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Abstract—The ion—molecular model of water, which assumes a high concentration of short-lived ions of
H3OJr and OH™ and their proton exchange with neutral H,O molecules, indicates that water cohesion is
achieved in the form of electrostatic interaction between oscillating ions and the molecular dipoles that sur-
round them. It is shown that these oscillators with a frequency of 5 THz are responsible for the specific heat

capacity of water.
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INTRODUCTION

The atomic—molecular structure of liquid water
has yet to be established with certainty, and is still
actively discussed in the literature. It is generally
accepted that water is an ensemble of indivisible H,O
molecules bound by a network of hydrogen bonds
[1, 2]. All modern studies follow this concept [3]. The
question of how translation of H,O molecules occurs
in a network of hydrogen bonds remains unresolved.
This movement is responsible for the incredible vari-
ety of water’s properties (mechanical, thermal, and
electrical) [4].

A system of hydrogen bonds is considered to be a
specific feature of liquid water, and the reservoir of its
internal energy. The energy of a single hydrogen bond
is calculated by dividing the enthalpy of water’s evap-
oration (2240 kJ kg™! at the boiling point) by the con-
centration of molecules (55.5 mol L™!) and four bonds
per molecule. The result is 10 kJ (or 0.1 eV) per bond.
It is believed the bonds are broken and restored in
picosecond times, allowing molecules to rotate and
translationally move at the moment of freedom [3].
Modern models of such dynamics are complex and spe-
cific. The search for a clear physical model remains rel-
evant, as “Water’s structure and dynamics continue to
defy a simple, consistent description” [4].

In [5], we described the dielectric spectra of liquid
water using a model in which the concept of hydrogen
bonding was not employed. We presented water as a
dense gas of particles (molecules and ions) undergoing
thermal collisions and exchanging protons (in other
words, transforming each other). The model success-
fully described the electrodynamics of water with an
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unexpected condition: a high concentration of ions in
water that is 7 orders of magnitude higher than the one
commonly accepted (1.5 x 102 m™ instead of 6.6 X
10" jons of both signs for pH 7).

A strong concentration of separated charges would
mean liquid water has an electric field with high
energy density that could serve as a cohesive factor
(and actually be a material embodiment of a network
of hydrogen bonds). In this work, we explore the pos-
sibility of describing the thermal properties of water
(heat of vaporization and heat capacity) using a model
based on the concepts of electrostatics and hydrody-
namics.

MODEL

A model medium with the structure of liquid water
is shown in Fig. 1. The molecules of H,O with diame-
ter d = 2.8 x 107! m, separated by one quarter of
diameter 6 = 0.7 x 1071 m, are indicated by the circles
[1, 3]. Such sets of molecules are usually shown entan-
gled in a network of hydrogen bonds, with the circles
connected by lines.

In our case, the molecules are free. The medium is
a dense gas whose molecules undergo thermal colli-
sional motion. We assume the expansion of the mole-
cules is restrained by the Coulomb field of the H;O"
and OH™ ions present in the medium (marked with
positive and negative signs). The ions are H,O mole-
cules that either lack a proton or have an excess one. A
charged ion is the center of attraction and polarization
for the surrounding neutral dipole H,O molecules.
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The medium appears to consist of ion-centered
molecular clumps of # molecules.

Excess protons and holes exchange hosts in colli-
sions. Charges pass from molecule to molecule, so that
molecules and ions transform one another; i.e., each
molecule periodically becomes a charged ion, and
each ion becomes a neutral molecule. Charged centers
wander randomly. The polarization cells surrounding
the charges move with them (an ion-centered polar-
ization configuration). Ions in the hydration shell
move like large particles of variable composition.

We believe the motion of particles in water obeys
the Brownian law of diffusion. This means the contin-
uous renewal of the structure of molecules with step €
and ions with step L proceeds in the process of diffu-
sion, where € and L are the distances between the cen-
ters of molecules and ions, respectively. We assume
the tight packing of the spheres is satisfied, so the con-
centration of molecules N, of the medium is

Ny =2/P. (1)
The concentration is in turn considered as the ratio of
the density p of water to its molecular mass my o =
3 x 10-* kg: Ny = p/myy ¢, , Where we consider the ref-
erence density p of liquid water [6] to be the basic

characteristic of the model medium shown in Fig. 1,
and quantities N, and ¢ to be derived from it. At room

temperature, p = 103 kg m3, Ny = 3.3 x 10®* m 3, and
€ = 3.5 x 107! m. The gap between the molecules in
the first approximation is 8 ~ € —d ~ 7 A, where d =
2.8 X 10719 m is the diameter of an H,O molecule [1].

Local rearrangements occur in picoseconds. The
time scale is determined by the thermal velocity of the

molecule v = ,/3kT / my o and, accordingly, by the
time it spans the distance & (= §/v).

