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The All-Russian (All-Union) Workshop of  
the Russian Academy of  Sciences did not even 
grow from the colloquium of  the laboratory, 
but of  a group for studying the structure of  
liquid and solutions at the Kurnakov Institute 
of  General and Inorganic Chemistry (IGIC) 
of  RAS. In 1965, he became a seminar at 
the laboratory of  the structure of  water and 
aqueous solutions of  IGIC and very quickly 
grew into an All-Union seminar because its 
organizer, inspirer and leader until his death 
in 1980 was the outstanding Russian scientist 
Professor Oleg Yakovlevich Samoilov, the 
author of  the well-known translated into 
Japanese, German and English, the book "The 

structure of  aqueous solutions of  electrolytes 
and ion hydration" (Moscow, Nauka Publ., 
1957). O.Ya. Samoilov, the author of  the 
discovery of  the phenomenon of  negative 
hydration, proposed a new molecular kinetic 
approach to solutions based on liquid physics, 
and managed to make the seminar a center 
of  attraction and consolidation of  research 
on the theory and experiment of  liquids and 
solutions, not only in the Soviet Union, but 
and in many countries of  the world. The 
works of  a large army of  scientists, both 
continuing to develop the work of  O.Ya. 
Samoilov, and offering original ideas on the 
theory and physicochemical experiment of  
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liquids and solutions were widely discussed 
at seminar meetings.

After the death of  O.Ya. Samoilov, the 
seminar continued to work and in 1982 
celebrated its 100th meeting. At this 100th 
meeting, the requirements for the speakers 
were formulated –professionalism, the 
current level of  the problem being discussed, 
clarity of  presentation and theses of  the report 
provided in advance. Requirements for the 
leaders of  the seminar – a clear organization 
and friendly scientific atmosphere at the 
seminar.

In 1986, the Presidium of  the Russian 
Academy of  Sciences approved the status 
of  the seminar as a permanent All-Union 
seminar of  the USSR Academy of  Sciences 
on the structure of  liquid solutions, working 
at the Department of  Rare Elements of  the 
IGIC of  the USSR Academy of  Sciences, and 
appointed it Сhairman M.N. Rodnikova, first 
employee of  O.Ya. Samoilov and secretary 
of  his seminar [1]. From then until now, our 
seminar has been working: reports of  leading 
scientists in the field of  the science of  liquids 
and solutions of  not only Russia, but also 
other countries of  the world are listened and 
discussed.

Among the speakers at our seminar – prof. 
I.Z. Fisher, academicians: K.A. Valiev, A.I. 
Rusanov, L.B. Boynovich, Corresponding 
Members: I.L. Fabelinsky, G.A. Krestov, N.A. 
Smirnova, P.L. Privalov, A.B. Yaroslavtsev, 
I.V. Melikhov; professors: N.D. Sokolov, G.A. 
Martynov, Yu.K. Tovbin, Yu.M. Kessler, G.G. 
Malenkov, Yu.I. Naberukhin, V.L. Voeykov 
and other leading scientists of  our country.

Among the foreign scientists who lectured 
at our seminar were: prof. S.A. Angel (USA), 
prof. H. Herz, prof. A. Geiger, prof. J. Barthel, 
prof. V. Look, prof. K. Heisenger, prof. G. 
Zundel (Germany), prof. E. Yamaguchi 
(Japan), prof. I. Ben-Naim, prof. I. Marcus, 
prof. Y. Feldman (Israel); prof. L. Sobchik, 
prof. Z. Kentsky, prof. I. Sadley (Poland); 
J. Gill, prof. A. Kornyshev (England); prof. 
A. Kalinichev (France) and others who 
came to Russia at the invitation of  the IGIC 
RAS (Moscow) or the Institute of  Solution 
Chemistry RAS (Ivanovo), leading scientists 
in the field of  fundamental and applied 
science of  liquids and solutions.

The work of  the seminar is usually one 
meeting – one hour report. In our century of  
tremendous differentiation, review works are 
very important in all areas of  science. They 

MARGARITA N. RODNIKOVA PREFACE TO ISSUE

Fig. 1. Kurnakov IGIC RAS, seminar meeting March 03, 
2020, report L.O. Kononov (Zelinsky IOC RAS). Photo 

A.A. Kharchevsky [2].

Fig. 2. Kurnakov IGIC RAS, seminar meeting March 3, 
2020, questions for the speaker. Photo A.A. Kharchevsky [2].
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are reported at our seminar. New views, new 
ideas, new scientific directions. Sometimes 
meeting topics are asked by the organizers of  
the seminar. The department of  our seminar 
saw dozens of  prominent specialists in the 
field of  physical chemistry of  liquids and 
solutions. We will name only a few of  them.

Liquid State Physics: I.Z. Fisher and his 
school (Odessa), G.A. Martynov, G.N. 
Sarkisov (Pushchino-on-Oka), Yu.K. Tovbin; 
R.R. Dogonadze, A.M. Kuznetsov, Yu.P. 
Syrnikov, V.A. Soloviev (Leningrad State 
University), V.P. Voloshin (Novosibirsk).

Methods for studying the mobility of  particles 
in a liquid: K.A. Valiev (theory and Kazan 
school of  NMR spectroscopy, spin echo), 
M.I. Shakhparonov, Gaiduk, Yu.D. Feldman, 
A.K. Lyashchenko (dielectric spectroscopy).

H. Herz, R.K. Mazitov, V.I. Chizhik, 
O.A. Bezrukov (Leningrad State University), 
V.A. Shcherbakov (Radium Institute) (NMR 
spectroscopy, relaxation).

A.Geiger, A.G. Grivtsov, N.K. Balabaev 
(Pushchino-on-Oka), V.P. Voloshin 
(Novosibirsk), G.G. Malenkov, M.M. Frank-
Kamenetsky, M.A. Maso (molecular dynamics 
method).

Hydrogen bonding – the nature of  the hydrogen 
bonding: N.D. Sokolov, I. Goldstein, L. 
Sobchik, I. Sadley, Yu.V. Novakovskaya.

IR and Raman spectroscopy of  H-bond –Yu.I. 
Naberukhin, G.V. Yukhnevich, G. Zundel, 
N.A. Chumaevsky.

Hydrophobic effects – Yu.M. Kessler, Yu.I. 
Naberukhin, G.G. Malenkov, G.N. Zatsepina, 
M.N. Rodnikova, D.P. Kharakoz, A. Ben-
Naim, I. Markus, L.V. Abaturov, P.L. Privalov, 
A. Geiger.

Molecular dynamics – a computer experiment 
– a necessary experiment to study the structure 
and mobility of  particles in a liquid – a condensed 
but mobile phase – A.G. Grivtsov, E.E. Shnol 
(Pushchino-on-Oka), P.N. Vorontsov-
Vel'yaminov (Leningrad State University), A. 
Geiger, N.K. Balabaev, D.K. Belashchenko, 
G.G. Malenkov, Yu.I. Naberukhin.

Unfortunately, a number of  the scientists 
listed above have already left this world. In 
memory of  them, seminars were held at 
which their achievements and contributions 
to the development of  SCIENCE on liquids 
and solutions were presented. These were 
seminars in memory of:

about prof. O.Ya. Samoilov, who proposed 
a new molecular kinetic approach to liquid 

PREFACE TO ISSUE A BRIEF HISTORY OF THE ALL-RUSSIAN SEMINAR OF RAS ON 
THE STUDY OF THE STRUCTURE OF LIQUIDS AND SOLUTIONS

Fig. 3. Kurnakov IGIC RAS, seminar meeting March 3, 
2020, questions for the speaker. Photo A.A. Kharchevsky [2].

Fig. 4. Seminar meeting on March 03, 2020, the chairman of   
seminar, DrSci Chem, prof., Honored Scientist of  the Russian 
Federation Margarita Nikolaevna Rodnikova. Photo A.A. 

Kharchevsky.
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solutions, the author of  the discovery of  
the phenomenon of  negative hydration; the 
founder of  our workshop;

about prof. I.Z. Fisher – a great scientist 
in the field of  liquid state physics;

about Alan Georgievich Grivtsov –
who developed and applied the method of  
molecular dynamics to the study of  various 
aspects of  the physical chemistry of  liquid, 
especially heterogeneous, systems, which 
created an entire school of  molecular 
dynamists in Russia;

about prof. A.M. Kuznetsov –academician 
of  the Danish Academy of  Sciences, a 
brilliant representative of  the theoretical 
school of  electrochemists of  Russia;

about prof. N.A. Chumaevsky, the 
brightest experimenter in the field of  
vibrational spectroscopy, whose work on 
H-bonds in water and in aqueous systems 
made it possible to understand the mechanism 
of  mobility of  water molecules on a network 
of  hydrogen bonds;

about prof. Josef  Bartole (Regensburg, 
Germany) – a major specialist in microwave 
research of  liquid systems, a great friend of  
our seminar – the editor-in-chief  of  Journal 
of  Molecular Liquids, who suggested that 
we issue two times a special issue of  this 
journal: the first V.82, No. 1, 1999, dedicated 
to our seminar, and the second V.106, No. 
2-3 of  2003, dedicated to the founder and 
mastermind of  our workshop, prof. O.Ya. 
Samoilov. The content of  these two issues is 
attached to this article.

At our seminar, works of  a wide scientific 
profile are presented, for example, on 
the history of  science (S.E. Shnol, G.G. 
Malenkov) or on the methodology of  
scientific research (Yu.V. Chaikovsky). The 
works of  international and Russian scientific 
congresses and conferences are highlighted. 

We always tried to keep the seminar 
participants up to date with new world 
scientific discoveries and achievements.

Great organizational assistance is 
provided by the secretaries of  the seminar: 
K.T. Dudnikova, T.M. Val'kovskaya, N.V. 
Bryushkova (Kalacheva), I.A. Solonina, D.A. 
Sirotkin.

Our workshop is 58 years old. He managed 
to go through and survive in the difficult 
years of  perestroika, FANO, unscrupulous 
competition, hostility and envy.

Thanks to everyone who supported us and 
did not let the fundamental science of  liquids 
and solutions die. Thanks to the theoretical 
group of  the Frumkin Institute of  Physical 
Chemistry and Electrochemistry of  the 
Russian Academy of  Sciences, the Institute of  
Solution Chemistry of  the Russian Academy 
of  Sciences and its director, Corresponding 
Member of  the Russian Academy of  Sciences 
G.A. Krestov, academician I.I. Moiseev, 
academician A.I. Rusanov.

Special thanks to the Russian Foundation 
for Basic Research.

Thanks to the Editor-in-chief  of  the 
RENSIT journal V.I. Grachev for the 
opportunity to present our seminar by 
publishing in this issue the works of  its 
participants that have been heard at it in 
recent years.

REFERENCES
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1. INTRODUCTION
In a previous message it was shown that the 
laws of  thermodynamics are an unambiguous 
consequence of  the laws of  quantum 
mechanics (see [1]). Moreover, in conjunction 
quantum mechanics → statistical mechanics → 
thermodynamics, the initial theory (i.e., quantum 
mechanics) describes all the phenomena in the 
micro – world of  atoms and molecules, not only 
qualitatively, but also quantitatively. The same can 
be said about thermodynamics: it describes all the 
properties of  all equilibrium macroscopic bodies 
absolutely precisely. Therefore, one would expect 
that Gibbs statistical mechanics, combining 

quantum mechanics with thermodynamics as a 
whole, would also be an absolutely general and 
absolutely accurate theory. But in its present 
form, it is neither general nor exact.

Gibbs theory does not describe critical 
phenomena, first-order phase transitions, 
similarity laws, etc. Therefore, it is not common. 
It also cannot be considered accurate, since it 
describes real substances with a very large error. 
As is known, in the case of  gases, the potential 
energy of  the system is always specified as 
the sum of  pair potentials, U(N) = ΣΦij. From 
a physical point of  view, this approximation 
is the most justified – it qualitatively correctly 
reflects the fact that in rarefied systems, particle 
collisions are paired. But even in this case, there 
is no quantitative agreement between theory and 
experiment. Summarizing the data of  several 
authors, Y. Barash writes "... the magnitude of  
the van der Waals interaction of  macroscopic 
bodies obtained in additive approximation  of  
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paired forces, even in the simplest cases differs 
from the correct result usually by 20-30%" (see 
[2], p. 14). This estimate, in all probability, is 
underestimated, since later data indicate an error 
of  about 40% even in the case of  noble gases, 
for which the potentials Φij are calculated by 
quantum mechanics with very high accuracy (see 
[3]). With an increase in density, the error can 
only increase, since with the transition to liquids, 
pairwise collisions of  particles are gradually 
replaced by multiparticle collisions. And many-
particle collisions should be described by many-
particle potentials Φij...k, about the properties of  
which we know even less than about the properties 
of  pair potentials. And, just as importantly, it 
is impossible to describe the transition from 
pairwise interactions to multiparticle interactions 
within the framework of  the existing theory, 
since in the Hamilton equations potentials are, 
by definition, once and for all given functions 
whose values are independent of  either density 
or temperature. Therefore, it seems to me that 
the search for "true" potentials that accurately 
describe the properties of  real systems is unlikely 
to lead to success. I believe that the solution to 
the problem must be sought elsewhere.

From a mathematical point of  view, the Gibbs 
theory is logically coherent and impeccable (see 
[1]). And only in one point does it become 
insufficiently consistent: in it, the potential 
energy of  the system U(N) is assumed to be a 
constant value, independent of  time. But at the 
same time, Gibbs simultaneously determines the 
temperature of  the system using the Maxwell 
distribution, which describes fluctuations in 
the velocities of  particles, the amplitude of  
which is a random function of  time. Therefore, 
in the Maxwell-Gibbs theory, kinetic energy 
K(N(t) must fluctuate. Accordingly, the potential 
energy of  the system U(N) = E(N) – K(N)(t) should 
fluctuate also, since in closed isolated systems, 
which are described by the Gibbs theory, the 
total energy of  the system E(N) = const. These 
fluctuations are not taken into account in Gibbs 
theory. In this message, we will try to eliminate 

this shortcoming. Looking ahead, I will say 
that taking into account fluctuations not only 
introduces a quantitative correction into the 
formulas of  modern statistical mechanics, but 
also leads to significant changes in our ideas 
about what is happening in the micro world of  
atoms and molecules (see the Conclusion).

2. THERMODYNAMIC PARAMETERS 
OF FLUCTUATING SYSTEMS
Hamiltonian systems. As in the previous 
message, we will consider a system occupying a 
volume V and containing N particles. We will 
also assume that its state is described by the 
quantum Liouville equation

( )ˆ ˆ ˆˆ ˆ 0,i H H
t

∂℘
+ ℘−℘ =

∂ 

 (1)

in which ℘̂ is the operator that determines the 
state of  the system, and Ĥ  is the Hamilton 
operator. Our task: – to prove that even if  the 
fluctuation energy is taken into account, all the 
formulas of  thermodynamics follow from this 
quantum equation (in the previous message this 
problem was solved without taking fluctuations 
into account).

We will solve the quantum Liouville equation (1) 
by expanding the desired probability ℘̂ in a series 
in powers of  the Planck constant ћ. In this case, 
the zero term of  the series becomes zero, since (

Ĥ Ĥ  – Ĥ Ĥ ) = 0, and in the series 
0

ˆ j
j

j

∞

=

℘= ℘∑

, only the first non-vanishing term with a 
coefficient ћ0 = 1 will be purely classical (see [4]). 
The remaining members of  the series determine 
quantum corrections to the classical parameters 
of  the system, which can be neglected, since 
they do not contribute to thermodynamics. The 
analysis of  the first term in this series is limited 
here.

In the approximation ћ0 = 1, ћk = 1 at k  ≥ 1 
, the Liouville quantum equation reduces to the 
classical Liouville equation (see [4])

( ) ( ) ( ) ( ) ( )

1
.

N
N N N N N

i j j j j

H H
t r p p r=

 ∂℘ ∂ ∂℘ ∂ ∂℘ = ⋅ − ⋅ ∂ ∂ ∂ ∂ ∂  
∑  (2)
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In (2), the Hamiltonian of  the system   H(N)
(t) = K(N)(pi(t)) + U(N)(rij(t)) is a function of  time 
t, since in equilibrium systems the particles 
continue to move. Accordingly, the probability 

( )( ) ( ), ( ) ,N i ir t p t℘  describing the state of  the 
system will also be a function t. Substituting 

( ) ( )( ) exp( ( ) / )N Nt H t θ℘ = −  in (2), we obtain, as 
before, the canonical Gibbs distribution

( ) ( )
( )

1( ) exp( ( ) / )N N
N

G t H t
Q

θ= −  (3)

in which, however, in the exponent is a function 
of  time. And since it follows from (2) and (3) 
that ∂H(N)(t)/∂t = 0, then the total energy of  the 
system

( )( ) ( ) ( ), ( ) .N N i iE H r t p t const= =  (4)
This equality has the meaning of  the law 

of  conservation of  energy. Since energy is 
conserved only in closed isolated systems, 
equality (4) means that the Gibbs theory is valid 
only in the case of  microcanonical ensembles 
forming closed isolated systems.

The obtaining solution describes the 
instantaneous states of  the system. However, 
they are not interested by us, because in our 
macro-world we have deal with parameters, 
average on large (macroscopic) time interval 
T → ∞

( ) ( )
0

( )

1( ) lim ( )

lim ( ( ), ( )) .

T

N NT

N

t t dt
T

r t p t d

→∞

Γ

℘ = ℘ =

= ℘ Γ

∫

∫
 (5)

To take into account the dependence of  the 
system parameters on time in (5), we set

( ) ( ),   ( ) ( ),i i i i i ir t r r t p t p p tδ δ= + = +  (6)

where ( )i ir r t= , ( )i ip p t=  is average values 
of  coordinates and momenta of  particles 
independent of  t, and δri(t), δpi(t) is fluctuations 
of  these parameters, i.e. their deviations from 
average values ri, pi. In view of  (6), the total 
energy of  the system becomes equal

( )( ) ( )

( ) ( )

( ), ( )

( , ) ( ) ,
N N

N N

E H r r t p p t

H r p H t const

δ δ

δ

= + + =

= + =
 (7)

where

( )

2
( ) 2

2
1

2
( ) 2

2

( )

( , )1 [ ( )]
2

( , )
[ ( )] .

N

N
N

i
i i

N
i

i

H t

H r p
r t

r

H r p
p t

p

δ

δ

δ

=

=

∂
= +

∂
∂

+ 
∂ 

∑

In view of  (6), the total energy of  the system 
becomes equal to

( ) ( ) ( )
( )

1 1exp ( , ) ( , ) ,N N N
N

G H r p H
Q

δ ρ θ
θ

  = − +   
 (8)

where H(N)(r,p) is standard Hamiltonian of  
classical mechanics and ( ) ( , )NHδ ρ θ  is constant, 
which take an account the fluctuationу. Since 
it is obtained by averaging over the coordinates 

( )i ir r t=  and momenta  ( )i ip p t= of  all particles, 
the resulting additive can only be a function ρ
,θ; it does not depend on instantaneous values 
of  coordinates and; it does not depend on 
the instantaneous values of  coordinates and 
momenta. Therefore, after differentiating with 
respect to ri and pi it disappears from the Liouville 
equation (2), which has the meaning of  the force 
balance equation.

Kinetic energy. We now consider each of  the 
components of  the Hamiltonian in more detail. 
Assuming that pi(t) = pi + δpi(t) we write the 
kinetic energy in the form

2
( )

2 2

1 1

1( ) [ ( )]
2

1 1 ( )] ,
2 2

N i i

N N

i i
i i

K t p p t
m

p p t
m m

δ

δ
= =

= + =

= +

∑

∑ ∑
 (9)

where 
2

2

1

1 v
2 2

N

i
i

mp N const
m =

= =∑  is the total energy 
of  the system moving at a constant speed v = 
const. In the laboratory coordinate system in 
which the system is at rest, this energy is equal to 
zero, since v = 0 and therefore

2
( )

1

2

1( ) ( )]
2

( )] 3 .
2 2

N

N i
i

K t p t
m

p tN N
m

δ

δ θ

=

= =

= =

∑
 (10)
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As a result, the average value of  the kinetic 
energy of  one particle (i.e. temperature) turns 
out to be equal to the average value of  the square 
of  the fluctuations of  the momentum 2 ( )ip tδ
, but not the square of  the average value of  the 
pulse itself  2

ip  = 0. Consequently, kinetic energy 
contributes only to the fluctuation component 
of  the Hamiltonian ( ) ( , ).NHδ ρ θ  This is because 
the thermodynamic equilibrium is not absolute 
equilibrium, at which all particles are unmoving; 
it is a detailed equilibrium at which particles 
continue to move continuously, while the 
macroscopic means of  all parameters remain 
unchanged.
Potential energy. We put the distance between 
the particles equal rij(t) = rij + δrij(t) and put them 
in a series U(N)(rij + δrij(t)) along δrij(t). Averaging 
the expression thus obtained, we obtain

( )( ) ( ) ( )

2
( ) 2

( ) 2

( ) ( )

( ) ( ) ( )

( )1( ) ( )
2

( ) ( , ).

N ij N ij N

N ij
N ij ij

ij

N ij N

U r t U r U t

U r
U r r t

r
U r U

δ

δ

δ ρ θ

= + =

∂
= + =

∂

= +

 (11)

Here ( ) ( )( ) ( , ) ( , )N ij NU r U Nuρ θ ρ θ≡ =  is the 
potential energy calculated under the assumption 
that all particles are at an average distance ( )ij ijr r t≡  
from each other, and ( ) ( , ) ( , )NU N uδ ρ θ δ ρ θ=  is 
the fluctuation energy. Set it equal

( , )( , ) .u φ ρ θδ ρ θ θρ
ρ

∂
=

∂
 (12)

Such a record does not impose any restrictions 
on a particular form ( ) ( , )NUδ ρ θ , but it ensures 
that the fluctuation energy vanishes at zero 
density 0ρ =  and at zero temperature θ = 0.
Internal energy. In view of  (10) and (12), the 
total (or, what is the same, internal) energy of  a 
closed isolated system ( ) ( ) ( )N N NE K U= +  is equal 
to

( ) / ( , )

3 ( , ) .
2

Ne E N u ρ θ

φ ρ θθ θρ
ρ

= = +

 ∂
+ + ∂ 

 (13)

In this expression, the sum in square brackets 
determines the energy of  fluctuations. It 
consists of  fluctuations of  kinetic energy 3θ/2 
and fluctuations of  potential energy

( , )( , ) .u φ ρ θδ ρ θ θρ
ρ

∂
=

∂

Free Energy. Gibbs defined the free energy 
system as

( )

( ) ( ) ( )

3 3
( ) 1

( , ) ( ) ln ( )

1ln exp ( ) / ... .

N N N

N NN
V

F F t Q t

U t d r d r
V

ρ θ θ

θ θ

= = − =

 
= − − 

 
∫

 (14)

Substituting into this expression 
( ) ( ) ( )( ) ( ) ( )N N ij NU t U r U tδ= +  and taking out 
( ) ( ) ( , )N ijU r Nu constρ θ= =  the integral sign, we 

obtain

( )

( ) ( )

3 3
( ) 1

( , ) ( , )

1ln exp ( ) / ...

N N

N NN
V

F U

U t d r d r
V

ρ θ ρ θ

θ δ θ

= −

 
− − 

 
∫

 (15)

or what is the same

( )( , ) / ( )
( , ) ( , ),

N ijf F N f r f
u
ρ θ δ

ρ θ θδϕ ρ θ

= = + =

= +
 (16)

where ( ) ( , )ijf r u ρ θ=  and ( , )fδ θδϕ ρ θ=  is the 
free energy of  fluctuations of  one particle.

Pressure. By definition the pressure is1

( ) 2 ( , )( , ) NF fP
V

ρ θρ θ ρ
ρ

∂ ∂
= − =

∂ ∂
 (17)

Therefore
( , ) ( ) ( , ),ijP P r Pρ θ δ ρ θ= +  (18)

where

2 2( / )( ) ,     .ij
uP r Pθ δϕθρ δ θρ
ρ ρ

∂ ∂
= =

∂ ∂
 (19)

Law of  energy conservation. Taking into 
account the above formulas, the energy 
conservation law θs = e – f is written as

1Here we have taken into account that  ( )NF Nf=  and 
2/ ,   /V N dV Ndρ ρ ρ= = − .
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[ ]

3( / )
2

3 ,
2

Ns S N u

u

θ θ θ θδφ

θδϕ θ δφ δϕ

  = = + + −    
 − + = + − 
 

 

or 3 .
2

sθ θ θδφ θδϕ= + −  Thus, in the fluctuation 
theory, the entropy of  the system S(N) is 
determined by the average values fluctuations 
of  the kinetic energy ( ) 3 / 2,NK Nδ θ=  the 
average values fluctuations of  the potential 
energy ( )NU Nδ θδφ= , and the average value 
fluctuations of  the free energy ( )NF Nδ θδϕ=
; the average values of  these parameters (i.e. 

