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Â ðàáîòå ïðåäëîæåíà íàíîêëàñòåðíàÿ ìîäåëü ôàçîâîãî ïåðå-

õîäà 1-ãî ðîäà æèäêîñòü � òâåðäîå òåëî íà îñíîâå ìîäåëè îñöèë-

ëèðóþùèõ ñâÿçåé è ïåðêîëÿöèîííîé ðåøåòêè ñâÿçåé è óçëîâ. Èñ-

ñëåäîâàíà ñòðóêòóðà íàíîêëàñòåðîâ íà ôðîíòå êðèñòàëëèçàöèè

âîäû, óñëîâèÿ åå âîçíèêíîâåíèÿ è åå ñâÿçü ñ ïîðîãîì ïåðêîëÿöèè

ñòðóêòóðû æèäêîñòè. Âûÿâëåíà ñâÿçü ïàðàìåòðîâ íàíîêëàñòåðîâ

îò ñîîòíîøåíèÿ òåðìîäèíàìè÷åñêèõ è ïåðêîëÿöèîííûõ õàðàêòå-

ðèñòèê ñòðóêòóðû ìåæìîëåêóëÿðíûõ ñâÿçåé æèäêîñòè. Â ðàì-

êàõ ïîñòðîåííîé ìîäåëè èçó÷åíà äèíàìèêà ñòðóêòóðû ðåøåòêè

âîäû. Èññëåäîâàíû êîëè÷åñòâåííûå õàðàêòåðèñòèêè íàíîêëàñòå-

ðîâ æèäêîé ôàçû íà ôðîíòå êðèñòàëëèçàöèè âîäû.

Êëþ÷åâûå ñëîâà: ìåæìîëåêóëÿðíûå ñâÿçè, ôàçîâûå ïåðåõîäû,

íàíîêëàñòåðû, ïîðîã ïåðêîëÿöèè, ìîäåëü îñöèëëèðóþùèõ ñâÿçåé.

Questions of the study of the structural organization of matter are the

focus of attention of physicists, chemists and crystallographers. These issues

are of particular relevance due to the intervention of science in the world

of nanostructures in recent years and the need to develop new ideas in the

description of nanoscale substance.

In this paper, in the development of ideas presented in [1], a new

approach is presented in the description of the processes of formation of
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a nanocluster structure in liquid water, based on our proposed model of

oscillating bonds in the structure of a substance. This approach signi�cantly

expands our ability to analyze phase transitions, understanding the nature

and structure of the condensed state of matter, the formation of clusters.

For the �rst time, a percolation model of the liquid phase at the water

crystallization front has been proposed.

Consider a thermodynamically homogeneous portion of the solid or

liquid phase of a substance in a state where all bonds between molecules

(atoms) are stable. Since a portion of a substance receives some small

amount of heat ∆Q, the internal energy of the molecules U increases by

the same value ∆U = ∆Q. It is quite natural to assume that an increase

in the internal energy of molecules can lead to the breaking of certain

intermolecular bonds. In general, the breaking of a bond can be represented

as a temporary redistribution of the electron density of the atoms forming

the molecules and participating in the bond. For example, for a hydrogen

and van der Waltz bond, breaking a bond between molecules means a

temporary change in the electron density at which one of the molecules

participating in the bond loses dipole properties for a time [2].

In this case, a situation may occur when a part of the bonds between

molecules in the structure of a substance is in a stable state, and a part of

the time in a broken state. And if a substance is in a state with constant

temperature and pressure, then a part of the intermolecular bonds is always

in a broken state. Broken bonds can be restored, moving to a steady state,

and other stable bonds at the same time can break.