In dynamic behavior, the medium has the solid
state property described by Frenkel [7]: in the process
of diffuse thermal motion, an ion (a circle with plus or
minus in Fig. 1) interrupts the translational movement
for a while and oscillates inside the cell from polarized
molecules (dipoles). Like any system of oscillating
charges, such an oscillator emits/absorbs electromag-
netic radiation. According to our assumption, this
oscillatory motion manifests itself in the infrared
absorption spectra in the form of a peak at a frequency
of 5.3 THz [5].

In works that mention the 5 THz peak, it is noted
as special: the peak weakly depends on temperature,
disappears in a supercritical state, and cannot be
described by molecular dynamics methods: “even
polarizable models fail in reproducing this feature”
[8]. It is believed that the peak reflects the dynamics of
the stretching of hydrogen bonds, H-bond stretching [9].

The weak sensitivity of the peak to the isotope
effect, i.e., the replacement of protons by heavier deu-
terons, is fundamentally important for us [10]. This
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Fig. 1. lon—molecular model of liquid water. The circles
represent H,O molecules; the positive signs indicate excess

protons on molecules (H3O+ ions); the negative signs,
proton holes (OH™ ions). The layering of circles in the

center of the figure symbolizes the three-dimensionality of
the medium.

fact suggests that heavy particles oscillate with a
response of 5 THz, namely, oxygen atoms with an odd
number of protons, i.e., ions.

COHESION AND HEAT CAPACITY

Figure 1 illustrates a characteristic molecular motif
in the form of an ion surrounded by neutral H,O mol-
ecules (four such formations are located at the corners
of the figure). The formations diffusely quickly move
in the volume of the medium due to thermal motion.
This fact suggests that, on average, dipole H,O molecules
are constantly located in the field of attraction of ions. We
express the energy of this attraction by the formula of the
electrostatic ion-dipole interaction £, [11]

E,, = qp/(4ne,l’), )

where ¢ = 1.6 x 10~ C is an elementary charge; p =
6.14 x 107*° C m is a dipole moment of H,O molecule;
g, = 8.85 x 1072 F m™! is the dielectric constant of
vacuum,; £ is the distance between oxygen atoms (3.5 X
10~ m at room temperature). The energy calculated
using formula (2) is compared to the experimental
enthalpy of water evaporation from the database in
[12]. We find that the calculated curve in a wide range
of temperatures lies in the experimental dependence
(the lower curve in Fig. 2). We may therefore conclude
Vol. 84
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Fig. 2. Enthalpy of evaporation H and specific heat capac-
ities Cpand Cy of liquid water as a function of temperature.
The dots represent experimental data from [12]; the grey
lines, calculations using electrostatic formulas (4) and
(10); the black lines, fitting with formulas 11a and 11b.

that the ion—dipole interaction of mutually trans-
forming ions and molecules is responsible for the
retention of H,O molecules.

We consider obtained energy H = N,E,, to be con-
vertable into the kinetic energy of microparticles con-
stituting the medium as a result of thermal fluctua-
tions. The oscillation of an ion with a frequency of
5 THz in a cell formed by surrounding centrally polar-
ized H,O molecules is assumed to be the mechanism
of conversion. The vibrational energy is expressed by
the classical formula

Uosc = 3/2x(8), 3)

where K = mu)g is the elastic constant of the oscillator;
m =3 x 1072 kg is the mass of an oxygen atom (in a
molecule or an ion); ®, = 21v,, where v, = 5.3 is the
frequency of the oscillator in THz; and & is the ampli-
tude of oscillations.

It is difficult to consider the operation of the oscil-
lator, since the center of oscillations moves diffusely as
a result of proton exchange between the ions and H,O
molecules (as a result of the transfer of protons from
oxygen to oxygen) [5]. The polarization configuration

of neutral H,O molecules follows the delayed move-
ment of the center. The configuration is shifted by the
redistribution of protons on the H,O molecules sur-
rounding an ion. The described mechanism is obvi-
ously complex. We use two simplifications to continue
our discussion: (a) We increase the number of degrees
of freedom of the oscillator in formula (3) from the
standard three to #; i.e., n is the number of particles
involved in the operation of the oscillator. (b) The
mutual transformation of molecules and ions is
allowed for; i.e., energy H is distributed between oscil-
lating ions and the dipole H,O molecules located in
their fields, according to the principle of equal distri-
bution of energy over degrees of freedom.

Based on the above, we consider energy H to be the
sum of the energies of the oscillators and write it in two
terms:

H = Noqp/(4n8012)
=N, [qp/(8n£062) + nK82/4],

where A, is a concentration of ions such that nNV; = N,,.

C))

Assumption (b) means that each of the terms, is
equal to total energy H when doubled. Formula (2)
then forms a system of three equations, the solution to
which provides the expressions for 8, # and N;:

8 =1/1ap/(2me x). (5)
n = qp| me,k3*), (©6)

N; = No(3/1)". (7)

The magnitudes of the listed values for room tempera-
ture are shown in Table 1. Figure 3 is a graphic illustra-
tion of formula (4).