( ) ( ) ( )0,  ,  N N NK E F= ) are not included in this 
formula. This fluctuation theory differs from 
the Gibbs theory, in which ( ) ( ) ( ) .N N NS E Fθ = −

According to the Nernst theorem, the 
entropy of  a given body at an absolute zero of  
temperature must be equal to zero. Obviously, 
in this case, the fluctuations of  energy δφ  and 
free energy δφ should also vanish. Therefore, in 
order to simultaneously vanish and entropy, we 
must put 3 

2
s sδ= + , where 3/2 is entropy of  

ideal gas. After that, the energy balance equation 
can be written as

.sδ δφ δϕ= −  (20)
The introduction of  the constant 3/2 in the 
definition of  entropy does not violate the initial 
postulates of  the theory, since after substituting 
(20) in the Liouville equation this constant 
disappears.

3. SOME FEATURES OF THE GIBBS 
THEORY
On this, in fact, could end the discussion of  the 
Gibbs theory, since the problem of  justifying 
thermodynamics has been solved. But at the 
same time, some features of  this theory went 
unnoticed. It seems to me useful to mention 
them.
The van der Waals equation. When deriving 
his equation, van der Waals divided the second 
virial coefficient B2(θ) into the repulsive (short-
range) and attractive (long-range) parts, putting 

B2 = α – β. Then he suggested that the repulsive 
part α << 1 and used the well-known expression 

1 1
1

x
x
≈ +

−
, which is true at x << 1. As a result, 

he got his famous equation

[ ]

[ ]

2
2

2 2

1 ( )

1 .
1

P Bρθ ρ ρθ ρ α β
ρθρθ ρα ρ β ρ β
ρα

= + = + − =

= + − ≈ −
−

In contrast, in fluctuation theory

( )21 ,effP Bρθ ρ= +

where

 2 2 2 ,eff fluctB B B= −  α = В2(θ), 2 0( , ) .fluctB ρβ ρ θ ==
and

2
2

2

2
2

(0, );
1 ( )

1 (0, ).
1 ( )

fluct

fluct

P B
B

Z B
B

ρθ ρ θ θ
ρ θ

ρ θ
ρ θ

= −
−

= −
−

 (21)

Thus, in the fluctuation theory, the short-range 
component of  the vdW-equation is described by 
the second virial coefficient, and the long-range 
component is determined by fluctuations, the 
existence of  which has long been proved, since 
they lead to the well-known Mandelstam-Brillouin 
scattering of  light. Obviously, equation (21) is 
true for 

2
2 ( ),Bρ ρ θ>>  2

2 0 ( , )fluctB ρρ ρ ρ θ =>>  
and at 2 2

fluctB B>>  (the last inequality explains 
why the sum 21 ( )Bρ θ+  can be approximated by 

the formula 
2

1
1 Bρ−

, and why 2
2
fluctBρ θ  is better 

to leave unchanged).

Thermodynamic limit. In the thermodynamic 
limit, all extensive parameters of  a substance 
become infinite, since they are proportional to 
the number of  particles N = ∞. In order to get 
any reasonable results in this limit, it is necessary 
to transfer from global parameters characterizing 
the state of  the entire system at once to partial 
quantities that determine the state of  one single 
particle. Therefore, statistical mechanics, in 
contrast to thermodynamics, always works with 
partial quantities.
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Control parameters. We define the one-particle 
distribution function using the relation

3 3
2

(1) 1 ( ) 1 1

...1( ) ( ,... ) N
N N N

V

d r d rG r G r r
V V −= ∫  (22)

This function satisfies the normalization 
condition 1 3

(1) ( ) 1,
V

V G r d r− =∫  which can be 
written as

3
0 (1) 0( ) ,    .

V

NG r d r N
V

ρ ρ= =∫  (23)

Obviously, in this formula the product   
0 (1)( ) ( )r G rρ ρ=  has the meaning of  the density 

of  matter. Together with the temperature θ, the 
value of  which is determined by the one-particle 
distribution function G(1)(p) (i.e., the Maxwell 
distribution), they form a system of  two control 
parameters, by setting which we determine all 
the macroscopic properties of  the body under 
consideration.

The fact that θ = const does not depend on 
the coordinate of  a given point r in the system 
means that all macroscopic bodies considered in 
the Gibbs theory must be in a state of  thermal 
equilibrium. The situation is more complicated 
with density ( )rρ . In a state of  thermodynamic 
equilibrium, the density of  gases and liquids is 
constant and isotropic throughout the volume 
of  the system. These conditions can be satisfied 
only at G(1)(r) ≡ 1 and density 0( )r constρ ρ= =
. In the case of  crystals, the structure of  
matter becomes periodic and anisotropic. To 
take this fact into account and not to violate 
the normalization condition, we need to put 

[ ]0( ) 1 ( ) ,rρ ρ= +Ψ r   where the periodic 
function ( )Ψ r  describes the microstructure of  
the crystal. This structure should be determined 
not by the equations of  statistical mechanics, but 
from some other, not statistical considerations 
(for example, from the condition of  minimum 
potential energy of  the whole system). But at the 
same time, the function should always satisfy the 
condition 31 ( ) 0

V

V d− Ψ ≡∫ r r , since only in this case 
the normalization condition 1 3

(1) ( ) 1.
V

V G r d r− =∫  is 
fulfilled.

Ideal gas. From the formula that determines 
the pressure, it would seems that as soon as 
the equation of  state of  a rarefied gas assumes 
a universal value P ρθ= , any interaction of  
particles with each other should cease. And this, 
in turn, suggests that the potential energy of  the 
system vanishes. But systems with ( ) ( ) 0N ijU r ≡  
cannot exist. To verify this, we note that in 
quantum mechanics the Hamiltonian of  an ideal 
gas of  no interacting particles has the form

2

( )
1ˆ ,

2N j
j j

H
m

= − ∆∑

where Δj is Laplace operator. Using such a 
Hamiltonian, it is impossible to obtain the 
Liouville equation in the classical limit ћ =  0. 
Therefore, a quantum ideal gas has no analogue 
in classical physics. Moreover, in the case of  non-
interacting particles, the connection between the 
classical Liouville equation and the canonical 
distribution also disappears, since the Liouville 
equation takes the form

( ) ( ) ( )

1
.

N
N N N

i j j

H
t

∂ ∂ ∂
∂ ∂ ∂=

℘ ℘
= − ⋅∑ p r

In this case, the canonical distribution 
( )( ) ( ) ( )exp / /N N NG H Qθ= −  no longer satisfies 

this equation. As a result, the entire chain of  
reasoning that led us from the equations of  
quantum mechanics to thermodynamics is 
destroyed. In fact, everything is exactly the 
opposite: an “ideal gas” with pressure P ρθ=  
can exist only as long as the interaction between the 
particles and, therefore, ( ) ( ) 0.N ijU r ≠  is preserved 
in the system. As Bogolyubov showed, the 
pressure in the system is always determined by 
the potential component of  energy, since only it 
determines all the members of  the virial series, 
including the first term (see [5]). In rarefied 
gases, this term becomes dominant, which 
distinguishes the state of  an ideal gas from all 
other possible states. But this does not mean yet 
that in an ideal gas all other members of  the virial 
series are identically equal to zero. Until then, 
the distances between the particles remain finite. 
Therefore, particles still continue to collide with 
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each other (albeit very rarely), which is necessary 
to establish thermodynamic equilibrium in the 
system. And only when the distance between 
particles becomes infinite, after which collisions 
of  particles become impossible. But at the same 
time, the time to establish thermodynamic 
equilibrium in the system increases to infinity. 
Therefore, in systems with a density 0ρ ≤ , 
the state of  thermodynamic equilibrium never 
occurs at all. Because of  this Gibbs theory does 
not describe such states; it only makes sense 
until 0ρ > , i.e. only when the potential energy 
controlling the collisions of  particles is still 
nonzero.

4. CONCLUSION
Until now, they have always tried to solve 
the problem of  quantum substantiation 
of  thermodynamics by the “top → down” 
method, i.e. first, find analogs of  such 
macroscopic concepts as temperature 
and entropy in the equations of  quantum 
mechanics, postulate the formulas obtained, 
and then build the entire building of  
statistical mechanics on the basis of  these 
postulates (see [6, 7, 8]). Nothing happened 
– in this way they failed to build a logically 
coherent and internally consistent theory. 
And it’s understandable why: the equations 
of  quantum mechanics do not describe the 
processes of  friction, and, therefore, do not 
contain such parameters as temperature and 
entropy, on which the direction and intensity 
of  macroscopic processes depend.

Along with this, a bottom-up approach 
can also be formulated, in which the well-
known equations of  quantum mechanics are 
taken as the basis for the transition to the 
classical limit, and then the classical equations 
thus obtained are solved. This article has 
attempted to formulate just such an approach. 
As shown above, in this case, the concepts of  
temperature and entropy in the classical limit 
arise spontaneously; no postulates for their 
determination are required. And after that, 

all the formulas of  statistical mechanics and 
thermodynamics follow from the obtained 
expressions almost instantly. At the same 
time, all the transformations leading from 
quantum mechanics to thermodynamics 
become identical and surprisingly simple and 
understandable. As a result, Gibbs theory turns 
out to be mathematically absolutely rigorous: 
– no additional hypotheses or approximations 
need to be made during the transformations. 
But this is not enough.

The bottom-up approach allows us to 
explain the mechanism of  chaos in classical 
systems Chaos and probability in classical 
theory are a legacy of  quantum uncertainty. In 
quantum mechanics, we cannot simultaneously 
precisely specify the coordinate and momentum 
of  a particle and, therefore, cannot accurately 
determine the coordinates of  particles in phase 
space. . In classics, such a possibility formally 
appears, and it is realized in classical mechanics 
when considering the properties of  stable 
systems. But the systems of  atoms and molecules 
are unstable, and in describing them we must 
take into account the uncertainty in setting the 
initial conditions, which, in essence, is a legacy 
of  quantum uncertainty.

Another consequence of  quantum mechanics 
is the classical theory of  probability – its laws 
should follow from formulas that determine 
quantum probability, i.e. ψ -function

It is equally important that when solving 
the Liouville quantum equation by expanding 
it in powers of  the Planck constant, it became 
apparent that all the laws of  thermodynamics 
follow from the first (classical) term of  the 
series with ћ0 = 1; all other members of  the 

series 
0

ˆ j
j

j

∞

=

℘= ℘∑ , containing in varying degrees 
ћ, do not contribute to the formulas of  statistical 
mechanics and thermodynamics. This means 
that no quantum or semi classical theory exists. 
As a result
statistical mechanics and thermodynamics 

become purely classical theories
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(but at the same time, of  course, we must 
remember that all the equations of  this theory 
are a consequence of  the laws of  quantum 
mechanics).

Another important result of  this approach is 
the assertion that the inclusion of  fluctuations 
in the Gibbs theory is mandatory: if  the 
constant determining the fluctuation energy 
is omitted in the Hamiltonian, the entropy of  
the system vanishes, chaos disappears from the 
system, and the laws of  thermodynamics cease 
to act with it.

We also note that the Liouville quantum 
equation lies not only in the basis of  
thermodynamics, but in general in the basis of  
all classical physics. Indeed, it was shown in [9] 
that all the equations of  hydrodynamics and 
thermal diffusion also follow from the first term 
of  the series in powers.

And the last one. The very concept of  
thermodynamic equilibrium changes, if  
fluctuations are taken into account. Fluctuations 
are always time dependent. Therefore, the 
definition of  thermodynamic equilibrium as such 
a state in which all parameters of  the substance 
are constants is erroneous; in fact, the state of  
thermodynamic equilibrium is a stationary state 
of  nonequilibrium systems (i.e. the state of  detail 
equilibrium).
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1. INTRODUCTION
Thermodynamics is a phenomenological science 
about the most common thermal properties of  
macroscopic bodies. Thermodynamics considers 
phenomena caused by the combined action of  a 
large number of  constantly moving molecules or 

other particles of  which the bodies that surround 
us consist, with no models of  their motions. 
In developing the thermodynamic approach, 
Gibbs (1902) [1] also proposed a statistical 
way of  studying the properties of  macroscopic 
bodies that from the beginning was based on 
model atomic–molecular representations. This 
way of  solving the problem traces the atomic–
molecular mechanism of  a phenomenon from 
the very beginning. As was shown for the first 
time by Gibbs in the development of  statistical 
mechanics, reducing the size of  a system results 
in an increase in fluctuations. This fundamentally 
new factor can be assumed only within molecular 
theories [2].

The statistical approach provides strict 
substantiation of  the law of  thermodynamics, 
and it enables us to determine the limits of  their 
applicability. The foundation of  thermodynamics 
was built upon postulates stemming from 
experimental measurements of  macroscopic 
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systems, so there were no strict limitations on its 
applicability in [1].

The problem of  the lower boundary of  
intrinsic linear size Rt of  the region in which the 
thermodynamic approach is applicable, has been 
many times in the literature data [3-5], and the 
numerous attempts to search for small bodies 
restricted in radius Rt were limited to discussing 
the applicability of  the Kelvin equation to drops 
and bubbles, and the Gibbs–Ostwald–Freundlich 
equation for the solubility of  small bodies.

The lively discussion of  different aspects of  
studying small bodies that has recently arisen is 
worthy of  note [6]. This interest is due to the level 
of  spatial resolution achieved in experimental 
instruments over the last 15–20 years. A fairly 
broad spectrum of  small systems that belong 
to so called micro-reactors (e.g., microcrystals, 
micelles, colloidal particles, oligomers, and 
polymer particles) is now being discussed in the 
literature, along with modifications of  micro-
reactor systems when their number grows in 
proportion to a volume unit (e.g., aerosols, 
aerogels, and porous and nonporous loose 
bodies with different structures). Processes of  
the adsorption of  substances from vapor and 
liquid on the surfaces of  ultradisperse particles 
and diffusion inside them are also of  interest to 
researchers.

The presence of  fluctuations is the only 
criterion for using thermodynamic approaches 
outside of  analyzing their consequences, 
which are described by the Kelvin and Gibbs–
Ostwald–Freundlich equations. The magnitude 
of  the contribution from fluctuations therefore 
determines the lower boundary for using the 
common equations of  classical thermodynamics. 
The molecular calculations for drops performed 
in [6] did not, however, solve the problem of  
the lower boundary of  the applicability of  
thermodynamics.

For the decision of  a question about the 
bottom limit of  the sizes of  applicability of  
thermodynamics by means of  the analysis 
of  effects of  fluctuations, it is necessary to 

use such molecular -statistical theory which 
can possible most full would reflect all 
scopes of  thermodynamics. Let’s remind that 
thermodynamics methods to the same extent 
concern to different phase and aggregate 
states of  substances, and also their volume and 
superficial areas [1, 2]. To these requirements 
now satisfies the discretely-continual 
description of  spatial distribution of  molecules 
on the basis of  so-called the lattice-gas model 
(LGM) [6-8].

In the LGM, a system is partitioned into 
unit cells with an average size of  components 
(for simplicity, it is assumed that the molecules 
are comparable in size). The LGM is the only 
method of  statistical physics that is equally 
applicable to three aggregate states of  matter; its 
current interpretation yields the most accurate 
description of  molecule distributions, compared 
to the traditional methods developed separately 
for gases, fluids, and solids [9]. It equal-accuracy 
describes all densities of  substance from zero 
density, analogue of  the rarefied gases, up 
to unit density (in molar shares) as analogue 
of  dense phases. It allows the given model 
to consider from identical positions all three 
types of  interfaces between different aggregate 
states [10]. It provides a discrete description of  
the spatial distribution of  components and a 
continual description of  the particle distribution 
inside a cell.

For the first time estimations for the bottom 
limit of  applicability of  thermodynamics 
have been received from the analysis of  size 
fluctuations on a surface of  liquid drops in vapor 
with model in work [11] when intermolecular 
interactions are absent. In this work, we describe 
the size fluctuations on the interfaces of  solid-
fluid (vapor and liquid) and when to take into 
account the interaction between molecules 
and their moving in the dense phases. A way 
of  construction of  size fluctuations to system 
with strong interaction is shown as well as the 
estimations for definition of  the bottom limit of  
applicability of  thermodynamics are entered.
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2. ASSUMING THE DISCRETENESS OF A 
SUBSTANCE.
Fluctuations are themselves related to the 
discreteness of  the molecular structure of  any 
system, and they are determined by the heat 
motion of  molecules. In order to take into 
account this demands the use of  an appropriate 
mathematical apparatus. As was mentioned for 
the first time in [12], it requires that we employ 
the calculus of  finite differences [13] instead of  
conventional continuous mathematical analysis 
[13]. Due to the character of  molecular theories, 
a molecule cannot be split into smaller parts; 
we therefore cannot assume that there is a limit 
to the infinite splitting of  the range in which 
a derivative is plotted, as is done in ordinary 
differential calculus [14] when considering the 
derivatives needed to determine the critical 
properties of  molecular distributions. The 
type of  difference derivatives affects the result 
as well; as mentioned in [15], conventional 
difference (nonsymmetrized) derivatives [12, 13] 
should therefore be substituted for symmetrized 
derivatives.

Assume that L is the length of  the range 
in which a derivative is defined. In Table 1, 
expressions are given for determining derivatives 
in differential calculus (h >> λ) and the 
calculus of  finite differences (nonsymmetrical 
and symmetrical). Here, h is the increment 
in continuous variable х, and λ is the mean 
distance between molecules in the dense phase. 
In numerical calculations, increment h remains 
finite but much smaller than the range of  intrinsic 
change in the considered function.

The wider the range, the greater the precision 
of  the expression of  the first (ΔP(N)/ΔN) 
and second (Δ2P(N)/ΔN2) derivatives (where 
N is number of  molecules). In a completely 
symmetrical calculus of  finite differences, the 
second derivative is determined in the L = 4λ 
range. In the case of  a nonsymmetrical difference 
derivative, the width of  the range is half  that of  
a symmetrical difference derivative.

Let us consider a homogeneous lattice with 
number z of  nearest neighbors by means of  
which the structure of  a condensed phase can 
be modeled, and a molecular distribution in the 
grand canonical ensemble (μ,M,T) where μ is the 
chemical potential of  А molecules in the bulk 
phase and Т is temperature, M is the full number 
of  sites in a system. A site can be occupied or 
vacant. The number of  A molecules is denoted 
as NA, and the number of  free sites is NV = M − 
NA. The number of  the nearest pairs of  bonds 
in the system is denoted as Mb = zM/2.

Let J0 be the statistical sum of  molecules in 
the gas phase; μ0 = β-1ln(βP/J0), β = (kT)-1, P is 
pressure, JA(k) be the statistical sum of  A particles 
depending on the number k of  neighbors A 
of  each type in the local environment (J is the 
mean value of  the JA(k) or regardless of  the 
effect neighbors [7, 8]), and ε is the parameter 
of  the lateral pair interaction potential, Nij is the 
number of  pairs of  molecules ij (where i,j = A, 
V).

When calculating interactions between 
nearest neighbors only, the expression for 
statistical sum Q of  a homogeneous system in 
the quasi-chemical approximation (QCA) has 
the form

,

1
, 0

b

A AA

M M

N N
Q Q
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The first and second derivatives in various calculuses.
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needed to refine the entropy factor, since the 
number of  independent pairs is overestimated 
in the QCA [7, 8]. When βε → 0, it yields an 
accurate solution corresponding to a chaotic 
distribution of  molecules over different types of  
sites / (2 ).ij i jN zN N M=

Internal collective motions of  molecules are 
considered for each configuration of  neighbors 
k, which is denoted as JA(k|NAA). If  we introduce 
expression Jk = JA(k|NAA)J, and rewrite formulas 
(1) and (2) as

( )
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where a term is introduced for effective pair 
interaction parameter
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The lower limit of  the sum is k = 1, since 
the summand in (4) is zero at k = 0 (because 
the ratio of  statistical sums is unity). Considering 
the collective character of  internal motions 
thus yields ε(NAA) effective parameter of  lateral 
interaction, which contains the free energy of  
internal motions and the potential energy of  
intermolecular interactions. The value δε(NAA) 
determines the effect the local environment has 
on pair energy at a given average number of  
pairs of  neighbors NАА.

For our analysis of  fluctuation contributions, 
let us consider the probability of  system Р({NА, 
NAA}) = Qexp[βμNА] being in particular states 
of  a grand canonical ensemble.

Extreme conditions ΔlnР({NА,NAA})ΔNA = 
0 and ΔlnР({NА,NAA})ΔNAA = 0 yield equations 
for the local adsorption isotherm that relate 
the chemical potential of  the system (μ = μ0 + 
β–1ln(J)) set by the thermostat with the number 
of  molecules NА, and the relation between pair 
functions
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where δμ = NAΔδε(NAA)/ΔNA and ε1 = NAAΔδε(NAA)/
ΔNAA are the exact difference derivatives of  
function (4). Summands δμ and ε1 determine 
the influence of  effective lateral interaction 
parameter (4) and size corrections due to the 
limited size of  the system.

Formulas for dispersion matrix elements 
( )2 ln { , }

(1/ 2) A AA
km

P N N
X Y

η
∆

= −
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 [2], where Х and Y 
correspond to independent variables NА and 
NAA, are derived with average values found by 
solving Eqs. (5) and (6). Knowing ηkm, we can 
obtain corrections ΔХk for the degrees of  
occupancy of  different types of  sites and their 
pair probabilities due to fluctuations in the form

1k k

1 ln 1 ln ,
2 ln( ) 2 ln( )

DT
b
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b b
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Xλ λ=

∂∂ ∂
∆ = − = −
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where Det is the determinant of  a dispersion matrix 
composed of  ηkm elements (its dimensionality 
TD = 2 is the number of  independent variables 
NА and NАА), and to express the degrees of  site 
occupancy with regard to fluctuations Хk(fl) = Хk 
+ ΔХk. In formula (7), we use λk = exp(βμ) for 
NА and λk = exp(βε) for NАА. Equations (5) and 
(6) are used to calculate derivatives ∂lnDet/∂Xb. 
Derivatives are calculated numerically. Let us 
write the structure of  expressions for dispersion 
matrix elements ηkm used in Eq. (7),

2 2
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where the summands for J = const were 
determined in Eqs. (10)–(13) in [17] and are not 
repeated here.

3. COMPARISON OF CONTINUAL AND 
DISCRETE CALCULUSES
The general principle of  a finding of  the lower size 
limit Rt of  the applicability of  thermodynamics 
is comparison of  thermodynamic properties 
in continual and discrete descriptions to 
reveal distinctions at the expense of  limitation 
of  volume or dimensional effects for small 
number of  particles. On the curved interfaces 
it is necessary to reveal in addition conformity 
between continual and discrete descriptions 
of  the area of  an interface of  phases and 
internal volume of  phases. The absence of  any 
fluctuations is considered in all equations of  
thermodynamics and continuum mechanics for 
bulk phases and interfaces. The mathematical 
apparatus used in thermodynamic equations and 
to describe the curvature of  any local region of  an 
interface [1, 2] is differential geometry operating 
with continual derivatives of  the second order.

The problem of  which parameters of  a 
small body should be compared, bulk or surface, 
also plays an important role. At a given level of  
precision in describing the properties of  a drop’s 
volume (M > 200), the radius of  the drop Rv 
is much less than radius Rs when describing its 
surface properties.

It should be noted that the concept of  an 
interface in thermodynamics applies only to 
macrosystems. The assumption of  interface 
contributions is important if  the surface area 
(А) is so developed that the contribution from 
the surface components in thermodynamic 
potentials is commensurate with the contribution 
from volume phases. If  the Gibbs potential (G) 
is written as G = μimi = U – TS + PV, then for 
a planar and spherical interface of  equilibrium 

drop [6] the potential takes the following form: 
G = U – TS + PV – σA, where designations 
for internal energy U; entropy S; temperature T; 
pressure Р; volume V; and μi and mi representing 
chemical potential and mass of  component 
i, respectively, were used; and σ is the surface 
tension (ST).