Each intermolecular bond in the volume of a substance must oscillate,

i.e. break from time to time and then reappear. Moreover, the distribution

of broken bonds in space and in time should be uniform A further increase

in the internal energy of the molecules increases the number of broken bonds

of the H molecule and, accordingly, decreases the number of stable bonds of

the F molecule (F +H=Km, where Km is the coordination number of the

molecule). The total internal energy of the molecules and the temperature of

a substance depend on the ratio of stable and broken intermolecular bonds.
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The remaining bonds of the neighboring molecules slightly displace the

molecule in question in space. When the bond is restored, the molecule

again occupies its original spatial position. It should be borne in mind

that the molecules with which the selected molecule has bonds, themselves

also oscillate around the equilibrium position during the oscillation of their

bonds. This gives the vibrations of a molecule a chaotic character with

degrees of freedom corresponding to the degrees of freedom of thermal

vibrations.

The molecules of a substance at Ò=0 K, in order to be released from

intermolecular bonds, must be given energy, called the sublimation energy

Es, and equal to:

Es =
i

2
kBTb +∆Qm +∆Qb = Km

Em

2
, (1)

where i � the number of degrees of freedom of the sublimated molecule (for

three or more atomic molecules is 6), kB � the Boltzmann constant, Tb -

the absolute boiling point, ∆Qm � the heat of melting per one molecule,

∆Qb � the heat of vaporization per one, Km � the coordination number of

the molecule in the solid phase, Em � the bond energy at = 0 K.

Formula 1 shows what energy a substance in the solid phase should have

at an absolute zero temperature so that all molecules become free and the

molecule from the solid phase passes into the gas, that is, it becomes free

from intermolecular bonds. The division by 2 on the right side of Formula 1

arises due to the fact that the breaking of one bond refers immediately to two

molecules. In the solid phase, the internal energy of molecules is determined

by the energy of their thermal vibrations (the energy of formation and the

dynamics of crystal lattice defects [3] are neglected, since it is much less than

the latter). The value of the internal energy is found from the experimental

data of calorimetric measurements of heat capacity for di�erent phases of

a substance and the determination of heat capacity = dU/dT , where C �

the calorimetric heat capacity. The heat capacity C has a continuous curve

within the solid phase of the substance. At the melting temperature T = Tm,

the heat capacity function has a jump and then within the liquid phase again
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has a continuous appearance up to the vaporization temperature [4].

F spEm

2
= Km

Em

2
− U = Km

Em

2
−

∫ T

0

CdT, (2)

where F sp � the number of stable molecular bonds in the solid phase at

temperature Ò. At the melting point T = Tm, formula (2) allows calculating

the number of stable bonds of the molecule in the solid phase at the melting

point F sp
m :

F sp
m = Km −

2

Em

∫ Tm

0

Cdt. (3)

In the liquid phase at the melting temperature (crystallization), it is

necessary to subtract the heat of melting (given per molecule) from the

expression of the binding energy in formula (4).

F lpEm

2
= Km

Em

2
−
∫ T

0

Cdt−∆Qm, (4)

where F lp � is the number of stable bonds of the molecule in the liquid

phase at Ò.

Accordingly, we obtain the number of stable bonds of the molecule in

the liquid phase F lp
m at the melting point Ò=Tm:

F lp
m = Km −

2

Em

∫ Tm

0

Cdt− 2

Em

∆Qm. (5)

And the number of stable molecular bonds in the liquid phase F lp
b at the

boiling point Ò=Tb:

F lp
b = Km −

2

Em

∫ Tb

0

Cdt− 2

Em

∆Qm. (6)

The temperature dependence of the number and proportion of stable

molecular bonds for water can be determined by formulas (3) and (4).

The numerical data on water required for calculations (melting point

and vaporization, speci�c heat of melting, molecular weight, coordination

number, and others) are taken from [5�7]. The temperature dependence of
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the heat capacity Cv for ice was taken from [8�10] and water from [11]. For

the gaseous phase, the number of stable bonds of the molecule is assumed

to be zero. The results are presented in the following �gure.

Fig.1. The temperature dependence curve of the stable bonds number molecule F

in the 2 structure, where Kp � the percolation threshold of the H2O lattice, a �

the solid phase, b � the liquid phase, c � the gaseous phase

Calculations by formulas (3), (5), (6) give for the number of stable

bonds of ice at the melting point F sp
m = 3.64. Hence, at the melting point in

ice, the molecule has 3.61 stable bonds, and hence 0.36 bonds are broken

(with a coordination number of 4). In the liquid phase at the melting point

(crystallization) for water we get F lp
m = 3.17, and in the liquid phase at

boiling point F lp
b = 2.65.