According to the logic of the model, the second
term in formula (4),

0 = Ny /4, (8)

represents the energy of an oscillator responsible for
the accumulation of heat. Q then has equal potential
Op and kinetic Qx components. Allowing for elastic
constant k¥ = m(2nv,)?, vibration frequency v, = v/d,
and thermal velocity v = (3kgzT/m)'/? of a particle, the
latter are reduced to

Ok = o’ Nok;T, )

Table 1. Model parameters at room temperature. Input parameters are N, (the total concentration of particles) and x (the
elastic constant of an oscillator at 5 THz). Output parameters are N, (concentration of ions), € (the distance between the
centers of molecules), & (the intermolecular gap), and » (the number of particles in the oscillator)

Ny, m—3 K, kg s 72 N, m™?

€, m 5, m n

3.3 x 1028 33 1.4 x 107

3.5%x 10710 0.7 x 10710 24
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where o is a dimensionless fitting coefficient that we
define below. In the chosen approach, the derivative of
Ok with respect to temperature is specific heat capacity

C = (0N, T) kg’ (10)

where the derivation with respect to 7 is indicated by
the prime mark.

The two upper curves in Fig. 2 show the result from
comparing calculations using formula (10) and the
experimental findings from the database in [12]. The
heat capacities of liquid water at constant pressure Cp
and constant volume C), are the same in the range of
room temperature, and they are accurately conveyed
by formula (10) with coefficient o/ close to unity
(0.935). At elevated temperatures, experimental C,
and Cjdiverge. This effect in formula (10) is contained
in the specific temperature behavior of factor (o.N,7)".
Formal fitting of o to experimental Cp and C yields

op = 1.65%10*/(4.4x10* + (T —247)%) +0.57, (11a)

o, =0.935-1+10727"). (11b)

We do not consider the origin of the difference
between C, and Cy; instead, we focus on the coinci-
dence between the calculations using (10) and the
findings from experiments at room temperature.

RESULTS AND DISCUSSION

Figure 2 shows that the time-averaged energy of
ion—molecular interactions in water is expressed by
simple electrostatic formula (4). As a result of the
mutual transformation of charged and dipole parti-
cles, this energy has a pronounced minimum that
depends on the distance between molecules. The min-
imum parameters correspond exactly to the parame-
ters of liquid water (enthalpy of evaporation H = 2.4 X
10° kJ kg~ ! and distance £ = 3.5 x 10~'" m between the
centers of molecules). In dynamics, this means mole-
cules with dipole moment p that are trying to expand
are held back by charge ¢, which pulls them together at
stationary distance €.

Electrostatic model (4) yields a high concentration
of separated charges (ions) at the greatest density: N; =

1.5 x 102 m~3, exactly the one we obtained earlier in
our model description of the dielectric characteristics
of water [5]. At this concentration, the ions are sepa-
rated by distances of L = 1 £ 0.05 nm. This would
seem to be a fundamental parameter of the model that
determines the behavior of water under the conditions
of its spatial structuring (in porous media).

The mutual transformation of ions and molecules
proceeds as a result of proton exchange during thermal
ion—molecular collisions. The characteristic period of
exchange is determined by thermal velocity v =

J3kT / my o of a particle and thus the mean free path:
t=2A0=0.7 x 10719/(6.4 x 10%) s = 0.1 ps. If this is so,
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Fig. 3. Bonding energy of an ensemble of mutually trans-
forming charged and dipole particles, depending on the
distance between the centers of the particles calculated
using formula (4). The position of minimum and the value
of energy in the minimum correspond to the parameters of
liquid water with an accuracy of several percent.

the collisional redistribution of protons on # = 24 mol-
ecules around an ion takes ~2.5 ps (the lifetime of the
charge in the hydration cell). A similar time is found in
modern models, but it has a different meaning; i.e., it
is considered the characteristic time of the breaking
and reforming of hydrogen bonds (the lifetime of a
hydrogen bond) [3].

According to our model, heat Q is accumulated in
liquid water via the energy pumping of an oscillator.
The 24 molecules of H,O, each of which becomes an

H;0" ion or an OH~ ion for 2.5 ps as a result of colli-
sions and proton exchange, participate in the process.
The efficiency of this mechanism is o> = 3 times
higher than that of the classical harmonic oscillator
FEosc = 3kT.

There is another approach to describing the prop-
erties of liquids from the viewpoint of solid state phys-
ics: interpreting the heat capacity of liquids in terms of
phonons [13]. The wandering oscillators considered in
this work correspond to this approach, as they give
macroelasticity to water. This problem would seem
promising for theoretical analysis.

CONCLUSIONS

It was shown that the Coulomb field of charges
(protons and proton holes) which moves in Brownian
fashion over H,0 molecules is a factor in the connect-
ing of liquid water molecules within the ion—molecu-
lar model we proposed earlier. The model explains the
stability of water as a system of oxygen and hydrogen
atoms through the competition between two processes:
Vol. 84
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the thermal scattering of H,O molecules and their gath-
ering through the Coulomb attraction of ions.

In this model, liquid water accumulates heat

through ion oscillators with a frequency of 5 THz;
these are groups of ~24 molecules of H,O gathered by
the charge pulling them together with a localization
time of 2.5 ps.
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