For an isolated small body, all components of  
the thermodynamic potential should be described 
with equivalent precision. Thermodynamic 
equations describe both the bulk and surface 
components from the continuous viewpoint 
without the assumption of  fluctuations. Surface 
characteristics should be used in comparing the 
continuous and discrete molecular viewpoints 
for small bodies. If  the volume of  small body 
is chosen as the condition for the precision of  
description, its surface characteristics will include 
fluctuation effects, changing the precision of  the 
system’s description. Below we shall consider 
the relative root-mean-square fluctuations η on 
the surface of  tension and not in within the bulk 
of  a drop. This is necessary in order to have 
not only a volume but also a surface that does 
not experience fluctuations, i.e., that meets the 
requirements of  thermodynamics.

For more precise estimates of  Rt, let us 
compare the thermodynamic properties of  a 
certain surface section from the viewpoint of  (a) 
thermodynamics and (b) molecular theory.

(a) From the viewpoint of  continuum theory, 
the considered section represents the elementary 
minimum area with the use of  which the full 
surface is “covered” (according to Borel’s 
lemma). We should remember that according to 
this lemma [14], if  full closed gap [a, b] is covered 
by an infinite system of  open gaps (i.e., without 
including the limiting points of  this gap), then a 
finite subsystem of  open gaps that also covers 
all of  full gap [a, b] can always be selected from 
it. This means that for a continuum of  internal 
points in the finite range considered, some 
covering that consists of  a finite number of  
internal gaps can always be plotted. For the sake 
of  simplicity, this formulation of  Borel’s lemma 
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was written for the case of  one dimensionality. 
Its generalization on a two-dimensional surface 
is performed by literally substituting the 
concept of  “range” for that of  “area” and has 
exactly the same sense. From the viewpoint of  
thermodynamics, the section under discussion 
corresponds to macroscopic radii and is planar.

(b) From the viewpoint of  a discrete medium, 
the same section represents the minimum section 
in which the thermodynamic function and its 
first and second derivative should be determined 
(the second derivative is also required to describe 
the curvature of  the surface). According to the 
approach described above for discrete systems, 
this section is the local area containing the 
minimum number of  junctions L = 4λ in one 
dimensionality. We have one dimensionality 
for a circle of  a two-dimensional drop and two 
dimensionalities for a spherical surface.

A comparison of  the two methods (a) and (b) 
for describing the minimum range of  the surface 
yields the answer for the desired drop radius.

4. TWO-DIMENSIONAL DROP
A “surface” of  a two-dimensional drop is a circle 
which is approximated by a correctly inscribed 
polygon containing Ns number of  sides with 
base length L = 4λ (Fig. 1a). Let us denote the 
precision of  the coincidence of  the length of  
the polygon and the circumference of  the circle 
by ξ; we can then easily obtain Rt/λ = NsL, where 
Ns = π/(6ξ)1/2 is determined by the precision of  
ξ in describing of  the circumference of  the circle 
by the broken line. From a physical point of  

view, the precision of  ξ determines the number 
of  particles Ns on the dividing surface.

The procedure for inscribing the broken line 
in the circle is quickly found. At Ns = 4, we have 
precision ξ ~ 10%; for Ns = 6, precision ξ ~ 4.5%. 
This corresponds to Rt = 16 and 24λ, for which 
η ~ 1.8 and 1.2%. It is obvious that these values 
are somewhat rough approximations. As a rule, 
the precision of  calculating the concentration 
profiles of  drops {θq} is greater than ~0.1%; by 
raising the accuracy of  the correspondence of  
the number of  particles on an expanding surface, 
we therefore find Ns = 12 (precision ξ ~ 1%, 
Rt  = 48λ, and η = 0.6%) and Ns = 24 (precision 
ξ ~ 0.5%, Rt = 96λ, and η = 0.3%). It should be 
noted that in the latter case, root-mean-square 
fluctuation η is even greater than the precision 
of  calculating the concentration profile.

5. THREE-DIMENSIONAL DROP
For a spherical drop, we must assume the second 
dimensionality. In this case, S0 ~ L2 corresponds 
to the elementary area. Let us approximate 
the surface of  a spherical drop of  radius R by 
the multiplicity of  these elementary sections 
(“mathematical points”). A structure with z = 6 
having bond length λ between cells corresponds 
to the densest two-dimensional packing of  
molecules. This structure has an anisotropic area 
formed by cells within two coordination spheres 
around a central cell. The maximum diameter 
of  an elementary area with this structure 
corresponds to a section with length L (Fig. 1b). 
The minimum size of  the section is 2×31/2L, 
resulting in S0 = 6×31/2λ2.

Each planar elementary section can serve as 
the base for a cone constructed from the center 
of  the sphere. In order to simplify our estimates, 
let us say that the elementary section has the 
shape of  a circle; the surface of  the spherical part 
of  a cone based on this section is then a lathe 
figure and can be easily determined [14]. Let us 
denote it by Sc. The full number of  cones on 
the surface of  a sphere of  radius R corresponds 
to the number of  molecules Nс = 4πR2/Sс 

Fig. 1. а) Scheme for inscribing a polygon in a circle for the two-
dimensional drop. b) Elementary area for the surface of  a sphere. The 
grey circle is the center, the light circles are the first neighbors, and the 

dark circles are the second neighbors on lattice z = 6. 

                  a                                          b
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and coincides with the number of  sections 
approximating the sphere. We can introduce the 
effective radius of  the circle, which (having been 
determined as Ref = (S0/π)1/2) is equal in area to 
the section under discussion. Then Sc = 2πR2[1 – 
{1 – (Ref/R)2}1/2]. Expanding the expression for 
Sc under the radical to the second component 
of  smallness, we obtain the relationship between 
(S0 – Sc) and ratio (Ref/R).

Assuming the proportionality of  the 
number of  molecules and the area of  the 
planar elementary section, let us require that 
the difference between the areas of  all planar 
sections and all spherical parts of  our inscribed 
cones satisfy the condition
(S0 – Sc)/S0 < ξs,                                            (11) 
where ξs is the relative accuracy of  describing 
the area of  the surface of  a drop with radius Rt 
(where ξs ~ ξ2). This condition is easily met by 
increasing the radius of  the sphere. The condition 
of  the smallness of  density fluctuations at the 
minimum size boundary for the applicability 
of  thermodynamics can be verified indirectly, 
in comparison to the η value of  the relative 
root-mean-square fluctuation [4] of  number 
of  molecules Nс on the surface of  a sphere 
with radius Rt. The η value must a priori be less 
than the possibility of  the exact experimental 
determination of  a ST σ.

We thus obtain from condition (11) an 
expression that relates the size of  the diameter 
of  a sphere Rt to the accuracy of  describing 
the area of  the sphere’s surface ξs: Rt/λ = 
[6×31/2/(2πξs)]

1/2 = 1.29/ξs
1/2, measured in units 

of  cell length λ. The following sets of  values 
correspond to this expression: ξs ~ 0.1%, 
Rt = 41λ, and η ~ 0.7%; ξs ~ 0.05%, Rt = 82λ, 
and η = 0.34%; and ξs ~ 0.01%, Rt = 129λ, and 
η ~ 0.2%.

Considering that the precision of  calculations 
using the system of  equations in molecular theory 
[6] is no less than 10–3 or 0.1%, we obtain Rt1/λ = 
41, which evidently satisfies existing experimental 
procedures [3-5]. If  we substantially increase the 
possibilities of  an experiment for a more exact 

determination of  surface tension, we must lower 
the value of  this criterion to ξ = 10–4; this will 
expand the radius to Rt2/λ = 129 and correspond 
to a value of  η ~ 0.2%.

This evaluation correlates well with the 
results from numerical calculations, mentioned 
in [6]: up to reduced critical temperatures 
τ = 0.99 the width of  transition layer ĸ both 
for the planar boundary and for drops does 
not reach the discussed value Rt1/λ. We must 
therefore consider that a thermodynamic 
description is not justified for Rt1 < 41λ. For 
argon atoms, this corresponds to Rt1 ~ 16 nm. 
Assuming that at ξs ~ 0.05%, we can ignore 
both the discreteness of  a substance and the 
contributions from fluctuations, thus allowing 
us to use a thermodynamic description at Rt2 > 
80–100λ (or Rt2 ~ 40 nm for argon atoms). The 
minimum size of  drop radius Rt from which 
a thermodynamic description can be used 
thus assumes values from 16 to 40 nm. These 
estimates agree with the initial postulates of  
thermodynamics on the need for rather large 
amounts of  matter in a system.

6. CONCENTRATION DEPENDENCES OF 
FLUCTUATIONS
Estimates of  the relative root-mean-square 
fluctuation for Poisson distribution ηP = 
<N2>1/2/N = N1/2 are traditionally used 
in qualitative discussions of  the role of  
fluctuations [1, 2]. Main condition of  this 
distribution is the absence of  correlations 
between molecules. It was constructed for 
macroscopically small subsystems where any 
number of  molecules can be present, provided 
that it is small compared to the total number 
of  molecules in the full system from which this 
subsystem was selected.

The value η, an analog to the ηP numbers 
calculated for the number of  molecules N 
found in the system of  a small compact body 
(but not as isolated molecules), was used above 
for drops in analyzing ξ and ξs with variation of  
M. Let us discuss the correspondence between 
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the η and ηP values for small bodies. We thus 
consider how root-mean-square fluctuation η 
changes for a homogeneous system containing 
M centers in the equilibrium filling of  a 
monolayer on the dividing surface.

Fig. 2 gives the concentration dependences 
of  function D, which are directly related to η as 
D = –2η [15] in dependence on the size of  range 
М and the number of  molecules N in this range 
(Nv = M – N):

( 1) ( 1)1 ln .
4 ( 1)( 2)( 1

–
)( 2)

V V

V V

D N N N N
N N N N

 − −
 + +

=
+ + 

This equation was obtained by means 
of  symmetrical difference derivatives. The 
dependences of  D on θ  =  N/M for homogeneous 
system М = 10m at various m are given in Fig. 2. 
The relationship to ηP values is derived from the 
N = θM equation. The maximum values of  D 
are related to the range of  high and low degrees 
of  filling θ. In the range of  medium fillings, the 
η value is considerably lower.

Fluctuations for a low number of  molecules 
in small systems behave as they do in macroscopic 
systems; i.e., they rise dramatically with a 
decrease in N. This allowing us to use value η 
instead of  ηP for a normal Poisson distribution.  
With an increase in density (where N ~ M), the 
same rise in fluctuations is observed for small 
systems as for low numbers of  molecules. This 
is due to the presence of  vacancies; as in real 
liquids, we should then observe fluctuations in 
the ranges of  discharges identical to fluctuations 
in the number of  low-density molecules, and the 

formation of  bubbles in the liquid corresponds 
to the inversion of  phases.

For М = 104, differences from zero values 
for 2 to 3% density arise in the range of  high 
and low fillings. Later, when М falls to 103, the 
range of  differences in D from the zero value 
expands to 20%. At even lower values of  М, 
value D differs from macroscopic over the range 
of  densities starting at М = 500–600. The curves 
for М = 10 show the maximum differences for 
the dispersion for small sections.

In order to ignore density fluctuations 
completely, D must be reduced over the range 
of  θ. With a rise in М, the dispersion value falls 
dramatically. For М = 105, dispersion remains 
close to zero over the range of  densities; i.e., 
this size can be considered the counterpart of  
Rt1. For the expanding surface of  a drop, this М 
corresponds to radius R/λ ~ 46. This value is 
close to the estimate obtained earlier, R/λ = 41 
at ξs = 0.1%, which corresponds to η ~ 0.7%.

Our calculations confirm the universal 
character of  the obtained estimates. They are 
based on the discrete nature of  a substance, 
but are not related to the details of  molecular 
distribution and do not depend on the 
temperature. Near the critical point, however, 
special consideration is required.

7. SURFACE OF A SOLID
The structure of  flat faces of  a small solid 
body is similar to structure to a flat macro-
lattice, therefore comparison continual and 
discrete descriptions is spent on values of  
thermodynamic functions. These functions can 
be counted within the limits of  the macroscopical 
description through differential derivative of  
thermodynamic potentials or in frameworks of  
finite differences calculations with the symmetric 
derivatives for defining equilibrium distribution 
functions. Their difference illustrates a 
distinction between small bodies in which taking 
into account of  fluctuations, and macroscopical 
bodies for which fluctuations are absent, is not 
enough important.
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Fig. 2. Dependence D on θ for a homogeneous surface at 
М = 10m using symmetrical difference derivatives. Curve 

numbers correspond to m values [6].
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Woolf's theorem [4], supplementing Gibb's 
conditions of  equilibrium balance for a solid body, 
leads to existence of  a surface of  a crystal in the 
form of  a set of  faces of  different orientation. 
It gives the value ST for each orientation of  
interfaces. Distributions of  macroscopical faces 
on orientations were considered in works [2]. The 
basic conclusion of  these works consists that at 
equilibrium the number of  such different faces 
corresponds only to small values of  indexes of  
Müller (increase in an index of  Müller essentially 
raises values ST).

Therefore it is natural to consider that 
for small crystals to an equilibrium condition 
answers such sizes for which there is necessary to 
take into account of  edge contributions [4]. As a 
whole the problem of  the analysis of  fluctuations 
on small crystals is reduced to consideration of  
finite number of  faces and their edge areas, i.e. 
the surface of  a solid body is considered as non-
uniform, consisting of  the different limited flat 
faces.

The microscopic theory of  such systems 
was considered in works [6, 15]. The taking into 
account of  fluctuations for non-uniform ideal 
systems presents the summation of  contributions 
of  any characteristics on separate faces. All 
the results obtained above are therefore easily 
generalized by the summation with weights Fq 
and replacement of  total coverages θ by local 
coverages θq = Nq/Mq related to sites of  type q, 
1 ≤ q ≤ t, where t is the number of  site types.

The generalization of  equations of  adsorbed 
molecule density fluctuations on a non-uniform 
surface of  small particles in the first order with 
respect to M-1 is written as

1

2 2

,   (1 ) / (1 ),

( )1 ,
2 ( 1)( 1)

t

q q q q q q
q

q q q q
q

q q q q

M D

M N M N
D

M N M N

η η η θ θ
=

= = − −

 + + −
=   + − + 

∑
 (12)

where ηq is the contribution of  local density 
fluctuations on a region of  sites of  type q. 
The second term of  the Dq denominator in ηq 
vanishes as Mq increases, and we obtain the 
known equation for the macro-fluctuations [18]. 

An analysis of  the equation (12) shows that 
(1) Maximum local size density fluctuations 
exist at θq → 0 and θq → 1. At θq ~ 1/2, we have 
maximum density fluctuations not related to 
size effects, for macroscopic systems too. (2) An 
important role in η is played by the Mq/Mp ratio. 
(3) The macro-fluctuations of  density on a non-
uniform surface oscillate; the maximum number 
of  oscillations equals the number of  site types 
t, which provides a possibility in principle of  
estimating them experimentally [15, 18].

8. LATERAL INTERACTIONS AND NON-
UNIFORM SURFACE
A consideration of  fluctuation effects will be 
limited by the simplest case of  the adsorption 
of  one substance on different single crystal 
faces. Let us consider lateral interactions in the 
mean field approximation. The εqq parameters 
then depend on the type of  the face q, 1 ≤ q ≤ t 
[15], but each face is considered separately. This 
allows the equation for local partition functions 
Qq(Nq,Mq,T) for faces of  type q in Eq. (3) to be 
rewritten as
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The local second derivative for relative root-

mean-square fluctuation on the face q with 
taking into account the lateral interactions in the 
mean field approximation and the size effects, is 
defined according (8) as
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It follows from this equation that, in the 
absence of  correlations between adsorbed 
molecules, the contributions of  size effects 
constructed above (the ideal model) retain their 
form. However, the presence of  contributions 
of  lateral interactions in these equations can 
substantially change solutions to them compared 
with solutions to the equations given for the 
ideal model. By way of  example, let us see how 
changes in the first order with respect to Mq

-1 the 
fluctuation correction

q q qθ θ θ ∞∆ = −  (here )ˆ 0.5 ln(/qq qq q qqε ε ε θ= ∂+ ∂  ):

2

(1 2 )
.

ˆ2 [1 (1 )]
q

q
q qq qq q qM z

θ
θ

βε θ θ
−

∆ =
− −

 (13)

The differences in fillings decrease as the 
size of  the face increases. The Eq. (13) gives this 
correction with isolating the ˆ (1 ) 1qq qq q qzβε θ θ− =  
equation for the spinodal curve in the 
denominator. This curve separates the metastable 
region and the region of  thermodynamic 
instability of  stratifying molecules. The 
correction value in region q depends on the 
character of  intermolecular interactions.

If  ˆqqε  < 0, which corresponds to ordering 
of  chemisorbed molecules, the denominator 
increases with respect to the denominator for an 
ideal system as the lateral interaction contribution 
| ˆqq qqzβε | grows, and the influence of  lateral 
interactions coincides with the influence of  an 
increase in the face size.

If  there is attraction of  molecules and 
ˆqqε  > 0, the denominator decreases as ˆqq qqzβε  

grows, and the influence of  lateral interactions 
is opposite to that of  an increase in the face 
size. As the current local density value θq on the 
given face q approaches the spinodal curve, the 
character of  correction behavior depends on the 
ratio between Mq and the term in square brackets. 
We see that the denominator as a function of  
density decreases very rapidly (by the quadratic 
law). For this reason, at any fixed Mq value, there 
exists a density at which correction (13) sharply 
increases. A more exact description of  the phase 
behavior of  molecules in small systems requires 

the use of  more exact approximations than the 
molecular field approximation.

9. DISCUSSION
A comparison of  the received size Rt with 
dimensional dependence ST [6] leads to following 
two consequences:

1) In thermodynamics it is means  the 
bottom limit of  the sizes size R → 0, therefore 
it means that Rt is this limit below which the 
thermodynamics cannot be used.

2) The size Rt is less than the general range 
of  change of  drops in a nano-sized range (to 100 
nanometers). So, the large area of  this range can 
be described the thermodynamic equations, but 
under condition of  the account of  dimensional 
dependence of  values ST σ(R). For this area of  
the sizes replacement σ(R) on a condition σ(R) = 
sbulk is incorrect.

However, a macroscopic assembly of  small 
systems has a negligibly small contribution from 
fluctuations and obeys the usual equations for 
the average values of  molecular distributions.

Internal ranges of  phases. For macroscopic bulk 
phases, continuum and discrete descriptions of  
the narrow range of  the three-dimensional lattice 
around a selected junction can be compared 
and, repeating the procedure used above for 
surface properties, we obtain estimates for and 
in the bulk phase that are completely analogous 
to Rt1 and Rt2 values if  we ignore the state of  
the surface. Limiting ourselves to continuum 
relationships 2 1/3

1 1(3 )t tR Rν =  (and analogously 
for 2tRν ), we obtain the radii of  internal ranges: 

1tRν  = 17λ and 2tRν  = 29λ. This connection was 
obtained from equality of  size of  fluctuating 
substance in different subsystems in a phase and 
interface area. 

Thus, owing to the specificity size fluctuations 
are shown in limiting areas on density values θ 
→ 0 and θ → 1. In intermediate area of  values 
θ contributions of  dimensional fluctuations are 
small and in many situations they can be neglected. 
Especially it is strongly appreciable in the field 
of  average values θ at which the contributions 
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connected with intermolecular interactions and 
internal movements of  molecules are most 
considerably shown. On the contrary, in limiting 
areas to density values θ → 0 and θ → 1 effects 
from influence of  intermolecular interactions 
and internal movements of  molecules are shown 
rather weakly and they can be neglected.

This specificity allows to draw a conclusion 
that the constructed estimations for ideal models 
remain mainly true and for non-ideal models, 
except for cases answering to change of  a phase 
condition of  substance - for example, in close 
on condition parameters to area of  coexistence 
of  phases.

10. CONCLUSION
The molecular-statistical approach to definition 
of  the bottom limit of  the characteristic linear 
size of  area to which the thermodynamics is 
applicable is formulated. Natural restriction on 
use of  thermodynamic approaches is the discrete 
structure of  substance at atomic-molecular level. 
For the description of  the size fluctuations the 
molecular theory on the basis of  the lattice-gas 
model, which unique gives equal-accuracy results 
in all range of  density, and the finite-difference 
calculation reflecting a discrete structure of  
substance, are used. Influence of  intermolecular 
interactions and movements of  molecules in 
dense phases on dimensional fluctuations is 
considered. Their basic influence is shown in the 
field of  average fillings.

We have established the existence of  the 
lower size boundary at which thermodynamic 
descriptions are possible, reflecting the absence 
of  spontaneous heat fluctuations on the 
expanding surface of  a drop. The drop size was 
quantitatively determined to be Rt1/λ < 41, for 
which the use of  thermodynamic equations 
is not possible, and Rt2/λ ~ 80–100 for which 
use of  the equations of  thermodynamics is 
strictly proved. The limitation on the bottom 
limit of  the applicability of  thermodynamics 
means that Rt1/λ < 41 must be considered the 
lower thermodynamic limit corresponding to 
condition R → 0. Restrictions on the sizes of  

areas in internal local volumes of  macro-phases 
( 2tRν /λ > 29) and on conditions of  introduction 
of  amendments on the account of  fluctuation 
of  density in macro-phases ( 1tRν /λ < 17) are 
received. The received estimations are focused 
on a wide spectrum of  the small systems arising 
at formation of  a new phase and in high–
dispersed systems. 

The molecular theory can be applied to 
calculation of  size fluctuations of  many real 
systems - it has the same generality, as well 
as model-free thermodynamics, because of  
the possibility of  the account of  the basic 
physical factors (intermolecular interactions, 
heterogeneity at atomic-molecular level, the 
account oscillatory and translation moving 
of  molecules), and it allows to supervise the 
constructed estimations.
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1. INTRODUCTION
This paper is mostly devoted to water, though 
some material about liquid argon is also 
presented. It has turned out that peculiarities of  
structural and dynamical heterogeneity of  these 
two liquids are very similar in spite of  the great 
difference in intermolecular interactions. The 
idea that water is not homogeneous has been put 
forward as early as in 1883 by Harold Whiting in 

his rather confusing publication "A New Theory 
of  Cohesion Applied to the Thermodynamics 
of  Liquids and Solids" [1]. Nine years later a 
paper by W.C. Röntgen "Über die Constitution 
des flüssigen Wassers" [2] appeared, which was 
shorter and much more clear and lucid than [1]. 
In these two papers the idea that later was called 
the two-state model of  water was proposed. 
Röntgen’s ideas about the structure of  water are 
discussed by Yu.I. Naberukhin in the paper [3] 
published on the occasion of  the centennial of  
the Röntgen's paper. Many two-state models of  
water have been proposed. They are discussed 
in the well-known book by D. Eisenberg and 
W. Kauzmann "The structure and properties 
of  water" [4]. A different approach to structure 
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of  water was put forward in the famous paper 
by J.D. Bernal, R.H. Fowler "Theory of  Water 
and Ionic Solution, with Particular Reference to 
Hydrogen and Hydroxyl Ions" [5]. The concept 
of  a continuous three-dimensional tetrahedral 
network in water was proposed in this paper. This 
concept was developed by J. A. Pople [6], by J.D. 
Bernal himself  [7, 8] and then by M.G. Sceats and 
his co-workers [9, 10]. Classical two-state models 
imply that there are no hydrogen bonds between 
the molecules in he denser state [4]. In the middle 
of  the 60-th the two-state models of  water have 
been proposed in which molecules in both states 
are involved in hydrogen bonds [11, 12]. In 
other words, such models imply that continuous 
hydrogen network exists in water but density and 
structure varies from one region to another. It 
means that this network is not homogenous. All 
these two-state models were mental, speculative 
pictures. Their era was coming to the end. The era 
of  computer simulation began [13-15]. One of  
the first papers in which on computer simulation 
attention to structural inhomogeneity of  water 
was given was the publication by Alfons Geiger 
and H. Eugene Stanley "Low density “patches” 
in hydrogen bond networks of  liquid water" 
[16]. But, as far as I know, no systematic study 
of  this inhomogeneity was performed before the 
publication of  our first paper dedicated to this 
problem [17].

2. STRUCTURAL HETEROGENEITY
The structural heterogeneity of  liquid water is 
discussed in many publications on the structure 
of  this substance. Some aspects of  this problem 
are treated and corresponding references are 
given in the review papers [18, 19]. Rather 
unusual approach to water inhomogeneity can 
be found in [20].