Clusters of matter in the transition from the vapor phase to the liquid

phase, as well as in crystallization processes from supersaturated solutions,

have been studied in su�cient detail. In both cases, the cluster molecules

are modeled as gas molecules that can spontaneously interlock with each

other if the free energy of such a molecular association is less. That is, with

and in solutions, cluster molecules are considered as gas molecules in the

solvent structure.

Molecules of a monomolecular �uid cannot be dissolved in other

molecules of the same �uid, they cannot be free from bonds with other
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molecules of a monomolecular �uid. They do not di�er from each other.

These considerations lead to the conclusion that, at �rst glance, there can

be no molecular associations (clusters) in the volume of a monomolecular

�uid. However, the problems of liquid clustering, in particular, at the

crystallization front, can be solved within the framework of the percolation

theory [12; 13].

The number of stable bonds in molecules of both the solid and liquid

phases of a substance at the water crystallization front is obviously half

as large as that of molecules of volume. At the melting point in the liquid

phase at the crystallization front, the following relationships are true:

Fsur =
F lp
m

2
<
F lp
m +∆F

2
=
F lp
m

2
−∆Fp = Kp, (7)

where ∆F � the di�erence in the number of bonds during the percolation

and thermodynamic phase transition, ∆Fp = Kp − F lp
m

2
� the decrease

in the number of percolation bonds when the bond lattice and nodes are

randomized beyond the percolation threshold to the thermodynamic phase

transition.

This inequality (7) re�ects the condition for the formation of clusters in

the liquid phase at the crystallization front of water, in this case clusters

are the basis of the structure of the liquid phase at the crystallization front.

In �g. 1 that the number of stable bonds of water molecules in the liquid

phase at the melting temperature F lp
m is slightly less than 2Kp. Clustering

in the liquid phase of the water crystallization front is possible, since F lp
m <

2Kp. The percolation threshold for water is de�ned in [14�16].

With a decrease in the number of percolation bonds in the process of

randomization of the lattice of bonds and sites beyond the percolation

threshold, the cluster sizes decrease and their number increases. Upon

reaching a thermodynamic phase transition, a solid-liquid, i.e. when the

number of percolation bonds decreases additionally by ∆Fp, nanoclusters

have a well-de�ned size limit [13].

In the model of oscillating bonds, a continuous intermolecular network

of bonds of the structure of a liquid does not contradict the existence of
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selected nanoclusters in the liquid phase at the crystallization front.

Thus, the occurrence of the crystallization front during the liquid-solid

phase transition is a property of the substance self-organization, and the

percolation threshold is overcome in a narrow liquid region by forming

nanoclusters and incorporating them into the solid phase structure. As

noted above, in the bulk, the structure of the liquid is a continuous network

of oscillating bonds of molecules and the formation of clusters in it is

impossible. Nevertheless, despite the formation in the liquid phase at the

crystallization front of nanoclusters, any mentally cut part of the liquid

structure is, like the entire volume, a continuous network of oscillating

bonds. Fluid, in general, is a stable molecular association. Accordingly,

clustering in a liquid does not occur as in gases and supersaturated solutions

by combining molecules into associations, but by separating (dissociating)

the continuous molecular association into clusters.

Such processes of cluster dissociation are investigated in the theory of

percolation [12; 13]. The parameters of such clusters can be determined

within the framework of the percolation model of the lattice of links and

nodes. The coordination number of the percolation lattice is Km. The order

parameter x is determined by the following expression: x = Fsur

Kp
= F lp

2Kp
.

Order parameter at the percolation threshold: xp = 1.

