C after 20 min. This obviously
is thermally biological effect of infrared light. Its changed velocity is
shown in Fig. 5.10. From this figure, we see increases in the velocity of
microcirculation of blood in nail-fold capillary loop. These experiments
show that above theoretical conclusion is correct.

Due to the mentioned reasons, we can affirm that the heating water
results in obvious changes in the biological functions and physiological
properties of cell, protein, DNA and cell membrane. Therefore, we can cure
some illnesses by the thermally biological effect of the infrared lights.

5.10.3. Infrared Transmission Spectra of Fingers

and Surface of Skin

The above results tell us that water can absorb the infrared lights with the
wavelengths of 0.6–6µm. Present problem is whether these infrared lights
can transmit to the skin of human beings or animals and come into the
living systems. In this case, it is necessary to study the features of infrared
transmission in the surface skin of human body and animals. We [209, 210]
measured the infrared transmission spectra of person’s fingers and surface
skin by using OMA with multichannels and an infrared probe systems in
the region of wavelengths of 2–6µm.
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Fig. 5.11. The infrared spectra of transmission of person’s fingers.

5.10.3.1. Infrared transmission spectrum of person’s fingers

The width of seam of OMA used is changed to 0.5mm. The person’s
fingers are put on the seam of OMA and the environment light also is
completely screened in this experiment. The infrared spectrum of substrate
of instrument is first measured, we later measure again the transmission
spectrum of person’s fingers by this instrument. The transmission spectrum
of infrared light for the fingers obtained is shown in Fig. 5.11 [211–215].
In the experimental process, the fingers are scanned about 11 times, the
time of each scanning is 0.99 s. From this result we see that the fingers of
human body can exactly transmit the infrared lights with wavelengths of
2–6µm. Thus, we can say that these infrared lights absorbed by the above
protein molecules and water can transmit to the surface skin of fingers
and come into the living systems, although their strengths of peaks of
infrared absorptions are somewhat different from that of spectra of infrared
absorptions of collagen, hemoglobin, bull serum albumin (BSA) and water
involved in the tissues.

5.10.3.2. Infrared transmission spectrum of surface skin

We measured also the infrared transmission spectrum of surface skin in
back part of human body by an OMA and an infrared probe systems in
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Fig. 5.12. The infrared transmission spectrum of surface skins for human body.

the region of wavelengths of 2–7µm along above way. This result obtained
is shown in Fig. 5.12 [207, 211–215]. From this figure we see clearly that
the infrared lights with wavelengths of 2–7µm can transmit to the surface
skin of human body and come into the living systems. Thus, the infrared
lights with wavelengths of 2–7µm can also transmit to the surface skins
and to interact directly to the protein molecules, for example, the collagen,
hemoglobin, BSA, water in the living systems.

We [211–215] and Chi et al. [216] determined also the infrared radiation
spectra of surface of human body at room temperature using an OMA and
a infrared probe system and a single-photon counter method, respectively.
The experimental results show that the intensities of radiation of infrared
lights for different surface parts of human bodies are different, strengths
of radiation decrease in the light of following sequence; the fingers the
strongest, the palms the second, forehead, cheeks fore arms, upper arms,
chest and abdomen successively. These results are helpful to understand
the properties of infrared absorption and irradiation of surfaces of human
body and animals.
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