In our works structural inhomogeneity of  
the network of  computer simulated water was 
revealed as a non-uniform space arrangement 
of  molecules whose local environment 
characteristics lied within certain limits. The local 

environment of  the molecule was characterized 
by following parameters.
1. The tetrahedricity index (T). It shows a degree 

of  deviation of  the nearest surroundings of  
the molecule from the ideal tetrahedral one. 
T for ideal tetrahedron is zero.

2. The volume of  the Voronoi polyhedron 
(VVP) build around centre of  an oxygen 
atom. It shows local density around a particular 
molecule. Figuratively speaking, the inverse of  
the VVP is the density of  a single molecule 
[18]. See about Voronoi polyhedral the book by 
N.N. Medvedev [21].

3. Potential energy Ep (the energy of  interaction 
of  this molecule with all other molecules of  
the system). The principal contribution to E0 
is the interaction with the nearest molecules.
The tetrahedricity index T was calculated by 

the equation
5 6

22

1 1
( ) / (15 ),i j

i j i
T l l l

= = +

= −∑ ∑  i = 1, j = i+1,

where li,j is the length of  each of  the six edges 
of  the tetrahedron whose vertices are occupied 
by the oxygen atoms of  the four nearest water 
molecules; < l > is the arithmetic mean of  the 
lengths of  all its six edges.

The volumes of  the Voronoi polyhedra 
were calculated with the help of  the program 
developed and kindly provided by V.P. Voloshin.

The molecular dynamics simulation of  liquid 
water showed that molecules with high or low 
values of  these parameters group together 
forming ramifying clusters, piercing the volume 
of  the system. Correlation between values of  
different characteristics of  local environment is 
feeble, if  any [18, 19, 22-24].

In order to reveal structural heterogeneity of  
water we chose a certain number of  molecules 
with highest and the same number of  molecules 
with the lowest values of  VVP, T, Ep and depicted 
their distribution in space (Figs 1-4). We have 
found that at room temperature approximately 
half  of  the molecule are participated in four 
hydrogen bonds, in two of  as donors and in 
two as acceptors [18, 19]. We call such type of  
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coordination a2d2. That is why we can study space 
distribution of  molecules with a2d2 coordination 
and all the others and compare these distributions 
with distributions of  the molecules with high and 
low values of  VVP, T, Ep, when all the molecules 
are divided into two equal classes (Figs 1, 4). In 
Fig. 1 pictures when 50% molecules with low 

and 50% molecules with high values of  VVP, 
T and Ep are shown. Distribution of  molecules 
with a2d2.coordination and all others is show in 
the right picture of  Fig. 1. Pictures when one 
third of  molecules have been selected from each 
group of  molecules with the largest and smallest 
values of  VVP are shown in Fig. 2. The case, 
when 25% molecules with high and low VVP 
values have been chosen is shown in Fig. 3.

Details of  distribution of  the molecules with 
different types of  coordination are shown in 
Fig. 4. It is seen that in all the cases molecules 
with high and low of  VVP, T and Ep values or 
with similar type of  coordination strive to group 
together forming ramifying clusters. It is a good 
reason to recall the English proverb "birds of  a 
feather flock together". As it was shown in our 
paper "Quantitative characteristics of  structure 
inhomogeneity of  water" [24] this tendency 

Fig. 1. Heterogeneous spatial distribution of  molecules with different values of  parameters that describe their local environment. An 
instantaneous structure for the system of  3456 molecules with periodic boundary conditions is shown. In the first three figures, dark (red) 
molecules are those whose parameters are smaller than the critical value that divides all molecules into two equal classes. Light (blue) 
molecules are those whose parameters exceed the critical value. Left to right: partition according to the volume of  Voronoi polyhedra, 
tetrahedricity index, and potential energy. In the extreme right figure, dark molecules are those whose type of  coordination is a2d2. The given 

configuration contains about 49.5% molecules of  this type. All other molecules are shown as light balls.

Fig. 2. Coloring of  molecules according to the volume of  Voronoi polyhedra. One third of  molecules are selected from each group of  molecules 
with the largest and smallest values of  VVP. Left: dark spheres — molecules with VVP < 28.157 Å3 (1152 molecules from the total number 
3456), light spheres — molecules with VVP > 31.1 Å3 (also 1152 molecules). Middle: spatial arrangement of  molecules with VVP < 28.157 
Å3. Only molecules with neighbors separated by less than 4 Å are shown. These molecules are connected by bonds, their number is 1100. Right: 
spatial arrangement of  molecules with VVP > 31.11 Å3. Molecules having neighbors at distances of  less than 4 Å are shown. These molecules 

are connected by bonds, their number is 1061.
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Fig. 3. Colouring according to VVP values. A configuration of  
3456 molecules is shown, T = 298 K, d = 0.998 g/cm3. 25% 
of  the the molecules with the smallest and 25% molecules with the 
largest VVP valies are chosen Red spheres- molecules with small 
VVP values (<28.33 Å3). Blue spheres – molecules with large 
VVP values (>34.10 Å3 864). 864 molecules of  each kind.
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is most pronounced in the case of  the space 
distribution of  the molecules with high or low 
values of  VVP. Inhomogeneity with respect to 
local density revealed in our simulations turned 
out to be much subtler and more interesting than 
it was implied in primitive two-state models.

Structural heterogeneities of  liquid argon 
and of  liquid water were compared in the paper 
"Argon and water" [25]. As it can be seen in 
Figs 5 (argon) and 6 (water), the character of  
the distribution of  molecules with high and low 
VVP values is quite similar in these two liquids.

3. DYNAMICAL HETEROGENEITY
There are several kinds of  dynamic 
heterogeneity. The most trivial one lies in the 
fact that dynamic properties of  the molecules 
with different surroundings are different. This 

was demonstrated for the crystalline ices [19, 26] 
and for amorphous ice [19]. It is quite natural 
that the amplitude of  oscillations of  molecules 
with greater values of  VVP (less local density 
around them) is greater than that of  molecules 
with smaller values of  VVP (denser local 
surroundings). It seems to be quite natural as 
well that the slope of  the temporal dependence 
of  the mean square displacement <r2>(t) 
(proportional to the diffusion coefficient) 
of  the molecules in the denser regions of  the 
water network (with smaller VVP values) is 
smaller than that of  the molecules in the looser 
regions (with large VVP volumes) [18, 19]. It is 
not easy to determine diffusion coefficients of  
molecules from the low and high density regions 
(by means of  computer simulation), because the 

Fig. 5. Argon 110 K, d = 1.513 g/cm3. 4000 atoms in the 
periodic box. 25% with highest and lowest VVP values are chosen. 
a) There are 1000 atoms, whose VVP < 41.97 Å3. 942 from 
them have neighbors which are nearer than 4.4 A. They are linked 
by conventional bonds. b) There are 1000 atoms whose VVP > 
45.97 Å3. 0-6 from them have neighbors which are nearer than 4.4 

A. They are linked by conventional bonds.
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Fig. 4. Colouring according to types of  coordination. A configuration of  3456 molecules is shown, T = 298 K, d = 0.998 g/cm3. Left: 
red spheres — molecules with a2d2 coordination (1758 or 50.87%), blue spheres — all other molecules. Middle: molecules with a2d2 
coordination form a network. Right: molecules with coordination other than a2d2 also form a network. There are 1369 molecules connected 

by bonds.

Fig. 6. Colouring of  the water molecules according to VVP values. 
Instantaneous configuration contains 3456 molecules. 25% of  the 
molecules with the smallest VVP values (VVP<27.32 Ǻ3) and 
25% molecules with the largest VVP values. a) Molecules whose 
VVP<27.32 Ǻ3 are connected by conventional bonds (Rmax=4 
Ǻ). There are 808 such molecules. b) Molecules whose VVP 
>32.03 Ǻ3. are connected by conventioinal (Rmax=4 Ǻ). There 

are 717 such molecules.

                    a                                        b
                 a                                          b
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molecules do not maintain their VVP values 
for a long time. The mean square displacement 
function reaches the diffusion regime (<r2>(t) 
= 6Dt, D is the self-diffusion coefficient) at t > 
1 ps. We managed to follow <r2> = f(t) for the 
molecules with high and low VVP values only 
for about 0.5 ps (Fig. 7). But there is no doubt 
that, according to computer simulation, the 
diffusion coefficient of  molecules in the regions 
with high local density is smaller than that of  
the molecules with low local density. Meanwhile, 
one of  the best known and bright ‘anomalies’ of  
water is the increase of  diffusion coefficient with 
increase of  density (this anomaly is observed at 
T < 310 K). D reaches a maximum at a pressure 
of  about 2 kb (Fig. 8), which corresponds to 
a density ~1.08 g/cm−3 at ambient temperature. 
In our works a non-monotonic dependence 
of  D (calculated for all molecules) on density 
was found [18, 19]. It is pertinent to note that 
our molecular dynamics simulation excellently 
reproduces experimental data on the dependence 
of  diffusion coefficients on temperature at 
ambient pressure [27]. Dependence of  diffusion 
coefficient on local density leads to a non-trivial 
situation. A paradox arises: if  we compress the 
whole system, the diffusion coefficient increases, 
but the diffusion coefficient in the regions with 
high local density is lower than in the regions 
with low local density and in the system as a 

whole. This means that this ‘anomaly’ cannot be 
explained by a primitive two-state model, which 
implies that water is a composite of  high density 
regions and low density regions. This paradox 
was discussed in [18, 19] but no satisfactory 
explanation was found.

Another, less trivial dynamic heterogeneity 
of  liquid water is the result of  the broad 
distribution of  the hydrogen-bond lifetimes [28]. 
A certain number of  long-living bonds exists. 
This means that associates incorporating two or 
more molecules exist in liquid water and move 
as a unified complex for rather a long time [22, 
23]. Such associates could not be revealed by the 
analysis of  the separate instantaneous structures. 
It is necessary to colour the hydrogen-bonded 
network with respect to lifetimes of  hydrogen 
bonds. To this end molecular dynamics trajectory 
50 ps long was obtained (3456 molecules, 298 
K, 0.998 g/cm−3) [22, 30]. Coordinates of  the 
molecules in the configurations, separated 
by 1 ps were recorded. Lists of  hydrogen 
bonds (geometric criterion, rOO

max = 3.3 Å) 
were compiled for each configuration. The 
configuration obtained at 25th ps was chosen as 
a reference one and its list of  hydrogen bonds 
was compared with hydrogen bond lists of  24 
previous and 25 following configurations. This 
is a rather rough procedure for estimation of  
hydrogen bond lifetimes but it may be quite 
adequate for revealing associates of  molecules 

Fig. 8. Pressure dependence of  the self-diffusion coefficient of  
water. Experimental data obtained (NMR, spin echo). See Fig. 

12 in [18].
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Fig. 7. Time dependence of  centre of  mass mean square 
displacement for molecules with high and low values of  the Voronoi 
polyhedron volumes (Vvor). Liquid water at ambient conditions. See 

Fig. 18 in [18] or Fig. 21 in [19].
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connected by long-living bonds. If  we colour 
in the reference configuration the bonds with 
lifetimes longer than 7 ps they will form an infinite 
ramifying cluster, resembling clusters formed 
by molecules with high or low values of  VVP. 
Infinite percoiating cluster is shown in Fig. 9. It 
was obtained in the other computer experiment. 
System containing 10240 molecules in the 
cubic periodic cell was simulated. Temperature 
was 310 K. Of  course not all the bonds living 
longer than percolation threshold belong to 
this cluster. In the case system containing 3456 
molecules in the cell, the bonds living longer 
than 8 ps do not form an infinite cluster, but 
clusters containing several dozens or hundreds 
of  molecules can be found (Figs 10a, 10b). 
This means that the percolation threshold with 
respect to hydrogen-bond lifetimes (determined 
in such a rough way) lies between 7 and 8 ps in 
the case of  this particular molecular dynamics 
trajectory. The average value of  the percolation 
threshold is 7.96 ps at room temperature (Table 
1). About 20% of  bonds have lifetimes longer 
than 7 ps. It should be stressed that molecules 
participating in long-living bonds do not form 
compact complexes but rather loose branching 
clusters. There are many molecules which do not 
participate in long-living bonds and frequently 
exchange their neighbours inside these clusters. 
Bonds with lifetimes longer than 20 ps are 

united into small clusters containing one bond 
(two molecules), two bonds (three molecules) 
and very rarely three bonds (four molecules). 
This is a vivid illustration of  collective diffusion. 
Molecules connected by long-living hydrogen 
bonds are doomed to move concertedly.

It is noteworthy that the times corresponding 
to the percolation thresholds are close to the 
mean lifetimes of  hydrogen bonds determined 
using the dynamic criterion [31] (see [18, 19] 
for the dynamic criterion). Note also that 
the times found in the numerical experiment 
(percolation threshold and average lifetime) are 
close to the experimental dielectric relaxation 
times, especially at moderately low temperatures 
(Table 1). The percolation characteristics of  
clusters obtained by colouring hydrogen bonds 
according to their lifetimes indicate that these 

Fig. 10а. Colouring according to hydrogen bond lifetimes. System 
contains 3456 water molecules in the periodic cell. Bonds whose 

lifetimes are longer that 15 ps are shown.

Fig. 10b. Colouring according to hydrogen bond lifetimes T = 262 
K. System contains 3456 water molecules in the periodic cell. Molcules 
whose lifetimes are longer than 19 ps are shown (t ≥ 19 ps). They 
do not form infinite cluster The largest cluster formed by the molecules 
bonds between whom live longer than 19 ps contains 885 molecules.
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Fig. 9. Colouring according to hydrogen bond lifetimes. Water 
10240 molecules in the cubic periodic cell. T=310 K. Hydrogen 
bonds whose lifetime is longer than 6 ps are ciloured. Percolation 

threshold is 6.8 ps. Infinite cluster is shown. 
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are moderately branched clusters containing few 
rings. This is indicated by the numbers of  units 
(molecules) and bonds in the clusters in which 
molecules are linked by longliving bonds. These 
clusters can contain molecules not involved in 
long-living bonds. They constantly change its 
composition, losing or acquiring molecules.

Study of  collective motions in water with the 
help of  two-particle correlation functions [31] 
led us to conclusion that the unusual behaviour 
of  these functions could be explained by vortex 
motions, which covered regions of  space larger 
than the periodic cells used in our study. But, 
of  course, the correlation functions give only 
indirect evidence of  the existence of  the vortex-
like motions in liquids. In order to prove that such 
motions really exist in MD models of  liquids, 
it is necessary to visualize them. To this end it 
was necessary to study large systems containing 
several dozens or even hundreds of  thousands 
particles and obtain long MD trajectories [32].

Displacements of  single particles are chaotic. 
In order to reveal the regularities in this chaos, it 

is necessary to pass from the description of  the 
of  individual particles to the groups of  particles 
and follow their displacements during long time 
intervals. It means that it is necessary to go to the 
higher level of  the description of  the motions 
in this chaos. Usually such a procedure is called 
coarse graining. The goal of  coarse graining is 
to develop quantitative measure of  collectivity in 
particle motion.

Let us construct a sphere with the radius Rsph 
in some point in the space of  our model. This 
sphere should contain a considerable number 
of  particles. Having calculated the trajectories 
of  all the particles, which have been inside 
the sphere in the initial moment t0, during a 
succeeding time interval ∆t, we can calculate 
a vector of  average displacement <∆R> of  
these particles. If  the motion of  all the atoms 
were not correlated, the vector of  their average 
displacement <∆R> would be close to zero. If  
their motion is correlated, this vector will be 
long enough. The more correlated the motion 
of  the particles is, the longer will be the vector 
<∆R>. So the length of  <∆R> could be chosen 
as the measure of  the correlation of  motion of  
atoms inside the sphere. We can pin the vector 
of  mean displacement of  atoms <∆R> to the 
centre of  the sphere and consider it to be the 
characteristic of  the collective motion of  the 
particles which initially have been inside the 
sphere. We place the centres of  the spheres in 
the nodes of  the grid which divides each of  the 
edges of  our cubic box into several equal parts 
of  length. In our case the edges were divided into 

Table 1
Mean lifetimes of hydrogen bonds (t1), mean lifetimes 

corresponding to percolation thresholds (t2), and 
experimental dielectric relaxation times (t3)

Temperature, 
K

Mean lifetime 
of hydrogen 

bonds <t1>, ps

Percolation 
threshold (t2), 

ps

Dielectric 
relaxation time 

(t3), ps1 

250 26.56 33.29 46.51

261 20.49 27.9

280 12.03 14.28 13.9

297 ~7 7.96 8.22

310 6.84 7.99 7.05

1The sources of information about experimental dielectric relaxation 
times see in [30]..
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Fig. 11. Fields of  average displacement vectors ∆R of  argon atoms. 15% of  the longest vectors are shown. 500 000 argon atoms in the 
periodic cell. 27000 spheres have been placed in the cell. Their centres have been put in the nodes of  the cubic lattice build inside the cell. 
We calculated the displacement vectors for each atom, which have been inside the sphere in the initial moment displacement vector has been 
calculated. Average displacement vector were calculated for each sphere during the period dt = 100 ps. The size of  the sphere in comparison 

with the size of  the cell is shown in the left. 
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30 parts and as a result 27000 nodes appeared 
in which we placed the centres of  the spheres 
and to which we pinned the <∆R> vectors. 
The described procedure allows us to observe 
mutual disposition of  the vectors of  average 
displacement of  the atoms in all the space of  the 
model and to build the field of  the vectors of  
mean displacements of  the atom groups. While 
scrutinizing this field, we can follow how the 
measure of  collectivity of  the motions changes 
from one place to another. We can build the field 
of  <∆R> vectors for any initial moment t0, that 
is, for any instantaneous configuration (snapshot) 
along the MD trajectory. If  we chose the spheres 
with the longest <∆R> vectors we shall reveal 
the regions in our model system, in which 
atoms or molecules move approximately in the 
same direction. In such regions the long <∆R> 
vectors group together and form the local flows 
with the lengths of  several nanometers. These 
flows are bent. Sometimes whirl-like structures 

arise (Fig. 11). In the other regions of  the system 
motion of  the particles is more chaotic. The 
examples of  obtained pictures are shown in Figs. 
11-13. The picture depends on time interval ∆t 
and radius Rsph. It is very interesting that pictures 
obtained for argon and water are rather similar 
(Figs. 12 and 13).

The study of  whirl-like motions allowed to 
reveal dynamic heterogeneity of  much larger scale 
than described is other sections of  this article. 
It is another manifestation of  heterogeneity of  
liquids. This large scale heterogeneity is displayed 
very similarly in such different liquids as argon 
and water [32]. The same we observed when we 
compared small scale structural inhomogeneity 
of  these two liquids [25].

4. CONCLUSION
Structural heterogeneity of  liquids is the 
tendency of  their molecules (or atoms in the 
case of  liquid noble gases) with similar values 
of  the parameters which characterize their 
local environment. Dynamical heterogeneity is 
different character of  motion of  the molecules 
or atoms in different regions of  the space. 
Peculiarities of  these kinds of  heterogeneity 
for such different kinds of  liquids as water and 
argon are very similar.
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1. INTRODUCTION
Water plays very important role in alive and 
lifeless nature. This circumstance is connected 
with its many properties caused by H-bonds. 
The lasts, in particular, determine and its local 
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structure remembering that in the hexagonal ice 
[1]. In more details H-bonds, whose interaction 
energy exceeds the dispersion one more 
than one order of  magnitude, stimulate the 
formation of  different clusters. Among them 
there are hexamers determining the hexagonal 
ice structure [1]. However clusters in liquid water 
are short-living objects. During its life time water 
molecules, belonging to some cluster, can only 
oscillate similarly to that in the hexagonal ice. 
The spatial displacement of  molecules becomes 
possible only after destruction of  corresponding 
cluster. At that a molecule rotates on some angle. 
Sometime the similar picture of  displacements 
and rotations of  molecules describes with the 
help of  two characteristic times: τ0 and τ1 [2, 3], 
where the first is interpreted as the residence 
time and the other - as the transition one. In 
accordance with our reasons the residence time 
can be considered as the life time of  hexamers 
and tetramers determining mainly the local 
water structure. We can speak about the crystal-
like thermal motion in water if  the condition: 
τ1 << τ0 is carried out. Since τ0 and τ1 depend 
on temperature, this condition can only carried 
out in some temperature interval. At that with 
suitable accuracy τ1 can be approximated by the 
expression:  τf  ~ a/vT, where a is the average 
interparticle spacing between the nearest 
neighbors and vT is the average value for the 
thermal velocity of  a molecule.

The temperature dependence of  the 
ratio: τ0/τf is studied in [4-6] with the help of  
incoherent neutron scattering data. The results 
are presented in Fig. 1 (see also [6, 7]). As we 

can see, the crystal-like representations for the 
description of  thermal motion in water are only 
applicable in the narrow temperature interval: 
273 K < T < TH, TH = 315 K, of  its normal 
states as well as for its supercooled ones: 
T < 273 K.

The temperature dependence of  the dipole 
relaxation time τd, presented in Fig. 2, is the 
important addition to Fig. 1. This quantity 
characterizes the rotational motion of  water 
molecules.

Here τr has meaning of  the period for free 
rotation of  water molecules, τr ~ 2π/ωT, where 

/T Bk T Iω   is the characteristic value of  
angular velocity, 2

H OHI m r=  is the inertia moment 
for a molecule (mH is the hydrogen mass and rOH 
is the distance between the oxygen and hydrogen 
in water molecule). By order of  magnitude: 
τr ~ 0.5·10-12 s. As we can see, temperature 
dependences of  the dipole relaxation time are 
different in the temperature intervals (see [7, 
8]): 1)T < TH, where τd >> τ and 2) T > TH, 
where τd ≥ τr,. The first temperature interval 
corresponds to the rotation of  a molecule 
beginning after cluster destruction, the second 
one – to the quasi-free rotation of  molecules.

It is very essential that the information about 
translational and rotational motions of  water 
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Fig. 1. Temperature dependence of  the ratio τ0/τf, where τf  ≈ 
5·10-13 с, obtained in [4, 5].

 

Fig. 2. Temperature dependence of  the ratio:
( ) ( ) / ,d dt tτ τ τ=  where τd is taken from works: + – 

from [1], □ – [9], × – [10], ◊ – [11]. Points present the 
interpolation data for τd.
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molecules, obtained by different methods, is 
consistent with each other. 

Considerable deviations of  ( )d tτ  from unity 
are observed for: T < TH, where the temperature 
dependence of  ( )d tτ  is approximated by the 
exponential function (dashed line in Fig. 2):

 (0) (0) 4exp( / ),   5.1 10 ,   4.71.d d H d Htτ τ ε τ ε−= = ⋅ = 

At that, the value of  the activation energy for the 
dipole relaxation time, εH = EH/kBTc, coincides 
practically exactly with the H-bonding energy  
[1] between water molecules. 

From our consideration it follows that 
physical characteristics of  water are divided into 
two main totalities: 1) those, which properties 
are determined by molecular configurations 
having the life times more than the typical ones 
for clusters and 2) those, peculiarities of  which 
are determined by properties of  clusters, in 
particular, by their thermal excitations.

It is clear that the equation of  state (EoS), 
the structure of  the coexistence curve as well 
as the coefficients of  self-diffusion and shear 
viscosity belong to characteristics of  the first 
type. Changes of  these quantities take place only 
on times exceeding τ0. Since these quantities can 
be also described in two-particle approximation, 
the corresponding interparticle potentials should 
consider as the averaged ones. The averaging 
is carried out on angular variables (pairs of  
molecules have different angular orientations).

The entropy, heat capacity as well as 
dielectric permittivity of  water relate to 
characteristics of  the second type. The essential 
contributions to their formation are caused by 
thermal excitations of  clusters. It is evident that 
we can speak about thermal excitations only on 
times lesser than τ0.

In our paper we present 1) the averaged 
interparticle potential between water molecules, 
having the argon-like structure and the EoS for 
water constructed in argon-like approximation; 
2) the influence of  H-bonds on the EoS of  
water; 3) the character of  thermal excitations 
and 4) peculiarities of  their contributions to 

the heat capacity and dielectric permittivity of  
water.