The universal approximation equation for �nding the parameters of

clusters in accordance with [12; 13] has the following form:

Ym∞ | xp − xm |z=| 1− xm |z=| ∆xpm |z, (8)

where Ym � the cluster parameter (lattice property), xm � the order

parameter of the liquid phase at the crystallization front at the melting

temperature (xm = F lp
m

2Kp
), z � the topological exponent, ∆xpm � the

deviation of the order parameter xm from the order parameter in the

percolation threshold xp, the sign �∞� means direct proportionality with

a coe�cient in the order of 1. We use, as far as possible, the notation

generally accepted in the theory of percolation.

The list of values of exponents z and designations of the parameters of
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Table 1

The list of cluster parameters and topological exponentials

(exponents of the universal approximation equation) of a 3D

lattice with a coordination number Km = 4

Cluster parameters Cluster

parameter

designation

Topological

exponent

designation

Topological

exponent

value

The average length of

the �nal clusters

L
a
= 2r

a
− γ

df
−0.711

Maximum mass

(number of nodes) of

a �nite cluster, df �

fractal dimension of

clusters

Mmax −vdf −2.209

Average mass (number

of nodes) of the �nal

cluster

M −γ −1.795

clusters Ym for a 3D lattice of links and nodes with a coordination number

equal to 4 (corresponds to water) at the point x = xm, in which the order

parameter corresponds to the melting temperature, taken from [12; 13] and

are summarized in the following table.

Considering that when calculating the F lp
m value according to formula (5),

only thermal vibrations are taken into account for expressing the internal

energy of molecules (activation and dynamics of crystal structure defects,

which contribute substantially less than thermal vibrations to internal

energy, are not taken into account), then ∆xpm will be a little more and

the found parameters of the clusters are the upper bounds for their values

Using the values given in table. 1, according to formula (8), it is easy to

plot graphs of dependences of cluster parameters Lmax

a
, L̄

a
, M̄ for di�erent

values of the order parameter deviation ∆xpm.
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Fig. 2. The dependence curves of the liquid phase clusters parameters on the

substance crystallization front at the melting point on the deviation of the order

parameter at the percolation threshold ∆xpm: the maximum and average mass

(number of molecules) in the cluster Mmax, M̄ , the maximum and average length

(diameter) of the cluster Lmax,L̄, expressed in lattice parameters a. The vertical

line indicates the parameters of clusters for water

Analysis of the cluster parameters in Fig. 2 shows that as the deviation

of the order parameter ∆xpm decreases, the length and power of the clusters

increase very quickly, and slowly increase with increasing. The singularity

in the properties of the lattice begins to manifest itself at values of the

deviation of the order parameter ∆xpm less than 1% .

For water at the melting temperature (crystallization), the deviation

of the order parameter ∆xpm is 4.6% . Calculations for water within the

framework of the percolation randomized model of knots and bonds give

the results noted in Fig. 1. The average and maximum mass of a cluster

for water in the liquid phase of the crystallization front is 254 and 911

molecules, respectively. The average and maximum cluster lengths are 9.0

and 14.9 lattice periods, respectively.

Within the framework of the model of oscillating bonds, the structure

of the substance in the solid and liquid phase was analyzed as a continuous
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oscillating network of bonds homogeneous in the number of stable intermolecular

bonds.

The temperature dependence of the number of stable molecular bonds

for the solid and liquid phases of a substance, its changes during phase

transitions has been revealed.

The formation conditions and parameters of nanoclusters in the liquid

phase at the crystallization front were determined.
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Summary

Cheredov V. N. Percolation-nanoclusters model of the crystallization

front

A new nanocluster model of a �rst-order liquid-solid phase transition

is proposed based on the model of oscillating bonds and the percolation

lattice of bonds and assemblies. The nanocluster structure at the water

crystallization front, the conditions of its formation, and its relation to the

percolation threshold of the liquid structure are studied. The relationship

between the parameters of nanoclusters and the ratio of the thermodynamic

and percolation characteristics of the structure of intermolecular �uid

bonds has been revealed. Within the framework of the constructed model,

the dynamics of the water structure and its phase transitions is studied.

Quantitative characteristics of liquid phase nanoclusters at the water

crystallization front are studied.

Keywords: intermolecular bonds, phase transitions, nanoclusters, percolation

threshold, model of oscillating bonds.
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