2. EQUATION OF STATE OF WATER 
IN ARGON-LIKE APPROXIMATION
In this Section the main attention is focused 
on the equation of  state of  water constructed 
in argon-like approximation. For this aim 
the structure and properties of  the averaged 
interparticle potentials are considered. It is taken 
into account that the rotation of  molecules 
creates the natural conditions for self-averaging 
of  interparticle potentials. The Section is ended 
by the description of  the H-bonds role.
а) the averaGed potential of interparticle 
interaction in water

By definition, the averaged potential U(r) of  
interparticle interaction between water molecules 
is determined by the equation:
 1 2exp( ( )) exp( ( , , )) ,U r rβ β− = − Φ Ω Ω

where the angular brackets designates the 
averaging of  the bare potential Φ(r, Ω1, Ω2) 
on its angular variables Ω1 and Ω2, β = 1/
kBT (see details in [12, 13]). Due to such a 
definition the free energy of  a system in two-
particle approximation is invariant relatively 
transformation from bare to averaged potential. 
The bare potential is modelled by the sum:

 1 2 1 2

1 2 1 2

( , , ) ( , , )
( , , ) ( , , ),

dis

el H

r r
r r

Φ Ω Ω = Φ Ω Ω +
+Φ Ω Ω +Φ Ω Ω

where the first term describes the dispersion 
interaction between water molecules, the second  
– the electrostatic one, modelled by potentials 
of  type SPC, and the third – the irreducible one, 
caused by weak overlapping of  electronic shells 
for interacting molecules [14]. In fact namely the 
last generates the irreducible part of  H-bonding. 
In [12] it had been shown that the dominating 
contribution to the averaged potential U(r) is 
given by electrostatic interactions, which after 
the averaging take the Lennard-Jones structure:

 
12 6

( ) 4 .a a
el aU r

r r
σ σε

    ≈ −    
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In particular, for several often used interaction 
potentials the values εa and σa  are presented in 
Table 1.

The designations SPC, SPC/E, TIPS, TIP3P 
correspond to potentials taken from [15-18]. 
The abbreviation MP  denotes the multipole-
multipole interaction potential considered in 
[14,19].
b) estimates for the critical temperature 
of water in arGon-like approximation

The simplest estimate for the critical temperature 
of  water can be obtained with the help of  Van 
der Waals formula [20]:

8 .
27c

aT
b

=  (1)

coefficients a and b of  which are determined by 
the averaged potential according to:

 2 322 ( ) ,   .
3

a U r r dr b
σ

π πσ
∞

= − =∫
Since the parameter εa and σa  of  the averaged 
potential U(r) depend on temperature, the 
formula (1) transforms in fact to the equation 
for the critical temperature:

 
8 ( ) .
27 ( )

c
c

c

a TT
b T

=

The intermediate calculation shows that for 
the bare potentials SPC and SPCM the critical 
temperature takes the values:
 ( )( ) 626 ,   561 .MSPCSPC

c cT K T K= =

Here the index “M” for potential notes that 
the electrostatic interaction in it is described by 
a segment of  the multipole series including in 
itself  the quadrupole-octupole  interactions [19].

If  the coefficient a(T) is calculated in 
accordance with more exact formula:

 2( ) 2 (1 exp[ ( ) / ]) ,a T T U r T r dr
σ

π
∞

= − − −∫
correct for εa/(kBTtr) > 1, we get the following 
estimates for the critical temperature:

 ( )( ) 650 ,   604 .MSPCSPC
c cT K T K= =

The critical temperature can be also estimated 
with the help of  relation: 

 
( ) ( )

( ) ( ) 638 .
el dis

w Arw w
c c

Ar

T T Kε ε
ε
+

≈ =

following from the similarity principle [20, 21].
The relative width of  the temperature interval 

for liquid states of  argon equals to 
( ) ( )

( ) 0.56
Ar Ar

c tr
Ar

c

T T
T
−

≈ . 
In the argon-like approximation the relative width 

of  the corresponding interval 
( ) ( )

( ) 0.56
w w

c tr
w

c

T T
T
−

≈ for water 

should be the same: 
( ) ( )

( ) 0.56
Ar Ar

c tr
Ar

c

T T
T
−

≈ . From here 
we get the following estimate for the triple point 
temperature of  water:
 ( ) ( )0.44 280 .w w

tr cT T K≈ =

Thus, the using of  the averaged interparticle 
potentials for water and the argon-like 
approximation for its EoS allows us to get the 
quite satisfactory values of  temperatures for its 
critical and triple points.
c) temperature dependence of the specific 
volume per molecule on the water binodal

The similarity of  the averaged interparticle 
potential in water and that in argon allows us to 
write the following relation between the specific 
volumes on their coexistence curves:

3

( ) ( ),w
w Ar

Ar

t tσν ν
σ
 

≈  
 

 (2)

where ( )/ ,i
trt T T=  i = w, Ar. From (2) it follows 

that 1) the temperature dependences for the 
specific volumes of  water and argon on their 
coexistence curves are practically identical and 
2) in their triple points the specific volumes are 
connected between each other by the relation:

 
3 0.56,   SPC,( 1)

0.62,   MP.( 1)
w w

Ar Ar

t
t

ν σ
ν σ

  =
≈ =  =  

Its corresponding experimental value equals to:
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Table 1
Parameters of the averaged interparticle potentials for 

water corresponding to the standard bare ones 
(dimensionless εa equals to ( ) ( )/ ,el w

a w B trk Tε ε=  where
( )w

trT  – is the triple point temperature).
SPC SPC/E TIPS TIP3P MP

εa
1.43 1.42 1.42 1.42 0.86

σa, Å 2.78 2.78 2.77 2.77 2.89
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( 1) ( 1) 0.63.
( 1) ( 1)

w w Ar

Ar Ar w

t m t
t m t

ν ρ
ν ρ

= =
≈ =

= =
The closeness of  theoretical estimates for 

( 1)
( 1)

w

Ar

t
t

ν
ν

=
=  to its experimental value as well as 

corresponding correlations between predictions 
and real positions of  the critical and triple points 
point show explicitly on satisfactoriness of  
argon-like approximation for the EoS of  water. 
Here it is especially important that a theoretical 

estimate for the ratio 
( 1)
( 1)

w

Ar

t
t

ν
ν

=
=  is a few lesser than 

its experimental value. It means that the argon-like 
approximation should be naturally completed by 
a contribution caused by short-living H-bonds. 
In accordance with [22-24] their averaged life 
time at the room temperature does not exceed 
(1 ÷ 3) ps. Due to them some increase of  the 
specific volume becomes possible. The similar 
effect takes also place for hexagonal ice, where 
it is caused by the regular network of  H-bonds. 
Since the lasts are stable they lead to essentially 
more increase of  the specific volume, more than 
that in liquid water on 3 order of  magnitude.
d) manifestation of h-bonds in water eos
For the description of  temperature dependence 
of  the specific volume we will use henceforth 
the reduced variables following from the van der 
Waals analysis of  critical phenomena [20,21]: 

( ) /w ctν ν ν=  and t = T/Tc. In accordance with 
said above they should describe by the equation:

3 ( )

( )( ) ( ) ( ),   ,
Ar

w c
w Ar H w

Ar c

t k t t k σ νν ν ν
σ ν
 

= + =  
 

    (3)

generalizing the formula (2) where ( )H tν  is the 
contribution caused by H-bonds. By order of  
magnitude: k ≥ 0.85 and ( ) 0.05 ( )H wt tν ν 

  or 
( ) 0.05 ( )H Art tν ν 
 , i.e. its relative value does not 

exceed 5%. In [25-27] it had been shown that this 
contribution is formed by short-living H-bonds 
in water and it is proportional to the averaged 
number nH(t) of  H-bonds per molecule:

(0)( ) ( ) ...H H Ht n tν ν= +   (4)
It is necessary to note that the influence of  
H-bonds weakens with increase of  temperature 
and reduced specific volume ( )w tν  per water 

molecule asymptotically approaches to that ( )Ar tν  
for argon. On the contrary, the contribution 

( )H tν  increases with approaching the water 
triple point. Only in the narrow vicinity of  the 
critical point these our conclusions should be 
précised [20, 27].

The careful analysis of  the temperature 
dependence for ( )w tν  allows us to conclude that   
nH(t) changes linearly with temperature [25-27]:

( ) 4(1 ...),   0.85.Hn t tλ λ= − + =  (5)
Near the triple and critical points values of  nH(t) 
are correspondingly equal to: nH(t = 0.42) ≈ 0.26 
and nH(t = 1) ≈ 0.6, that satisfactory correlates 
with results of  computer modeling in [28, 29] 
and estimates of  the dimerization degree of  
water molecules near the critical point [30].

Similar estimates for nH(t) are obtained in [26, 
27] from the analysis of  the evaporation heat.

In conclusion of  this subsection it is 
necessary to note that the representation of  the 
specific volume of  water in the view (3) – (5) 
allows us to explain naturally the physical nature 
of  the mass density maximum at Tm = 277 K. It 
is a result of  superposition of  two contributions 
having opposite character of  temperature 
dependences: the argon-like contribution 
weakens if  temperature falls and H-bond one 
increases at the same condition.

3. EXCITATIONS OF CLUSTERS 
AND THEIR MANIFESTATION IN 
DIELECTRIC PERMITTIVITY OF 
WATER
This not great Section is devoted to the discussion 
of  the physical nature for dielectric permittivity 
in vapor and liquid states of  water
а) dielectric permittivity of water vapor

Water vapor is the simplest system for illustration 
of  clusters role. At that, if  vapor is not too 
dense, water dimers dominate among clusters. 
Considering such a system as a mixture of  
monomers and dimers its dielectric permittivity   
ε can represent in the view [31]:

 
1 4 ,
2 3 eff

wm
ε π ρ α
ε
−

=
+
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where ρ  is the mass density, mw is the mass of  a 
water molecule, αeff is the effective polarizability 
per molecule. With good accuracy the electronic 
polarizability of  a dimer can be approximated 
by the doubled one for a monomer: (αd ≈ 2αm), 
and the dipole moment of  a dimer in its ground 
state satisfies the equation: 2 22d md d=

 

 [31], where 
dm is the dipole moment for a water monomer. 
Taking into account these relations we obtain 
the following expression for the effective 
polarizability per molecule for water vapor:

 
2

...
3

m
eff m

c

d
T t

α α= + +


Due to collisions between monomers and 
dimers  the lasts are excited and the effective 
polarizability per molecule becomes to be equal:

 
2

( ) ( ) ...
1 3

dd m
eff m

d c

c dt
c T tνα α α= + + +

+



where cd = nd/(nm + nd) is the dimer concentration 
(nm and nd are the numerical densities of  
monomers and dimers), and the contribution 

( ) ( )d tνα  to the effective polarizability:

 
2

( ) ( )
3

dd

c

d
t

T tν

δ
α =



is caused by the thermal excitations of  dimers, 
i.e. their vibrations.

In [31] it had been shown that the numerical 
value of  ( ) ( )d tνα  exceeds the electronic polaribility   
αm ≈ 1.05·10-24 cm3 of  water monomer in several 
times: ( ) ( ) / (1 10).d

mtνα α ÷  It is very important 
that ( ) ( )d tνα  is independent on temperature (since 

2
dd Tδ




).
The careful comparison of  theoretical 

predictions with experimental data allows us 
to get the temperature dependence of  dimer 
concentration (see [31])
b) dielectric permittivity of liquid water

The structure of  the hexagonal ice is determined 
by hexamers [1]. At the fusion of  ice the global 
molecular ordering is violated and hexamers 
become unstable. In this situation it seems to 
be natural to assume that the structure of  liquid 

water is mainly formed by clusters of  lower order 
– cyclic tetramers and dimers having simpler 
structure and more stable relatively effect of  
irregular molecular surrounding. At that, the 
dipole moment of  a cyclic tetramer in its ground 
state is equal to zero. In accordance with this 
the effective polarizability of  a water molecule 
equals to:

2
( )
2

( )
4

2( )
2(2 ) 3

(1 ) ...
2(2 )

dd m
eff m

d B

td

d

c dt
c k T

c
c

α α α

α

 
= + + + 

−  
−

+ +
−



 (6)

where

,   ,d t
d t

d t d t

n nc c
n n n n

= =
+ +

are the concentrations of  dimers and tetramers, 
and ni, i = d,t, are their densities,

2 2
( ) ( )
2 4,   ,

3 3
d td t

B B

d d

k T k T

δ δ
α α= =

 

 (7)

are the contributions to the effective polarizability 
of  water molecule caused by vibrations of  
dimers and tetramers. Here it is also taken into 
account that the electronic polarizability of  
tetramer satisfies the relation: αt ≈ 4αm with 
quite good accuracy. We also assume that the 
energy of  electrostatic field in media tends to 
its minimal value, in consequence of  the dimer 
concentrations in water should be close to zero. 
This requirement is only violated in the vicinity 
of  the critical point, where a system becomes 
spatially inhomogeneous due to large-scale 
fluctuations.

The comparison of  αeff(t), determined 

according to 
3 1( ) ,

4 2
w

eff
mt εα

π ρ ε
−

=
+

 with 
experimental values of  ε and ρ , and calculated 
with the help of  (6) and (7), testifies about their 
full compatibility. Details of  this comparison are 
presented in [31] and they show the leading role 
of  tetramers in liquid water. At that the large 
values of  the dielectric permittivity for liquid 
water are mainly formed by thermal excitations 
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of  tetramers. The role of  dimers is only essential 
near the critical point.

4. MANIFESTATION OF THERMAL 
EXCITATIONS OF CLUSTERS IN 
HEAT CAPACITY OF WATER
Here we will show that peculiarities of  the heat 
capacity are determined by fine properties of  
H-bonds.
а) h-bond structure

In works [14, 32-36] it had been shown that 
the H-bonding energy is determined by sum 
of  electrostatic interaction, responsible for 
the formation of  clusters, and relatively weak 
exchange one, arising due to the overlapping of  
electronic shells for molecules [14]:
 ,   0.2 .H el h h elε ε ε ε ε= + ≤
As noted above, εh should be interpreted as an 
irreducible part of  H-bonding energy. With this 
value additional vibrations of  electronic density 
are connected and they generate independent 
contributions to the heat capacity of  water. 
Since the overlapping region for electronic 
shells reminds a string connecting the oxygen 
of  one water molecule with hydrogen of  other 
molecule, we can speak about two transversal and 
one longitudinal vibration degrees of  freedom.  
The excitation energy for transversal vibrations 
is as rule lesser than that for longitudinal 
one, therefore we can take into account only 
transversal vibrations of  electronic density.
b) contribution of cluster thermal 
excitations to the heat capacity of water 
vapor

Similarly to dielectric permittivity the role of  
cluster thermal excitations is the  simplest in 
non-dense water vapor. It is evident that the heat 
capacity ζv of  such a vapor at constant volume 
per molecule is determined by the expression:

( ) ,
1

m d d m

d

c
cν

ζ ζ ζζ + −
=

+
 (8)

where ζm and ζd are the heat capacities per 
monomer and dimer correspondingly. If  dimers 
are not excitated than ζm and ζd are only caused by 
translational and rotational degrees of  freegom: 

ζm = 6, ζd = 6 in units 1/2kB. In this case (8) is 
essentially simplified:

6 ,
1 dcνζ =
+

.

If  dimers are excited the formula (8) is 
generalized:

,
1
m d v

d

c
cν

ζ ξζ +
=

+

where ξv is the contribution caused by vibration 
degrees of  freedom. In classic approximation 
6 vibration degrees of  freedom lead to ζv = 12. 
From here it follows:

6 1 .
1

d

d

c
cνζ

 
= + + 

 (9)

If  we will take into account the vibrations of  
electronic density connected with the irreducible 
part of  H-bonding, the formula (9) transforms 
to:

( )(1 (1.6) ( ))6 1 ,
1

e
d

d

c t
c

ν
ν

ξζ
 +

= + + 
 (10)

where 
3

( ) ( )

1
( ) ( )e i

i
t tν νξ ξ

=

=∑  and the summation 
is carried out on three additional degrees of  
freedom [20]. Fitting the experimental values of  
the heat capacity with the help of  (10) we can 
estimate the concentration cd of  dimers in a water 
vapour. In [31] it had been shown that values 
of  cd, obtained from the analysis of  dielectric 
permittivity and heat capacity, agree with each 
other quite satisfactory.

It is necessary to note that talking into account 
of  internal vibration degrees of  freedom is 
standard for the description of  the heat capacity 
of  alcohols belonging to the methanol series 
[27].
c) contribution of cluster thermal 
excitations to the heat capacity of water

The heat capacity ζw of  liquid water at constant 
volume can be represent by the sum:

(0) ( ) .e
w w νζ ζ ξ= +  (11)

Here the first term describes the constituent 
caused by translational and orientation vibrations 
of  rigid water molecules having the same 
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physical nature as the molecular motion for a 
water homologue H2S. In liquid states of  the last 
H-bonds absent and the heat capacity is mainly 
determined by vibration degrees of  freedom. 
This contribution is estimated as:

(0) 12.wζ ≈  (12)

that practically coincides with the experimental 
value of  the heat capacity for H2S. The term ( )e

νξ  
can be approximated by the expression:

3
( ) ( )

1

1 ( ) (5 8).
2

e i
H

i
n tν νξ ξ

=

= ≈ ÷∑  (13)

proportional to the number of  H-bonds per 
molecule. Here it is also taken into account 
that the vibration energy for the irreducible 
constituent of  H-bond should be divided 
between two molecules (multiplier 1/2) and 
maximum value for each vibration contribution 
equals to 2.

The agreement between ζw calculated 
according to (11) – (13) and experimental data is 
practically full.

5. DISCUSSION OF THE RESULTS 
OBTAINED
From our consideration it follows that the most 
characteristic properties of  water are naturally 
explained by its cluster structure as well as 
thermal excitations of  clusters. The lasts play the 
determinative role in the formation of  entropy, 
heat capacity and dielectric permittivity of  water. 
Unfortunately this circumstance is not always 
taking into account [1]. It is necessary to note 
that thermal excitations of  clusters in water play 
the same role as internal vibration degrees of  
freedom in alcohols belonging to the methanol 
series. The excitation of  internal degrees of  
freedom is also observed for water molecules 
however this effect becomes essential only for 
temperatures comparative with the critical one 
and for higher ones. In contrast to this the 
excitation of  water clusters is observed for all 
liquid states.

In order to explain successfully water 
properties we should consider H-bonds as 
complicated objects consisting from two 

different constituents. The first of  them is 
caused by electrostatic interactions between 
several modeled charges [15-18] or multipole 
moments of  water molecules [19]. This part of  
interparticle interaction is mainly responsible for 
the clusterization in water, its tetrahedral structure 
and its EoS. Moreover from the requirement of  
minimal value for the electrostatic interaction 
energy it follows the dominating role of  cyclic 
clusters, having no dipole moments in liquid 
states of  water. The second one is formed by 
exchanged effects arising due to the overlapping 
of  electronic shells for water molecules. 
Although their contribution to the H-bonding 
energy is relatively small (εh ≤ 0.2εel), namely they 
form the important contributions to caloric 
and dielectric properties of  liquid water and are 
absent for those in liquid states of  H2S. At that, 
the polarization properties of  water are formed 
by fluctuation dipole moments of  cyclic clusters.

The EoS for water as well as other liquids is 
formed by sum of  pair interparticle contributions 
[21]. Since water molecules are strongly clustered 
the change of  molecular configurations takes 
place only on times exceeding the average life time 
of  clusters. Moreover arbitrary pairs molecules 
belonging to different clusters differ from each 
other by their relative spatial orientations. It 
means that the EoS is determined by the averaged 
(on angular variables) interparticle potentials. If  
a water state is moved off  the triple point the 
typical size of  clusters is reduced and its rotation 
tends to be quasi-free. Due to this the character 
of  thermal motion in water tends to that in argon 
and its properties – to argon-like ones.
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1. INTRODUCTION
On one hand, engineering and technology transfer 
to micro- and nanoscale is predetermined by 
the possibilities of  modern science in modeling 
and designing systems of  such sizes and, at the 
same time, it is an indispensable part of  the 
progress in studying mechanisms of  various 
processes that proceed in nature including living 
organisms. In almost all the natural systems, 
it is hydrogen bonds that play a key role in 
the stabilization of  states and transformation 
channels; and seemingly by the present moment 
there is nearly complete information about this 
kind of  bonds and the ways they are involved 
in various chemical reactions of  primarily 

redox type and conjugate charge transfer stages. 
However, despite a century-long story of  studies 
since the first allusion about molecular joining 
via peculiar intermolecular bonds [1, 2], the data 
about dynamic peculiarities of  hydrogen-bonded 
systems (which are crucial in view of  the reaction 
mechanisms in such systems) are still incomplete 
and segmentary.

It was Pauling who suggested a clear 
concept of  hydrogen bonding nearly a 
quarter of  a century after the appearance of  
a hypothesis about such interactions [3]. In 
subsequent eighty years, it was supplemented 
and made more accurate due to the extending 
possibilities of  experimental techniques and, 
later on, computer simulations aimed at 
studying the systems stabilized by hydrogen 
bonds (see [4, 5] and refs. therein). Effects 
caused by the existence of  hydrogen bonds 
between particles either in solids, liquids, or 
gas-phase molecular agglomerates manifest 
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themselves in nearly all the kinds of  
experiments, whether this be a conventional 
thermochemical determination of  the 
temperature and heat of  a phase transition or 
a modern investigation of  the charge transfer 
processes based on the data of  nuclear 
magnetic resonance. Spectral manifestations 
of  hydrogen bonds are also well known 
and included in a list of  characteristics that 
supplements the definition recommended by 
IUPAC: the formation of  an X-H...Y hydrogen 
bond is accompanied by a decrease in the X-H 
stretching vibration frequency, an increase in 
its signal in the infrared absorption spectrum, 
and the appearance of  additional spectral 
lines [6]. It is realized and widely accepted that 
hydrogen bonds are directional interactions 
and, in many situations, they are joined in a 
spatial network characterized by cooperativity, 
which is manifested in deviations of  a number 
of  properties from those expected for the 
ensembles with additive pair-wise potentials.

The latter means that, being directional, 
these interactions are nonlocal. Insofar as 
the character of  physical interactions is 
predetermined by the forces acting; and 
the forces in turn depend on the potentials 
produced by particles, the potentials should 
be unique in their spatial characteristics. In the 
case of  any particle or functional group that 
can form hydrogen bonds, they should have 
a pronounced angular dependence, and, at 
the same time, be complementary for several 
particles when these are collected within a 
relatively small room; and the number of  
stable contact segments of  one particle with 
its neighbors should be variable, typically in a 
range of  two to four, which corresponds to the 
formation of  one- (1D) to three-dimensional 
(3D) structures. Furthermore, cooperativity 
phenomenon implies not only the static 
correlation between the states of  particles, i.e., 
their charge distributions, but also (and this is 
very important) the dynamic consistency of  their 
motion, since it is the latter that provides the 

redistribution of  an external perturbative effect 
of  e.g. vibrational excitation (its delocalization), 
so that a single-particle effect is much (sometimes 
logarithmically) weaker than the total one. It is 
this ability that provides a substantial increase 
in the lifetimes of  hydrogen-bonded clusters 
and agglomerates compared to the lifetimes of  
individual hydrogen bonds. In the case of  water 
molecules, the increase is as large as an order of  
magnitude [7-9]. Such a noticeable effect can 
solely be due to the aforementioned consistent 
dynamics of  an H-bonded ensemble. Insofar 
as the dynamic features are determined by 
the existing potential forces and manifested 
in spectral characteristics, the main attention 
in this paper is paid to the charge distribution 
peculiarities of  the molecules joined in an 
H-bonded structure and their vibrational states.

2. NONEMPIRICAL MODELS AND 
METHODS
A reasonable and founded picture of  the 
dynamic properties of  H-bonded molecular 
agglomerates can be obtained only when 
data retrieved from experimental spectra are 
considered in combination with the theoretical 
predictions. Experimental peaks can by no means 
be reliably assigned with no reference to model 
constructs, the correctness of  which is checked 
by comparing to experimental observations.

The main objects in this study are clusters 
composed of  water molecules, which are the 
most widely spread blocks in natural biological 
systems, as well as ammonia and hydrogen 
fluoride. Along with fluoride-containing groups 
(which are less typical of  living species and 
organisms) it is OH and NH fragments that are 
most susceptible to the formation of  strong 
hydrogen bonds.

Data discussed in the paper were obtained 
as a result of  nonempirical quantum chemical 
modeling of  the systems with the use of  
the second order of  the Moeller-Plesset 
perturbation theory (MP2) and an extended 
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Gaussian-type basis set of  double-zeta quality 
(6-31++G(d,p)). The approximation enables 
one to reproduce reliably the electron density 
distribution in the systems of  interest, as well 
as its redistribution that accompanies changes 
in intermolecular interactions. The basis is 
sufficiently flexible even in the case of  small 
agglomerates and, at the same time, relatively 
compact to avoid the linear dependence in 
large systems. Besides that, the level selected 
provides a correct dependence of  atomic forces 
on the distortion and mutual arrangement 
of  particles involved in the system, which is 
crucial in predicting frequencies of  vibrational 
motions. Frequencies themselves were 
estimated in harmonic approximation and 
corrected with the use of  the following scaling 
factors (for the stretching vibrations): 0.945 
for water; 0.962 for hydrogen fluoride; 0.933 
for ammonia.

All quantum chemical simulations were 
carried out with the use of  Firefly 8.2 program 
package [10] and visualized with Chemcraft 
graphical software [11].

3. RESULTS AND DISCUSSION
structure and peculiarities of the 
electron density distribution of h-bonded 
ensembles

Thorough analysis of  the character of  bonding 
orbitals in the clusters composed of  water, 
ammonia, and hydrogen fluoride molecules 
enabled us to suggest a more accurate and 
complete definition of  hydrogen bonds [12]: 
“The hydrogen bond is a hydrogen atom-
mediated intermolecular (or interfragment 
within the same molecule) bond between two 
electronegative atoms or atomic groups that 
have valence electron density uninvolved in 
the formation of  intramolecular covalent 
bonds”. This definition differs from the one 
recommended by IUPAC, which sounds as 
follows: “The hydrogen bond is an attractive 
interaction between a hydrogen atom from 

a molecule or a molecular fragment X–H in 
which X is more electronegative than H, and 
an atom or a group of  atoms in the same or a 
different molecule, in which there is evidence 
of  bond formation” [6]. The main difference is 
in the clear indication of  the bonding character 
that is determined by overlapping of  those 
orbitals, which describe spatial distributions 
of  the electrons uninvolved in intramolecular 
bonds, and the role of  hydrogen atom, which 
(due to its sole electron affected by a localized 
proton charge) acts as a sort of  anchorage of  
the “electronic bridge” formed between the two 
electronegative (and typically negatively charged) 
atoms or atomic groups. Furthermore, insofar 
as the electrons uninvolved in intramolecular 
bonds are usually lone pair electrons with 
a spatial character of  p type in the case of  
the second row elements (oxygen, nitrogen, 
fluorine), such orbitals can overlap according to 
either σ- or π-kind. And the principal variant that 
takes place when individual hydrogen bonds are 
formed is that of  π-kind [12].

In fact, the formation of  hydrogen bonds 
can be treated similarly to the conventional 
MO LCAO approximation when molecular 
orbitals are represented by linear combinations 
of  atomic orbitals. The sole difference is that 
now it is molecular orbitals of  individual non-
interacting molecules that serve as a basis set, 
and the approximated functions are orbitals of  
the cluster composed of  such molecules. Taking 
into account that intermolecular bonds including 
hydrogen bonds are usually much weaker than 
intramolecular covalent ones, the approximation 
is quite founded. π-kind overlapping of  the 
lone pair orbitals of  e.g. oxygen atoms of  the 
neighboring water molecules results in the 
formation of  cluster orbitals, the electron density 
minimum of  which is located at the midpoint of  
OO space interval closely to the position of  the 
bridge proton.

The number of  close neighbors is 
determined by the electrostatic potential of  
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an individual water molecule shown in Fig. 1. 
It is this potential with pronounced maxima 
of  positive values at the extension of  O-H 
bond lines and minima of  the negative values 
in a normal direction that predetermines the 
nearly tetrahedral coordination of  the adjacent 
particles, two of  which can act as H-bond proton 
acceptors being oriented to the maxima of  the 
positive potential values, while the two residual 
can be H-bond proton donors being oriented 
to the minima of  the negative potential values. 
As follows from Fig. 1, equipotential domains 
apparently embrace the water molecule from 
opposite sides as two half-arcs with different 
cross-sections and curvatures, which makes 
it possible to coordinate molecular partners 
not only accurately along the aforementioned 
directions but also at a certain deviation 
from them. That is why hydrogen bonds are 
relatively labile, and O-H...O or O-H...N angles 
can differ from the straight one by as much as 
30-40º at a concurrent deviation of  H...O-H 
or H...N-H angles from tetrahedral one by as 
much as 15-20º. Such a distortion undoubtedly 
causes a decrease in the interaction energy 
because of  the lower electron density fraction 
spent on the formation of  adjacent hydrogen 
bonds; but the bonds still do exist and restrict 
individual mobility of  the molecules due to 
the consistency in their motion. For example, 

a mean H-bond energy in ring-like (H2O)n 
water clusters with n = 3, 4, 5, and 6 equals 
5.0, 6.5, 6.8, and 6.9 kcal/mol, being increased 
with a concurrent approaching of  O-H...O 
angle to the straight one and H...O-H angle to 
the tetrahedral one: rounded mean values of  
O-H...O and H...O-H angles in the rings are 
146º and 92º at n = 3, 165º and 104º at n = 4, 
175º and 114º at n = 5, and 178º  and 115º at 
n = 6.

The restricted freedom in the mutual 
orientation of  molecules provides also the joining 
of  ring-like fragments into three-dimensional 
cages where the close neighbors of  a selected 
molecule are located within the aforementioned 
spatial segments but not necessarily along their 
central lines. For example, tetra-, penta-, and 
hexamolecular rings can serve as building blocks 
in constructing either a cubic octamer or a cage-
like dodecamer, in which angles between the 
adjacent faces are all about 90º (at n = 8) or fall 
in a relatively broad range from 90º to 126º being 
on the average close to tetrahedral one (at n = 
12, Fig. 2).

More detailed information about the 
character of  the electronic binding within the 
H-bond domains can be retrieved from the 
analysis of  the corresponding orbitals. Fig. 3 
shows H-bond orbitals of  (H2O)n clusters with 
n = 4 and 8. In the tetramolecular system, there 
is a pronounced π-binding. Moreover, orbitals 
of  the neighboring hydrogen bonds overlap in 
such a way that a conjugate system typical of  
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Fig. 2. Cage-like structures of  water octamer and dodecamer.

Fig. 1. Electrostatic potential of  a water molecule: (a) mapped 
surface of  the overlapping van-der-Waals atomic spheres and 
(b) isopotential surface, which corresponds to |φ|= 0.04 au.; 
positive- and negative-sign potential segments are shown in 

light- and dark-gray respectively.
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π-binding is formed. These are four orbitals, 
one of  which ( φ 1) is purely bonding, two are 
nonbonding (one of  them, φ 2, is shown in the 
figure), and one antibonding ( φ 3). In a cubic 
octamer composed of  six fused tetramolecular 
faces, π-bonding orbitals of  the upper and 
lower faces form a sandwich structure ( φ 1), 
which (conditionally) can be interpreted as 
representing a π-stacking interaction of  the 
corresponding electron density distributions 
of  the tetramolecular rings. In the vertical 
direction, that is within the side faces of  the 
cube, the same orbital provides σ-binding at 
the О-Н...О edges. Another cluster orbital of  
the octamer shown ( φ 2) is close to nonbonding 
and looks like a combination of  π-bonding 
orbitals of  the side faces and, at the same time, 
σ-antibonding within the horizontal О-Н...О 
edges of  the cube. These two clusters, tetramer 
and octamer, were selected for the illustration 
of  electronic binding for the most clear 
character of  their orbitals (predetermined 
by the spatial symmetry of  the clusters) that 
reflects features inherent in almost any larger 
water cluster, as well as clusters composed of  
particles of  another chemical nature.

Among all cluster systems stabilized by 
hydrogen bonds, the most stable ones are 
those with the aforementioned delocalization 

or conjugation of  H-bond orbitals. A 
necessary condition for the delocalization 
is the spatial closeness of  two adjacent 
hydrogen bonds when they are separated with 
only one covalent bond so that a sequence 
of  alternating covalent and hydrogen bonds 
of  (R1)X1-H...(R2)X2-H...(R3)X3-H... kind, 
where Xi are electronegative atoms (O, N, 
F), and Ri are some atoms or atomic groups 
(such as hydrogen atoms in the case of  water 
molecules or CH3CH2 radicals in the case of  
ethanol, etc.) can be distinguished. The most 
stable configurations of  clusters (or, in other 
words, the strongest networks of  hydrogen 
bonds) are characterized by the largest extent 
of  conjugated H-bonded segments when the 
corresponding sequences embrace the whole 
structure.

Besides that, depending on the chemical 
composition of  the molecules involved 
in hydrogen bonds, the corresponding 
conjugated chains can form 2D or 3D 
networks. A hydroxyl group can form two 
bonds as a proton acceptor and one bond as 
a donor. By contrast, amino group can be a 
double proton donor and a single acceptor. 
The closer the groups to each other, the 
stronger the correlation in the H-bonds 
formed. Therefore, water molecules, which 
can be involved in up to four hydrogen 
bonds with the neighbors (two as proton 
donors and two as acceptors), are unique 
as 3D-network units. For example, in Ih ice, 
one can distinguish repeatedly intersecting 
open conjugated bond chains. At the same 
time, hydrogen fluoride molecules, which can 
typically form no more than two hydrogen 
bonds (one as a proton donor and one as an 
acceptor) because of  the peculiarities in the 
electron density distribution, form closed 
folded sequences of  conjugated H-bonds, 
which only weakly interact with each other, 
so that, in a molecular ensemble, one can 
distinguish nearly parallel two-dimensional 
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Fig. 3. Selected H-bond orbitals of  (a) ring-like water 
tetramer and (b) cubic octamer. Positive- and negative-sign 
orbital parts are shown in light- and dark-gray respectively.
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segmented H-bonded layers with a substantial 
reciprocal translation mobility (Fig. 4).

The length of  conjugated H-bonded 
chains and their branch extension in a 3D 
space predetermine the correlation of  
states of  the constituting molecules, not 
only stationary correlation, which can be 
judged from the bond energies, but also 
dynamic one, which can be deduced from the 
shapes and frequencies of  vibrations of  the 
corresponding agglomerates.

frequencies of vibrations characteristic 
of the conjuGated h-bond sequences

Insofar as water molecules are unique building 
blocks of  conjugated bond networks, it is (H2O)
n water clusters that are the most convenient 
species for the analysis of  the consistent 
vibrational motions in the ensembles of  
H-bonded particles.

An individual water molecule has three 
vibrational degrees of  freedom, namely, one 
bending and two stretching (symmetric and 
antisymmetric) modes. When several molecules 
approach each other, their nuclear states (as any 
other quantum eigenstates) begin to interact. The 
most substantial effect is apparently observed 
in the case of  bridge proton motions (motions 
of  the nuclei of  hydrogen atoms involved in 
hydrogen bonds).

Based on general concepts of  quantum 
mechanics, one could expect to observe 
the following picture. When n molecules 

approach each other in such a way that their 
close neighborhoods are similar, as in the case 
of  ring-like (H2O)n water clusters where any 
molecule acts as a single proton donor and 
a single proton acceptor in its two hydrogen 
bonds with the neighbors, n-fold degenerate 
vibration of  any kind (e.g., Qs1,... Qsn, where the 
subscript enumerates variables that represent 
symmetric stretching vibrations of  n individual 
water molecules) should transform into n non-
degenerate (when there is no or low spatial 
symmetry of  the whole cluster structure) 
vibrational states, and the shapes of  the resulting 
vibrations can be approximated by the following 
linear combinations:
cs1Qs1 + cs2Qs2 + ... csnQsn,        (1)
where nonzero csi amplitudes are comparable 
in absolute values. When the molecules 
approach each other in such a way that the 
perturbation of  their individual electrostatic 
potentials (charge distributions) produced 
by the neighboring particles is different, or 
when similar perturbations affect the charge 
distributions of  the spatially distant molecules, 
the interaction of  the quantum states of  the 
particles is less pronounced, and the resulting 
linear combinations of  variables that represent 
shapes of  cluster vibrations involve substantially 
different amplitudes of  the motions of  
different molecules. This should lead to the 
appearance of  noticeably localized vibrational 
states of  a molecular ensemble, and a certain 
fraction of  states may be degenerate. The same 
frequency should be typical of  the vibrations 
of  those molecules which have similar spatial 
neighborhoods. This is the general solution 
of  the vibrational problem in the absence of  a 
noticeable interaction between the motions of  
substantially different frequencies.

On the whole, the solution of  the 
vibrational problem for water clusters in a 
harmonic approximation (when potential 
energy dependence on any Cartesian or internal 
coordinate is assumed to be nearly quadratic) 
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Fig. 4. Possible fragments of  a hydrogen fluoride molecular 
ensemble composed of  closed conjugated H-bond sequences.
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is of  this very kind. As an example, Fig. 5 
shows shapes and frequencies of  some normal 
(harmonic) vibrations of  water tetramer 
and dodecamer, which are superpositions 
of  the bridge proton oscillations. Note that 
tetramer is a structure of  the former kind 
where all molecules have similar coordination 
neighborhoods of  da kind (any molecule acts 
as a single donor, d, and a single acceptor, a, 
of  H-bond protons). Dodecamer is a relatively 
small representative of  the latter kind systems. 
It involves two bicoordinate molecules of  
da kind, five tricoordinate molecules of  daa 
kind and the same number of  dda molecules. 
Here, molecules with the same coordination 
neighborhood are never close neighbors. 
According to these structure features, 
frequencies of  the H-bond proton oscillations 
noticeably differ.

There are tri- and bimolecular sequences 
of  daa and da molecules in dodecamer. In-
phase vibrations of  bridge protons within such 
sequences are observed in a frequency range of  
3065-3084 (Fig. 5b1) and at 3270 cm-1 while their 
anti-phase vibrations have frequencies around 
3185 cm-1. Values of  3120 (Fig. 5b2) and 3158 
cm-1 correspond to proton vibrations in da and 
daa molecules surrounded with dda molecules 
exclusively. At still higher frequencies starting 
from 3370 cm-1, bridge protons of  dda molecules 

are already involved in stretching vibrations. 
Symmetric oscillations of  both bridge protons 
in such molecules have frequencies of  3454-
3510 cm-1, while those of  their antisymmetric 
vibrations are 3535-3615 cm-1. The highest 
frequencies (3690-3710 cm-1) correspond to the 
vibrations of  those protons of  seven da and daa 
molecules, which are not involved in hydrogen 
bond formation. Thus, in this approximation, 
consistent vibrational motions are observed only 
for those molecules which being single proton 
donors in H-bonds are neighboring in the bond 
sequences.

In tetramer where all molecules have the 
same coordination neighborhood, there are 
four harmonic vibrations, the shapes of  which 
are described by Eq. (1), namely, in-phase 
oscillations of  all four bridge protons (3308 cm-1, 
Fig. 5a1), two degenerate motions when bridge 
protons of  two opposite molecules shift in anti-
phase (3386 cm-1, Fig. 5a2), and oscillations of  all 
bridge protons when lengths of  any two adjacent 
bonds change in an opposite way (3420 cm-1, 
Fig. 5a3). Around 3713-3714 cm-1, one can see 
nearly degenerate vibrations of  the nuclei of  
those hydrogen atoms which are not involved in 
hydrogen bonds.

These two examples illustrate important 
conclusions. First of  all, oscillations of  bridge 
protons interact much more strongly compared 
to the motions of  protons uninvolved in 
hydrogen bonds. If  molecules, which have the 
same number of  bridge protons, are successive 
units of  a conjugate sequence, oscillations 
of  their bridge protons are consistent and 
characterized by the lowest frequencies. The 
latter peculiarity is typical of  conjugation effects 
in organic molecules, especially aromatic systems; 
and consistent oscillations of  bridge protons in 
a water hexamer ring (the regularity of  changes 
in hydrogen bond lengths) accurately coincide 
in shape with the stretching vibrations of  C-C 
bonds of  benzene.
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Fig. 5. Shapes and frequencies of  selected consistent harmonic 
oscillations of  bridge protons in (a) tetramolecular and (b) 
dodecamolecular water clusters (in dodecamer, atoms shifted to 

the largest extent are marked with dark spheres).
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As can be seen, the regularities of  
vibrational dynamics of  water clusters 
discovered in a harmonic approximation are 
restricted to those fragments of  conjugated 
H-bond sequences that are composed of  
molecules, which supply the same number of  
H-atoms to the hydrogen-bond network. Such 
sequences prevail in defect-free ice specimens, 
and their extension equals the total linear size 
of  the specimen. Taking into account that in 
this situation, deviations of  the vibrations of  
all molecules from harmonicity should be the 
same, it is possible to apply the results of  the 
above general consideration. Then, a reason for 
strength of  ice becomes natural despite its low 
molecular packing density and the existence 
of  cavities that potentially can be occupied by 
water molecules, if  the latter could slip into 
them. However, such possibility is seemingly 
absent. Moreover, the energy of  any local 
perturbation of  the system should rapidly be 
redistributed along all conjugated H-bond 
sequences that embrace the whole defect-free 
structure segment.

Then, what are the basic dynamic features 
of  the systems which involve relatively large 
number of  defects and where coordination 
neighborhoods of  the neighboring molecules 
(as follows from the above analysis of  
the electrostatic potential of  an individual 
molecule) can vary in broad limits? In such 
an ensemble of  H-bonded molecules, nuclear 
oscillations scarcely obey a harmonic law, and 
the deviations (which is essential) are different 
for different molecules. The actual character 
of  motions can be discovered if  one considers 
a minimum-energy path that corresponds to a 
forced shift of  one H-bond proton. Because of  
the aforementioned delocalization of  H-bond 
orbitals and the corresponding correlation 
in the states (positions) of  the successively 
arranged bridge protons, a shift of  one of  
them should promote shifts of  its neighbors. 
When the H-bonded sequence is closed, all 
bridge protons should change their positions. 

Typical energy profile of  such path is shown 
in Fig. 6.

In tetramer where all molecules have the 
same coordination neighborhood, the expected 
character of  the effective coordinate of  the 
process in question should be a consistent shift 
of  all bridge protons between the oxygen nuclei 
of  the neighboring water molecules according 
to the shape of  a synchronous vibration with 
a frequency of  3308 cm-1. However, the actual 
coordinate is a superposition of  this motion and 
a synchronous change in the O...O distances, i.e., 
compression/extension of  the oxygen skeleton 
of  the cluster. Around minimum-energy (stable) 
configurations, which are the original conformer 
and its mirror image, it is the size change of  
the molecular ring that prevails. The ring is 
compressed when the system moves toward the 
potential energy barrier. Only at a half-height 
of  the barrier, when the distances between 
oxygen nuclei are shortened from the initial 2.74 
to 2.41 Å, shifts of  bridge protons toward the 
midpoints of  O...O edges begin to contribute 
substantially to the effective coordinate. From 
the dynamic point of  view, this means that there 
is a strong interaction between the two types of  
motions, namely oscillations of  bridge protons 
with a frequency above 3300 cm-1 and breathing 
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Fig. 6. Typical potential energy (E) cross-section of  a water 
cluster along the minimum-energy path at a consistent shift 
of  all bridge protons within one structural ring characterized 
by a conjugated H-bond sequence. Shapes of  vibrations that 
provide prevailing contribution to the effective coordinate (s) of  

the process within different energy ranges are shown.
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vibrations of  the whole molecular structure, 
whose frequencies are close to 200 cm-1 in a 
harmonic approximation. Numerical solution 
of  the corresponding 1D stationary quantum 
problem about the states of  an effective system 
in the constructed potential enabled us [13] to 
determine the vibrational state spectrum of  the 
system and estimate the anharmonic frequency 
of  bridge proton oscillations as 3212 cm-1, which 
is noticeably lower (by 100 cm-1) than the scaled 
harmonic frequency. Another interpretation may 
be as follows: a proper scaling factor that should 
be used in the case of  consistent oscillations of  
bridge protons in closed conjugated H-bonded 
sequences should be about 0.92. Note that the 
factor compensates for two errors, namely, an 
error in solving electronic problem within a 
certain approximation and an error in solving 
nuclear problem at an assumption of  a nearly 
quadratic potential energy dependence on the 
distortions of  nuclear configuration. Then, at 
the same error in the electronic problem solution 
(which is natural in the systems in question), the 
smaller scaling factor means that there is strong 
coupling of  certain motions, which is actually 
illustrated by the character of  the effective 
coordinate of  the consistent proton-shift 
process.

In dodecamer structure, which involves no 
closed sequences of  molecules of  the same 
coordination neighborhood, but involves two 
hexamolecular rings with conjugated H-bonds 
(with the same, e.g., clock-wise orientation 
of  all H-bonds), the effective coordinate of  
the process is similar to that discovered in 
tetramer: all bridge protons are shifted despite 
large differences in their vibration frequencies. 
However, because of  the differences in the local 
neighborhoods of  the molecules within the ring 
and, hence, in their local electrostatic potentials, 
the shifts of  bridge protons are not equal and 
uniform. In the transition-state structure, they 
find themselves closer to one of  the neighboring 
oxygen nuclei rather than at a midpoint between 
them. If  we were following dynamic changes in 

the cluster, we would say that bridge protons are 
moving at different velocities (because of  the 
differences in the potential energy derivatives 
which predetermine forces that act on protons). 
It is dda molecules that more tightly bind protons, 
both their own, which cannot move rapidly 
far from them, and the neighboring, which, by 
contrast, move at a higher velocity toward them. 
Molecules of  daa kind behave in an opposite way: 
their own protons detach more rapidly compared 
to the approaching of  the neighboring ones. In 
the vibrational state spectrum found numerically 
for this potential, the lowest states (similarly to 
tetramer) correspond to the prevailing distortion 
of  the oxygen skeleton. The state which represents 
an already noticeable shift of  bridge protons 
has energy of  3127 cm-1. This value, which can 
be referred to as the anharmonic frequency of  
consistent bridge proton oscillations is, on one 
hand, lower than a similar value in the individual 
tetramolecular ring by almost 100 cm-1 and, at 
the same time, intermediate between the lowest 
values of  3065-3084 cm-1 and the highest value 
of  3270 cm-1 obtained as a result of  normal-
coordinate analysis for the in-phase bridge 
proton vibrations within the conjugated bi- and 
trimolecular sequences of  the dodecamer. The 
value is actually very close to an arithmetic mean 
of  the frequencies of  all in-phase motions in the 
ring considered.

The latter means that the harmonic analysis 
supplemented with proper scaling of  the 
frequencies can reliably be used for predicting 
spectral signatures of  conjugated H-bond 
sequences in the case of  large molecular 
ensembles, for which accurate anharmonic 
frequencies can scarcely be obtained. In water 
clusters where most of  molecules are tri- and 
tetra-coordinate, these are frequencies in a range 
of  3130-3230 cm-1.

Similar ranges can be found for the 
clusters composed of  molecules of  another 
chemical nature as well. For example, in the 
aforementioned hydrogen fluoride clusters 

STRUCTURE FEATURES OF HIDROGEN BONDING AND 
THEIR SIGNATURES IN VIBRATIONAL DYNAMICSNANOSYSTEMS



58

No. 1 | Vol. 12 | 2020 | RENSIT

where all molecules are of  da kind, and any 
closed sequence of  bonded molecules involves 
only similarly oriented units (H-bonds), the 
following trend can be discovered. All clusters 
have a normal vibration that is a synchronous 
oscillation of  all bridge protons. In the rings 
that comprise no less than eight molecules, one 
can also distinguish vibrations when only a part 
of  bridge protons oscillate around equilibrium 
positions; and typically there are two or more 
such segments of  the whole ring which are 
separated with the molecules which do not 
practically move, while consistent oscillations of  
protons within neighboring segments proceed 
either in phase or anti-phase with respect 
to each other. For example, in a dodecamer 
ring, one can see such motions (i) within two 
pentamolecular segments separated with two 
immobile molecules; (ii) within alternating 
tri-molecular and monomolecular segments 
separated with four immobile molecules; (iii) 
within four bimolecular segments separated with 
four immobile molecules; and finally (iv) within 
six monomolecular segments separated with six 
almost immobile molecules. All the motions 
of  the latter kinds, which are consistent within 
short-molecular chains at a dynamic correlation 
between the chains, have definitely higher 
frequencies compared to the consistent motion 
of  all the bridge protons in the whole H-bonded 
ring. In the dodecamer, the frequencies are 3089 
cm-1 for the latter kind motion and (i) 3147, 
(ii) 3238, (iii) 3293, and (iv) 3354 cm-1 for the 
above listed motions at the in-phase oscillations 
within the neighboring segments. These motions 
strongly correlate with the character of  π-binding 
orbitals of  this cluster, among which there are 
completely bonding one and those partially 
bonding with four or six zero surfaces, which 
accurately separate the aforementioned segments 
where consistent bridge proton oscillations take 
place.

It is worth noting also that the frequencies 
of  consistent vibrations of  bridge protons in 
(HF)n rings decrease with an increase in n, and 

already at about n = 10 reach an asymptotic 
value about 3085 cm-1 (see Fig. 7). The value 
is close to the discovered range of  consistent 
motions of  H-bond protons in water clusters. 
If  we additionally take into account that the 
highest mean H-bond energy is typical of  a 
hexamolecular ring (about 9.2 kcal/mol versus 
only 8.3 kcal/mol in a nonamolecular ring), and 
the frequency in (HF)6 equals 3146 cm-1, we 
can state that characteristic frequencies of  the 
consistent bridge proton motions in conjugated 
molecular rings of  hydrogen fluoride should 
fall in a range of  3085-3150 cm-1. This range 
is not only close, but already overlaps with that 
of  water clusters despite numerous differences 
between the H-bonded systems, including 
different coordination neighborhoods of  HF 
and H2O molecules involved in the conjugated 
rings and substantially different vibrational 
frequencies of  the individual molecules. The 
latter experimental values are 3657 and 3756 cm-1 
in H2O and 3961 cm-1 in HF. Note that it is HF 
molecule where the monomolecular frequency is 
higher, and (HF)n clusters where the frequency is 
lower. This means that when one speaks about 
the bridge proton vibrations, it is π-binding 
that determines not only the character (shapes) 
of  motions, but also their frequencies; and the 
chemical nature of  the adjacent functional group 
and even the nature of  the electronegative atom 
play only a secondary role.

An additional example in support of  the 
statement is provided by small rings composed 
of  ammonia molecules. In the tri-, tetra-, penta-, 
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Fig. 7. Harmonic frequencies of  consistent bridge proton 
oscillations in H-bonded (HF)n rings depending on the 

molecular size of  the ring.
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and hexamolecular rings, the consistent bridge 
proton oscillations proceed at frequencies of  
3240, 3204, 3200, and 3182 cm-1 respectively. 
Note that in individual ammonia molecule, 
stretching vibrations are characterized by 
frequencies of  3337 (symmetric) and 3444 cm-1 

(degenerate); the molecules form hydrogen bonds 
that are weaker compared to those of  water and 
hydrogen fluoride; and π-binding delocalization 
is less substantial because of  the lower electron 
density spent on the bond formation. In 
ammonia clusters, pentamolecular ring seems 
the largest possible: already hexameric ring is so 
noticeably folded that looks like a bath with side 
walls nearly normal to the bottom and parallel 
to each other, with weak additional H-contacts 
between molecules at distances larger than 
2.5 Å. Moreover, ammonia molecules cannot act 
as fully valid joints in a 3D network. Therefore, 
it is reasonable to speak about characteristic 
frequency range of  the consistent bridge proton 
oscillations within conjugated H-bonded rings 
based on the data of  small ammonia clusters. 
Then, the range can be estimated as 3180-
3200 cm-1, which is a middle subrange of  that 
typical of  water clusters above the one found for 
hydrogen fluoride.

4. CONCLUSIONS
Analysis of  hydrogen-bonded clusters of  
diverse molecules (water, hydrogen fluoride, and 
ammonia) enabled us to distinguish structural 
and dynamic features of  a particular kind of  
hydrogen bonding referred to as conjugated 
H-bond network. In accurate agreement with 
the classical concept of  conjugation elaborated 
in organic chemistry, conjugation of  H-bonds 
appears when they are alternating with covalent 
bonds within extended structure segments. It 
is due to the π-kind bonds within the X-H...Y 
fragments between electronegative X and Y 
atoms or atomic groups that can spend their 
p-kind lone pair electrons on the binding. The 
alternation of  covalent and hydrogen bonds 
provides the spatial closeness of  successive 

π-bound fragments, so that a delocalization 
takes place. This peculiarity predetermines the 
correlation in states and positions of  bridge 
protons within such conjugated polymolecular 
segments. The most interesting picture is 
observed when the conjugated sequences 
are closed rings. In any such ring, there is a 
consistent vibration of  all bridge protons (whose 
amplitudes may differ because of  the differences 
in the local electrostatic potentials determined 
by the coordination neighborhoods of  the 
molecules), and the vibrations always fall in a 
range of  3080-3230 cm-1, the lower part of  the 
interval being characteristic of  strongly coupled 
hydrogen bonds in water and hydrogen fluoride, 
while the upper part being typical of  relatively 
weak bonds in ammonia and small water rings.
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1. INTRODUCTION
Aliphatic amino alcohols with a small bridge of  СН2 
groups in the molecule can be used as inhibitors 
of  crystallization of  aqueous solutions; therefore, 

they are used in cryobiology as cryoprotectants 
for vitrification of  biological materials [1]. They 
have a wide temperature range of  the liquid phase 
and its strong hypothermia [2]. We attribute this 
feature of  amino alcohols to the presence of  a 
spatial network of  H-bonds in their liquid phase 
[3]. The spatial network of  hydrogen bonds has 
a number of  features, in particular, stability — 
the ability to transmit perturbation to the entire 
volume. This network feature is associated with 
strong supercooling of  the liquid phase of  alkyl 
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amino alcohols. 3-amino-1-propanol (3-AP) has 
the greatest supercooling [2], due to the greater 
stability of  the spatial network of  H-bonds in this 
compound compared to monoethanolamine and 
4-amino-1-butanol [4].

The objective of  this work was to describe 
the spatial network of  hydrogen bonds of  liquid 
3-amino-1-propanol using graph theory and 
percolation and compare the data with the results 
of  a similar description of  monoethanolamine 
(MEA), which we obtained earlier [5], as well as 
with similar calculations in the series of  diols.

Fig. 1 shows the diagrams of  3-AP and MEA 
molecules in the gas and liquid phases in the most 
stable conformations of  gosh (MEA) and gosh-
gosh (3-AP), with intramolecular (OH ... N) and 
(O ... HN) hydrogen bonds [6, 7]. Note that the 
3-AP molecule, in contrast to the MEA molecule, 
has a mobile bridge —CH2 — CH2 — CH2–, which 
determines the best distance for the intramolecular 
H bond [6] and the greater stability of  the spatial 
network of  H bonds in this compound when 
comparing with the MEA [4].

Physico-chemical properties of  3-AP and 
MEA are shown in Table 1.This table presents 
for comparison the similar data for ethylene glycol 
(EG) and 1,3-propanediol (1,3-PD).

It was shown in [4] that the pressure 
dependence of  the isothermal compressibility 

can be considered as a measure of  the stability of  
the network of  H bonds in a liquid. The smaller 
the absolute value of  the quantity (Δβ/ΔP), the 
greater the network stability. The stability of  the 
network is greater in 3-AP than in MEA, which is 
reflected in the higher supercooling temperature 
of  the liquid phase.

2. TOPOLOGY OF A SPATIAL NETWORK 
OF HYDROGEN BONDS IN A LIQUID 
3-AP
calculation details and discussion of results

Using the molecular dynamics method in NPT 
mode, trajectories averaged over 0.1 ps were made 
to obtain vibrationally averaged V-structures of  
3-AP at three temperatures of  293, 323 and 373 K 
and a pressure of  1 bar. A model of  liquid 3-AP 
with 1000 molecules in a rectangular cell with 
periodic boundary conditions was constructed 
using the molecular dynamics method [16, 17]. 
The interaction parameters and partial charges 
on the atoms were the same as for the MEA [17]. 
Other details are in [17]. For numerical integration, 
the Verlet velocity algorithm [18] was used. The 
integration step was 1 fs. The temperature in the 
system was maintained with the help of  a collision 
thermostat [19, 20], and pressure with the help of  
a Berendsen barostat [21].

From the molecular distribution functions 
obtained by the molecular dynamics method, the 
hydrogen bonding criterion was determined, both 
intermolecular and intramolecular. The distance 
between the coordinating atoms (O ... O, O ... N 
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Fig. 1. Scheme of  the molecules of  monoethanolamine and 
3-aminoprapanol in most likely gosh conformations

            g'GG'g                                      g'G'Gg
  

3-AP
            g'Gg'                                      gGt-structure

МEА

Table 1
Physico-chemical properties of diols and amino 

alcohols at 298 K.
EG 1,3-PD MEA 3-AP

М 62 76 61 75

Тmelt, ºC [8] -12.9 -32 10.3 11

Тbouling, ºC [8] 197 214 170 187

Тovercool, ºC [9] 31 40 38 43

∆vapH, kJ/mol [10] 50 57.2 49.83 49.59

μ(25ºC), D [11] 2.88 2.5 2.27 2.67

5SbClDN
 

18.5 [12] - 41[12] 43[13]

(25 ) ,Cρ °
 (kg/m3·103) [8]

1.113 1.052 1.012 0.982

η(25ºC), (Pa·c·10-3) 16.16 [14] 40.07 [15] 18.95 [13] 27.70 [13]

βT×1011,Pa-1[4] 37.4 40.4 39.6 38.9
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and N ... N) should not exceed 3.5 Å, and between 
OH ... N, O ... HN and NH ... N should not exceed 
2.5 Å.

Based on the criteria of  hydrogen bonding, an 
adjacency matrix was constructed for V-trajectories 
obtained by averaging the coordinates of  atoms 
over 0.1 ps. At each moment of  time, the 
V-trajectory contains a structure of  1000 molecules 
in the computational cell with periodic boundary 
conditions.

An element with an index (i, j) of  the adjacency 
matrix contains 1 if  the i molecule is bonded to j by 
a hydrogen bond (satisfies the H-bond criterion) 
and 0 if  the molecules are not bonded. This 
applies to both intermolecular and intramolecular 
H-bonds.

The main parameter that evaluates the network 
of  hydrogen bonds within the structure is the 
size of  the maximum connectivity component of  
the graph described by the constructed adjacency 
matrix. To find the connected components of  the 
graph, the Taryan algorithm [22], which analyzes 
the adjacency matrix, was used. The result of  his 
work is the number of  connected components in 
the graph and their size, as well as a list of  the 
vertices of  the graph indicating their belonging to 
one or another connected component.

The results of  calculating the characteristics 
of  V-structures obtained by the graph theory 
method for 3-AP are presented in Table 2 for 
three temperatures of  293, 323, and 373 K along 
with similar data for MEA. In parentheses are the 
minimum and maximum sizes of  the parameter in 
question.

The number of  pairs of  molecules having 
at least one hydrogen bond is equal to the total 
number of  edges in the graph. The number of  
connected components of  the graph and the size 
of  the maximum connected component are the 
result of  the Taryan algorithm [23]. The numbers 
in parentheses are the minimum and maximum 
values of  the parameter in question.

The main result of  the analysis of  the table 
is the conclusion that almost all molecules in all 
the studied trajectories of  3-AP, like MEA, form a 

three-dimensional network of  hydrogen bonds at 
all studied temperatures. Note that the number of  
intramolecular hydrogen bonds slightly increases 

DESCRIPTION OF THE HYDROGEN BOND NETWORK IN LIQUID 3-AMINO-
1-PROPANOL BY GRAPH THEORY AND PERCOLATION METHODS

Table 2
Characteristics of V structures obtained by graph theory 
methods for three temperatures 293, 323 and 373 K

Characteristic MEA 3-AP
293 К

Number of structures 
examined

100 100

The number of pairs 
of molecules in 1 
structure having at 
least one hydrogen 
bond

2286.5 [2247, 2324] 2306.9 [2266,2356]

The number of 
connected compo-
nents in 1 structure

1.03 [1, 2] 1.01 [1, 2]

The number of 
intramolecular bonds 
in 1 structure

43.17 [30, 60] 34.91 [30, 43]

The size of the 
maximum connected 
component in 1 
structure

999.97 [999, 1000] 999.99 [999, 1000]

323 К
Number of structures 
examined

100 100

The number of pairs 
of molecules in 1 
structure having at 
least one hydrogen 
bond

2162.8 [2112, 2223] 2216.9 [2164, 2268]

The number of 
connected compo-
nents in 1 structure

1.11 [1, 2] 1.18 [1,3]

The number of 
intramolecular bonds 
in 1 structure

49.02 [29, 69] 48.33 [38, 57]

The size of the 
maximum connected 
component in 1 
structure

999.89 [999, 1000] 999.82 [998, 1000]

373 К
Number of structures 
examined

100 100

The number of pairs 
of molecules in 1 
structure having at 
least one hydrogen 
bond

1932.1 [1871, 1991] 2011.3 [1962, 2055]

The number of 
connected compo-
nents in 1 structure

1.71 [1, 4] 1.73 [1, 4]

The number of 
intramolecular bonds 
in 1 structure

63.68 [45, 83] 65.75 [52, 79]

The size of the 
maximum connected 
component in 1 
structure

999.28 [997, 1000] 999.25 [997,1000]
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with temperature, to a greater extent with 3-AP, 
which is consistent with our IR data [24].

The most important characteristic of  the 
spatial network of  H-bonds is the lifetime of  
the hydrogen bond. Consider the total trajectory 
lifetime of  the hydrogen bond in 3-AP and MEA. 
To do this, we construct adjacency matrices in 
each time frame of  0.1 ps and sum them along 
the entire trajectory of  the V-structures. The main 
characteristics of  the obtained matrix for both 
substances at temperatures of  293, 323, 373K are 
shown in Table 3.

The table discusses intermolecular H-bonds. 
The trajectory length is the duration of  the V 
structures calculated by the molecular dynamics 
method. There are 1000 molecules in each 
structure.

The number of  pairs of  molecules that form 
a hydrogen bond is the total number of  pairs of  
molecules between which the hydrogen bond 
criterion has been carried out at least once along 
the trajectory.

The number of  H-bonds per molecule is the 
number of  H-bonds averaged over the structure 
per molecule. As before, the table shows three 
values: the first is the average value over all 
structures, and in square brackets the minimum 
and maximum values of  the parameter over all 
structures of  the trajectory are given.

The lifetime of  the H-bond was calculated as 
follows. If  the hydrogen bond criterion turned out 
to be carried out for a certain pair of  molecules in 
the structure, then, since the V trajectories were 
averaged over 0.1 ps, we believe that the criterion 
was carried out for 0.1 ps. Summing up for the 
selected pair of  molecules time of  fulfilling the 
hydrogen bond criterion along the entire trajectory 
for, we obtain the hydrogen bond lifetime.

The number of  other molecules having 
H-bonds with a given molecule on the trajectory 
is the total number of  molecules that have at least 
once formed a hydrogen bond with the selected 
molecule over the duration of  the trajectory.

The duration of  the considered trajectories is 
600 ps. At 293 K, the number of  pairs of  molecules 
forming a hydrogen bond in MEAis approximately 
1.36 times greater than in 3-AP. The amount of  
EG in relation to 1,3-PD is 1.55 times greater, but 
on a longer trajectory of  at least 1000 ps [25]. With 

Table 3
Characteristics of summed adjacency matrices along 
the trajectory of V-structures with a duration of 600 

ps for monoethanolamine and 3-amino-1-propanol at 
293, 323, and 373 K

Characteristic MEA 3-AP
293 К

Trajectory length (ps) 600 пс 600 пс

The number of 
different pairs of 
molecules forming 
a hydrogen bond on 
the trajectory

8291 6101

H-bonds number 
per molecule

5.08 [4.95 5.22] 4.69 [4.56, 4.83]

Hydrogen bond 
lifetime (ps

165.59 [0.1, 600] 226.70 [0.1, 600]

The number of other 
molecules having 
H-bonds with this 
molecule on the 
trajectory

16.58 [10, 26] 12.20 [7, 20]

323 К
Trajectory length (ps) 600 пс 600 пс

The number of 
different pairs of 
molecules forming 
a hydrogen bond on 
the trajectory

13786 8168

H-bonds number 
per molecule

4.8 [4.66, 4.95] 4.51 [4.38, 4.66]

Hydrogen bond 
lifetime (ps

93.83 [0.1, 596.6] 162.9 [0.1, 600]

The number of other 
molecules having 
H-bonds with this 
molecule on the 
trajectory

27.57 [19, 38] 16.34 [8, 25]

373 К
Trajectory length (ps) 600 пс 600 пс

The number of 
different pairs of 
molecules forming 
a hydrogen bond on 
the trajectory

34113 14830

H-bonds number 
per molecule 4.3 [4.15, 4.46] 4.11 [3.97, 4.27]

Hydrogen bond 
lifetime (ps

34 [0.1, 358.5] 81.47 [0.1, 595.1]

The number of other 
molecules having 
H-bonds with this 
molecule on the 
trajectory

68.23 [50, 97] 29.66 [19, 44]

GALINA M. AGAYAN, NIKOLAY K. BALABAEV, 
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increasing temperature, this ratio changes and at 373 
K it is 2.3 for MEA to 3-AP and 1.9 for EG to 1.3-PD.

The number of  hydrogen bonds per molecule 
decreases with increasing temperature for all 
pairs under consideration, while the value of  the 
indicator itself  is slightly larger in MEA than in 
3-AP and in EG than in 1,3-PD. Note that at all 
temperatures, this indicator is greater in amino 
alcohols than in diols.

The hydrogen bond lifetime with increasing 
temperature drops significantly for all the cases we 
have examined: 4.9 times for MEA, 2.8 times for 
3-AP (5 times for EG, and 4 times for 1,3-PD).

The average lifetime of  H-bonds at 293 K in 
3-AP is 1.37 times longer than in the MEA (1,3-PD 
is 1.5 times longer than in the EG), and at 373 K it is 
already 2.4 times (1.9 times for 1,3-PD to the EG).

To determine the lifetime of  a specific H-bond, 
the Voloshin approach was chosen [24]. Following 
this approach and proceeding from the hydrogen 
bond criterion, we obtained the characteristics of  
the continuous lifetime of  the H-bond — the time 
until its first break with respect to the time chosen 
by us t0, both in the continuation in the interval 
from t0 to t0 + Δt, and in the opposite direction 
from t0 to t0 – Δt. In our calculations, Δt = 200 ps. 
This continuous lifetime of  H-bonds was the basis 
for the percolation analysis of  spatial networks for 
the selected configurations – H-bond structures 
at time t0 with a special adjacency matrix. The 
calculation procedure is presented in [25].

We call a graph edge colored if  the lifetime of  
the corresponding H-bond is not less than some 
time t*. We consider a subgraph containing only 
colored bonds on the condition of  “leakage”, 
i.e. does this subgraph form a three-dimensional 
network of  H-bonds, taking into account the 
periodic boundary conditions for our structure? If  
the “leakage” condition is satisfied, then the largest 
possible value t* = t*cr will be called the percolation 
threshold. A connected subgraph forming a three-
dimensional network at the percolation threshold 
is called a percolation cluster.

The results of  calculating the percolation 
threshold   and   the   power   of   the  percolation

DESCRIPTION OF THE HYDROGEN BOND NETWORK IN LIQUID 3-AMINO-
1-PROPANOL BY GRAPH THEORY AND PERCOLATION METHODS

Table 4
Percolation analysis results at temperatures of 293, 

323 K
Characteristic MEA 3-AP

293 К
Bonds average num-
ber per molecule

5.09 [5.05, 5.13] 4.683 [4.654, 4.73]

Maximum lifetime 
of continuous 
communication in 
configuration (ps).

398.2 [388.1, 400.1] 400.1 [400.1, 400.1]

Average lifetime 
of a continuous 
connection (ps)

23.7 [22.02, 26.05] 43.22 [41.77, 46.36]

Percolation threshold (ps) 10.39 [8.4, 12.8] 18.78 [16.7, 22.8]

Average lifetime of 
the colored bonds 
at the percolation 
threshold (ps)

57.22 [52.33, 61.55] 108.3 [100.9, 120.19]

Proportion of 
colored bonds on 
the threshold of flow

0.38 [0.36, 0.41] 0.37 [0.36, 0.4]

Proportion of 
molecules in 
percolation cluster

0.63 [0.5, 0.78] 0.6 [0.4, 0.74]

Percentage of 
colored bonds in 
percolation cluster

0.45 [0.43, 0.47] 0.45 [0.44, 0.46]

Average lifetime of 
colored bonds in 
percolation cluster (ps).

56.01 [51.61, 60.95] 107.3 [98.85, 121.69]

323 К
Bonds average num-
ber per molecule

4.82 [4.796, 4.884] 4.52 [4.47, 4.56]

Maximum lifetime 
of continuous 
communication in 
configuration (ps).

256.72 [210.7, 343.8] 400.1 [400.1, 400.1]

Average lifetime 
of a continuous 
connection (ps)

1
1.32 [9.86, 12.41] 22.83 [21.76, 24.63]

Percolation threshold (ps) 5.48 [4.5, 6.1] 10.43 [8.6, 11.6]

Average lifetime of 
the colored bonds 
at the percolation 
threshold (ps)

25.72 [22.61, 28.08] 55.98 [51.6, 59.72]

Proportion of 
colored bonds on 
the threshold of flow

0.4 [0.37, 0.42] 0.37 [0.36, 0.39]

Proportion of 
molecules in 
percolation cluster

0.59 [0.45, 0.73] 0.57 [0.39, 0.65]

Percentage of 
colored bonds in 
percolation cluster

0.47 [0.46, 0.49] 0.46 [0.44, 0.46]

Average lifetime of 
colored bonds in 
percolation cluster (ps)

25.16 [22.73, 28.25] 55.73 [51.62, 59.34]

cluster at three temperatures of  293, 323, and 373 
K for 3-AP and MEA are shown in Table 4. 



66

No. 1 | Vol. 12 | 2020 | RENSIT

NANOSYSTEMS

The percolation analysis was averaged over 10 
independently selected instants of  time t0 and 
configurations corresponding to these times.

Table 4 shows the following characteristics of  
the considered configurations:

The average number of  bonds per molecule - 
this characteristic is calculated as the double ratio 
of  the total number of  H-bonds to the number of  
molecules in the configuration.

The maximum lifetime of  a continuous 
communication in a configuration is the 
largest value of  the lifetime of  a continuous 
communication obtained in this configuration.

The average lifetime of  a continuous bond 
is the value averaged over all H-bonds in the 
configurationю

The percolation threshold is such a maximum 
value of  time t* for which a subgraph containing 
only hydrogen bonds with a continuous life of  at 
least t* = t*cr forms a three-dimensional infinite 

network of  H-bonds, but for large t* it does not 
form.

The average lifetime of  colored bonds at the 
percolation threshold is the average value of  the 
time of  continuous H bonds that existed in time 
longer than the percolation threshold.

The proportion of  colored bonds at the 
percolation threshold is the ratio of  the number 
of  bonds existing longer than the percolation 
threshold to the total number of  bonds in the 
configuration.

The fraction of  molecules in a percolation 
cluster is the ratio of  the number of  molecules 
in the percolation cluster to the total number of  
molecules.

The proportion of  colored bonds in the 
percolation cluster is an indicator similar to the 
proportion of  colored bonds at the percolation 
threshold, but in calculating this indicator only 
those H-bonds that are included in the percolation 
cluster are considered. The same applies to the 
other two indicators: the average life time of  
the colored bonds in the percolation cluster and 
the average life time of  the colored bonds at the 
percolation threshold.

The average number of  bonds per molecule 
for MEA and 3-AP decreases by about 10% with 
increasing temperature (292 K-373 K) as well as in 
EG and 1,3-PD. And, as in diols, this indicator is 
lower for the propane derivative than for the ethane 
derivative. The average number of  H-bonds per 
molecule in 3-AP is less than in MEA. It decreases 
slightly with increasing temperature.

All temporal characteristics are greater for 
3-AP than for MEA. The percolation threshold 
at 293 K is 18.78 ps for 3-AP and 10.39 ps for 
MEA. In diols, the same picture — the percolation 
threshold is 11.02 ps for 1,3-PD and 8.12 ps for 
EG [25].

The fraction of  colored bonds at the percolation 
threshold and the fraction of  colored bonds in the 
percolation cluster with increasing temperature for 
3-AP and MEA somewhat increase (as in diols).

Table 4 (continued)
Percolation analysis results

at temperatures of 373 К
Characteristic MEA 3-AP

373 К
Bonds average num-
ber per molecule

4.29 [4.22, 4.37] 4.12 [4.08, 4.18]

Maximum lifetime 
of continuous 
communication in 
configuration (ps)

96.12 [65.9, 133] 190.4 [137.9, 238.2]

Average lifetime 
of a continuous 
connection (ps) 4.75 [4.37, 5.04] 8.72 [8.37, 9.24]

Percolation 
threshold (ps)

2.66 [2.4, 3] 4.22 [3.3, 4.8]

Average lifetime of 
the colored bonds 
at the percolation 
threshold (ps)

9.41 [8.3, 10.37] 18.51 [16.46, 20.17]

Proportion of 
colored bonds on 
the threshold of flow 0.44 [0.41, 0.47] 0.42 [0.4, 0.47]

Proportion of 
molecules in 
percolation cluster 0.59 [0.49, 0.71] 0.6 [0.42, 0.78]

Percentage of 
colored bonds in 
percolation cluster 0.52 [0.5, 0.53] 0.5 [0.48, 0.52]

Average lifetime of 
colored bonds in 
percolation cluster (ps) 9.22 [8.17, 9.8] 18.29 [15.94, 20.46]
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3. CONCLUSION
Description of  vibrationally averaged V-structures 
of  3-AP and MEA for 0.1 ps, obtained by the 
molecular dynamics method at three temperatures 
of  293, 323 and 373 K, was carried out using 
graph theory and percolation methods. In both 
liquid amino alcohols, the presence of  a three-
dimensional network of  hydrogen bonds is 
shown, which includes almost all the molecules 
of  the structures under consideration. The 
characteristics of  the structures are obtained. It is 
emphasized that the most important characteristic 
of  the structure is the hydrogen bond lifetime. 
According to all temporal characteristics, the 
hydrogen bond in 3-AP is more long-lived than 
in the MEA structure. This explains the wider 
interval of  the liquid phase and the higher 
viscosity in 3-AP than in MEA. The number of  
intramolecular bonds in 3-AP at a temperature 
of  293 K is on average less than that of  MEA, 
however, with increasing temperature, the 
growth dynamics of  this indicator is higher than 
that of  MEA, and at 373 K it exceeds the MEA. 
Despite the greater number of  CH2 groups in the 
3-AP molecule, which are considered as network 
defects [3], both networks are stable and similar. 
Maybe because the 3-AP molecule is more 
flexible than the MEA molecule, due to the fact 
that there are three rather than two CH2 groups 
in it, as in MEA.

A similar pattern is observed in diols. All 
time characteristics are greater for the propane 
derivative. Despite the similarity of  the ratios of  
the characteristics of  the MEA – 3-AP and EG - 
1,3-PD, we note the greater compressibility of  1,3-
PD compared to the EG, and hence the greater 
brittleness (higher absolute value ΔβТ/ΔР). The 
application of  topological methods together with 
the molecular dynamics method to the description 
of  spatial hydrogen bond networks in liquids 
and solutions allows one to obtain structural 
and temporal characteristics of  these networks, 
explaining the physicochemical properties of  
liquids with these networks, characteristics that 
cannot be obtained by direct experiment.
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1. INTRODUCTION
The motion of  a rigid molecule can be 
decomposed into the translational displacement 
of  its center, usually the center of  mass, and 
rotation around this center. Translational 
motion is actively studied both experimentally 
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and using computer simulation. The study 
of  rotation is completely different. In a real 
experiment, the rotation of  the molecule as 
a whole is usually not considered. Instead the 
reorientation of  only one of  its vectors, for 
example, the vector of  the dipole moment, 
is studied. Computer simulation gives us the 
coordinates of  each atom of  the molecule at 
any moment of   time and, that allows us to 
describe the rotation of  the molecule in more 
detail. If  the changes in the distances between 
the atoms of  the molecule are negligible, the 
molecule can be considered rigid. In this case, 
its rotation can be described as the rotation 
of  a solid body in mechanics [1].

The current position of  the molecule at 
time t is represented by a radius vector passing 
from the Cartesian origin to the center of  this 
molecule. The difference of  the radius vectors 
of  the final and initial positions describes the 
movement of  this molecule over a given period 
of  time
r2-1 = r2 – r1.         (1)
By determining the coordinates of  the center 
of  mass and subtracting them from the 
coordinates of  each atom of  the molecule, we 
get the coordinates of  these atoms relative to 
the center of  the molecule. Changes in the 
relative coordinates of  atoms in time can 
be described as the rotation of  a molecule 
around its fixed center. Most often, Euler 
angles, rotation matrices, or quaternions 
are used for this [2]. The parameters of  the 
chosen method for describing rotation form a 
system of  coordinate axes of  a some specific 
orientation space, which can be used to describe 
the orientation and rotation of  molecules, 
just as we use the Cartesian coordinate 
system of  the “usual” position space to describe 
the position and displacement of  these 
molecules. The orientation space described 
with Euler angles has three coordinate axes, 

with quaternions four, with rotation matrices 
nine.

The quaternion algebra turned out to 
be the most convenient for describing the 
rotation of  molecules of  computer models 
[2-4]. We give the necessary properties of  
quaternions and calculation procedures 
in the Appendix. Here we describe only 
the general ideology of  their application 
for studying the rotational motions of  
molecules. The main convenience of  
using quaternions is that they allow the 
representation of  rotation through the most 
obvious parameters. If  the rotation occurs 
around the u axis by the angle φ, then the 
quaternion of  this rotation can be written as
q = cos(φ/2) + u·sin(φ/2).      (2)

For an unambiguous description of  the 
orientations, it is necessary to indicate the 
base (origin) orientation of  the molecule, 
which plays the same role as the origin point 
of  the Cartesian coordinate system. The 
quaternion of  rotation q1, which transfers 
the molecule from this base orientation to 
the current one, is used as the coordinates 
of  this current orientation in the orientation 
space. This quaternion q1 is an analog of  
the radius vector r1 of  the position of  the 
molecule. Comparison of  the coordinates 
of  the initial and final orientations of  
the molecule allows us to determine the 
quaternion of  rotation q2-1, which transfers 
the molecule from the initial orientation to 
the final one – an analog of  the translational 
displacement vector r2-1. The quaternion 
of  rotational displacement is calculated 
from the quaternions of  initial and final 
orientation, q1 and q2, according to a special 
formula

2 1 2 1,− ′= ⋅q q q  (3)
different from formula (1) for calculating 
translational displacements. Algorithms for 
determining the quaternions of  the current 
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orientation and quaternions of  rotation are 
described in Appendix.

The description of  a rigid molecule by 
means of  the coordinates of  the center of  mass 
and the quaternion of  orientation is absolutely 
complete and unambiguous. Transforming 
the coordinates of  the atoms of  the basic 
configuration according to the quaternion of  
the orientation of  the molecule allows us to 
obtain the current relative coordinates of  its 
atoms. Adding to them the coordinates of  
the center of  mass of  this molecule restores 
the original molecular dynamic coordinates 
of  its atoms. Thus, instead of  9 coordinates 
for 3 atoms of  a water molecule, it is enough 
to know 3 coordinates of  the center of  mass 
and 4 components of  the quaternion. For 
larger molecules, the savings will be even 
greater: these 7 parameters will be enough, for 
example, to replace the 36 coordinates of  the 
atoms of  the benzene molecule.

Quaternions were first proposed by 
William Hamilton in 1843 [5], since then 
they have been actively studied and have 
now been described in detail in many 
mathematical textbooks [6]. They are 
actively used nowadays to describe rotation 
in computer games, and there are many 
publications on the Internet on this topic [7-
9]. Quaternions are also used in mechanics 
[10]. The use of  quaternions allowed to 
create an alternative approach to modeling 
the dynamics of  rigid molecules [3], [11], 
which, however, is currently used very rarely. 
Comparison of  methods for analyzing 
rotational mobility using quaternions, Euler 
angles, and rotation matrices [2] showed 
that the use of  quaternions gives the most 
stable solutions. Quaternions were also 
extremely useful in determining the most 
probable orientations of  molecules that 
are not rigid [12-14]. However, none of  the 
mentioned publications contains a simple 

and understandable step-by-step instruction 
showing how to describe the rotation of  
rigid molecules in molecular dynamics 
models using quaternions. We hope that 
our comments in Appendix can serve as 
such instructions. They are easily converted 
to computer programs. The use of  these 
instructions made it very easy to describe the 
rotation of  water molecules when modeling 
by molecular dynamics. The results of  such 
calculations are presented in sections 3 and 
4 of  this article.

2. MODELS
We used the molecular dynamics model of  
water prepared using the LAMMPS molecular 
dynamics modeling package [15]. The model 
contains 8000 molecules with the interaction 
potential TIP4P/2005 [16] in a cubic box with 
periodic boundary conditions at a pressure of  1 
bar and a temperature of  300 K. The simulation 
step is 2 fs.  After preliminary relaxation for 1 
ns, a trajectory of  4 ns was calculated, for which 
instantaneous configurations were recorded 
every 200 fs. Thus, 20.001 configurations were 
used for analysis.

The coordinates of  the centers of  
mass and the quaternions of  orientations 
were calculated for each molecule of  each 
recorded configuration. The procedures 
for calculating orientation quaternions are 
described in Appendix. The spatial and 
angular displacements were calculated for 
time intervals of  0.2, 0.4, 0.6, 1, 2, 4, and 6 ps. 
For each interval, all possible pairs, separated 
by such an interval, were used as the initial and 
final configurations. Thus, for the shortest 
interval, 20.000 sets of  displacements for each 
of  8.000 molecules were used, and for the 
longest, 19.970 sets. We believe that trajectory 
averaging, the duration of  which significantly 
exceeds the lifetime of  even the most long-
term correlations in models of  this size, made 
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it possible to obtain very reliable averaged well 
reproducible results.

3. TRANSLATIONAL AND ANGULAR 
DISPLACEMENTS AND THEIR 
CORRELATIONS
3.1.calculation of translational and 
anGular displacements

A comparison of  the coordinates of  the 
centers of  the molecules at the beginning 
and at the end of  each interval was used to 
calculate the translational displacement vectors 
according to the formula (1). The directions 
of  these vectors and their lengths were 
preserved to describe the translational motion. 
Angular displacements at the same intervals 
were described using rotational quaternions 
calculated by the formula (3). According to the 
formula (2), the rotation angles and directions 
of  the rotation axes were extracted and saved 
for future use. The procedures for calculating 
orientations and rotations are described in 
Appendix. The probability density distributions 
of  translational and angular displacements for 
different time intervals from 0.2 to 6 ps are 
shown in Fig. 1, translational displacements on 
the left, angular on the right.

The shapes of  all distributions are very 
similar. A ratio of  displacement to duration 
of  time interval is the average velocity in 
this interval. Therefore, the distributions 
of  translational displacements are well 
described by the Maxwell distribution (Fig. 
1a). In contrast, the distribution of  angular 
displacements noticeably deviates from this 
shape (Fig. 1b).

The transition between only two orientations 
is equally described by a rotation by an angle 
φ around a certain axis and by rotation by an 
additional angle 2π – φ around a reverse axis of  
rotation. It is impossible to distinguish them. 
Therefore, as the angle of  rotation, we always 
took the smaller of  these two angles, not 
exceeding π. For large time intervals, this leads 
to an overestimation of  the distribution and 
a break at the right edge of  the distribution. 
However, a noticeable number of  molecules 
with such angles was only in the largest interval, 
and therefore this did not significantly affect 
the main results.
3.2. anGle between displacement vector 
and axis of rotation

In addition to the angle of  rotation, the 
quaternion of  rotation explicitly contains 
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Fig. 1. Distributions of  translational (a) and angular (b) displacements of  water molecules at P = 1 bar, T = 300 
K for different time intervals (the duration of  the intervals is indicated near the curves). Each gray dotted line is the 

result of  approximation by the formula y = ax2∙exp(-bx2).
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the axis of  this rotation, which means that 
we can consider the angles between the axis 
of  rotation and other vectors during the 
movement of  the molecule. Fig. 2 shows 
the distribution of  the cosines of  the angles 
between the displacement vector and the 
axis of  rotation in the water model. The 
distribution is normalized to the distribution 
for randomly oriented vectors, and it shows 
how often (or less often) this angle was 
realized in the model compared to the random 
orientation of  the vectors. We divided the 
molecules according to the magnitude of  
their translational movement, relating to each 
group 1/3 of  the total number of  molecules, 
and depicted a separate distribution for each 
group.

Fig. 2a represents the distributions for the 
interval 0.6 ps, and Fig. 2b for an interval that 
is 10 times longer. They show that most often 
the translational displacement vector and the 
axis of  rotation are perpendicular to each 
other. But the advantage of  this orientation 
is not too large: even for fast molecules, the 
perpendicular orientation exceeds the random 
one by 20%, and the parallel one is 30% lower 
than the random one. Increasing the time 
interval reduces the deviation from random 
for all groups.

4. ORIENTATIONS OF INTERNAL 
VECTORS OF WATER MOLECULES
4.1. orientation of the dipole moment

The quaternion of  the current orientation 
contains all the information about the 
orientation of  the molecule, and therefore 
contains information about the direction of  
any of  its internal vector. For example, the 
current direction of  the vector of  the dipole 
moment, which we directed along the X 
axis in the base orientation of  water, can be 
obtained by transforming the {1,0,0} vector 
by the orientation quaternion according 
to Appendix 6.3. By calculating the angles, 
firstly, between the direction of  the dipole 
and the displacement vector, and secondly, 
between it and the axis of  rotation, we can 
find the preferred orientations of  the dipole 
moment relative to the vectors of  both of  
these movements. However, the movement 
occurs over a certain period of  time during 
which the direction of  the dipole can change. 
We assume that it is most appropriate to 
use the direction of  the internal vector of  
the molecule in the middle of  this interval. 
Having determined the rotation angle and 
the axis of  rotation over the entire interval, 
we calculated the median orientation of  the 
molecule by rotating its initial orientation 
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Fig. 2. Distribution of  the cosines of  the angle between the displacement vectors and the rotation axes. The bold line 
refers to the fastest molecules, the dotted line to the middle, the dots to the slowest. The groups of  the fastest, medium 

and slowest molecules contained 1/3 of  the total number of  molecules. Distributions are normalized to random.
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by half  the angle of  this rotation around 
the same axis. Fig. 3 shows the distribution 
of  the cosines of  the angles between the 
dipole from this mid-orientation with the 
displacement vector (horizontal) and with the 
rotation axis (vertical), without dividing the 
molecules into groups. As it turned out, the 
most probable is the direction of  the dipole 
moment perpendicular to both the axis of  
rotation and the displacement vector, and 
this trend is more pronounced for the dipole 
moment and the displacement vector. Since 
the displacement vector and the rotation axis 
are most often also perpendicular to each 
other, then obviously all three of  these vectors 
are most often mutually perpendicular.

Note that in addition to the main maximum, 
there are two noticeable maximums above and 
below it, for which the dipole moment is still 
perpendicular to the displacement vector, but 
it parallel to the axis of  rotation. The meaning 
of  these maxima will be considered in the 
Conclusion.

4.2 orientation of the hh vector

Let's look at the orientation of  the HH vector 
connecting the centers of  hydrogen atoms 
of  a water molecule. In the base orientation, 
it is directed along the Y axis. This vector 
is perpendicular to the dipole moment and 
lies with it in the plane of  the molecule. 
Once again, we construct a two-dimensional 
distribution. This time it is the distribution 
of  the cosines of  the angles between the 
HH vector in the middle orientation in the 
time interval and the displacement vector of  
the center of  mass of  the molecule, as well 
as between this HH vector and the axis of  
rotation of  the molecule. As follows from 
Fig. 4, the vector HH is most often parallel 
to the axis of  rotation. The distribution is 
almost independent of  the angle between the 
HH vector and the displacement vector over a 
given time interval.
4.3. orientation of the normal vector of 
a water molecule

Fig. 5 shows the distribution of  the cosines 
of  the angles between the normal vector to 
the plane of  the water molecule in the middle 
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Fig. 4. The two-dimensional distribution of  the cosines 
of  the angles between the HH vector in the middle 
orientation and the displacement vector (horizontal) 
and this HH vector and the axis of  rotation (vertical). 
Normalization, coloring of  more or less probable areas 
and the boundaries between them are performed in the 

same way as in Fig. 3.

Fig. 3. Two-dimensional distribution of  the cosines of  
the angles between the dipole in the middle orientation and 
the displacement vector (horizontal) and the same dipole 
and the axis of  rotation (vertical). The distribution is 
normalized to random: gray shaded stripes are the 
boundaries separating the areas filled with a probability 
less than random (light gray) from the areas where the 
probability is greater than random (dark gray and black).
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orientation and the displacement vector 
(horizontal) and the same normal vector and 
the rotation axis (vertical). The normal vector 
was defined as the perpendicular to the dipole 
moment and the HH vector, and therefore 
coincided with the direction of  the Z axis in 
the base orientation. Movements in which the 
displacement vector is parallel to the normal 
and the axis of  rotation is perpendicular to it are 
most likely. Moreover, the second orientation 
is stronger.

5. CONCLUSION
So, we found that:
1. The displacement vector and the axis of  

rotation are mainly perpendicular to each 
other.

2. The dipole moment is most often 
perpendicular to the displacement vector. 
It is also often perpendicular to the axis of  
rotation, but there is a noticeable fraction 
of  the molecules for which they are parallel.

3. The HH vector for most molecules is 
parallel to the axis of  rotation, and almost 

independent of  the orientation of  the 
displacement vector.

4. The displacement vector is often parallel to 
the normal vector, and the axis of  rotation 
is perpendicular to it, and this second 
regularity is stronger.

These patterns are observed for any water 
molecules with any duration of  movement. 
However, they are most pronounced for the 
fastest molecules in a time interval of  about 
1 ps.

Fig. 6 shows the proposed scheme of  
motion of  a water molecule, corresponding 

DESCRIPTION OF MOLECULE  ROTATION IN 
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Fig. 5. The two-dimensional distribution of  the cosines 
of  the angles between the normal vector to the plane of  
the water molecule in the middle orientation and the 
displacement vector (horizontal), and the same normal 
vector and the rotation axis (vertical). The normalization, 
coloring of  more or less probable areas, as well as the 

boundaries between them are as in Fig. 3.

Fig. 6. The proposed scheme of  motion of  a water molecule, 
satisfying all the revealed correlations of  the angles between 
the vectors. The water molecule is depicted in the middle 
orientation of  the time interval: O denotes the oxygen atom 
of  this molecule, H show its hydrogen atoms, O' and O” are 
the oxygen atoms of  nearest molecules to which this molecule 
have donor hydrogen bonds. The thin up arrow indicates 
the direction of  the vector of  dipole moment in the middle 
orientation, the dashed arrow on the left up corresponds to 
the dipole at the beginning of  the interval. The center of  
mass displacement vector (gray arrow with a black outline) 
is parallel to the normal vector (black bold arrow), the HH 
vector (black arrow passing through the hydrogen centers) is 
parallel to the rotation axis (dashed line with a circular arrow 

showing the direction of  rotation).
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to the detected patterns. Here, the orientation 
of  the water molecule in the middle of  the 
motion interval is schematically shown, as well 
as the displacement vector, the axis of  rotation, 
and the internal vectors of  the molecule; the 
direction of  the dipole in the initial and middle 
orientations is indicated too. In this scheme, the 
molecule is "swaying" on two donor hydrogen 
bonds. Other H-bonds of  the molecule are 
broken or they are noticeably weaker than this 
pair.

However, all of  the above regularities will 
be observed also if  both bonds are acceptor, 
but then the axis of  rotation will be located on 
the side of  the lone electron pair. To elucidate 
a situation, we construct once again the 
distribution of  angles between the dipole and 
the displacement vector, as well as with the axis 
of  rotation, similar to Fig. 3, using now a dipole 
from the initial orientation of  the molecule 
in the interval. This distribution is shown in 
Fig. 7. Location of  the main maximum at the 
angle of  140 degrees between the displacement 
vector and the initial direction of  the dipole 

moment  indicate that most often the strongest 
bonds on which the water molecule sways are 
donor ones. If  these bonds were acceptor, the 
angle would be acute.

Fig. 3 contains two additional maxima 
above and below the main one. These maxima 
correspond to dipole moments parallel to the 
axis of  rotation. They remained in their former 
places in Fig. 7, too. We assume that these 
maxima are formed by molecules in which the 
pair of  the strongest hydrogen bonds consists 
of  one donor and one acceptor. The axis of  
rotation in this case passes noticeably closer 
to the center of  mass of  the molecule from 
the side of  the lone electron than from the 
hydrogen of  the donor bond. If  these distances 
were the same, then the cosines of  the angles 
between the dipole and the axis of  rotation 
for these maxima would be ±0.7 along each 
axis. When there are more than two H bonds 
and they are equally strong, the movement 
becomes more constrained, the displacements 
decrease, and the molecule goes beyond the 
main distribution maxima.

Let’s try to determine how far from the 
center of  mass the axis of  rotation is located. 
Suppose that the displacement of  the center 
of  mass perpendicular to the axis of  rotation 
occurs exclusively during the rotation of  the 
molecule according to the scheme in Fig. 6. 
The radius of  rotation can be calculated by the 
formula R = L⁄2sin(φ/2), where L is the length 
of  the perpendicular displacement to the 
axis, and φ is the angle of  rotation. The radii 
calculated in this way slowly increase with the 
movement time. The average radius for time 
intervals of  0.2 ps, 1 ps, and 2 ps turned out 
to be 1.28 Å, 1.59 Å, and 1.65 Å, respectively. 
Even the smallest of  these radii shows that 
the axis of  rotation is located far enough from 
the center of  mass of  the molecule, almost 
near the centers of  oxygen of  the molecules 
that form hydrogen bonds with this molecule. 
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Fig. 7. Two-dimensional distribution of  the cosines of  
the angles between the initial dipole and the displacement 
vector (horizontal) and the same dipole and the axis of  
rotation (vertical). Normalization, coloring of  more or 
less probable areas, and the boundaries between them are 
as in Fig. 3. The main maximum corresponds to angles 
of  90° between the initial dipole and the axis of  rotation 
and 140° between this dipole and the displacement vector.
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The increase in the radius with the increase 
of  the time interval means that the motion 
of  the center of  mass of  water molecule 
over long intervals cannot be reduced solely 
to its rotation. Each molecule simultaneously 
participates in other movements, including 
collective movements of  different scales. 
However, the obtained values mainly confirm 
the scheme shown in Fig. 6.

6. APPENDIX
6.1. basic properties of quaternions

We consider here only those properties of  
quaternions that are necessary to describe the 
orientation and rotation of  rigid molecules 
in computer models. Quaternion is a 
hypercomplex number with one real part and 
three imaginary with different imaginary units:
q = w + ix + jy + kz,       (4)
where i, j, k, are imaginary units. The square 
of  any of  them is –1, and their multiplication 
by each other is performed similarly to the 
vector multiplication of  unit vectors along the 
axes of  the three-dimensional right Cartesian 
coordinate system:
ii = jj = kk = -1;

ij = -ji = k;

jk = -kj = i;

ki = -ik = j.

 (5)

A quaternion has four components, and 
therefore can be represented by a point in four-
dimensional space: q = {w, x, y, z}. To describe 
rotation, quaternions must be normalized, 
therefore: w2 + x2 + y2 + z2 = 1.

A quaternion can also be represented as a 
pair consisting of  a scalar w and v vector, q 
= w + v. The vector v in this representation 
consists of  the imaginary components of  the 
quaternion, v = {x, y, z}.This form of  the 
quaternion describes clearly rotation. So, if  a 
molecule is rotated by an angle φ clockwise 
around the axis directed along the unit vector 

u, then this rotation is described by the 
normalized quaternion
q = cos(φ/2) + u·sin(φ/2)       (6)
The reverse rotation is described by the complex 
conjugate quaternion, which is written as

q' = w – ix – jy – kz = cos(φ/2) – u·sin(φ/2).

It describes rotation at the same angle around 
an axis oriented in the opposite direction.

6.2. procedure 1. addition of rotations

Consider a molecule that has made two 
rotations one after another. The first rotation is 
described by the quaternion q1 = {w1, x1, y1, z1}, 
the second – by the quaternion q2 = {w2, x2, y2, 
z2}. The quaternion of  the total rotation is equal 
to the product of  the second quaternion by the 
first, q1+2 = q2·q1. Quaternion multiplication is 
not communicative,  you cannot change the 
order of  factors. To calculate the product, let's 
write the quaternions in the form of  sums (4): 
q1+2 = (w2 + ix2 + jy2 + kz2)·(w1 + ix1 + jy1 + 
kz1). Opening the brackets taking into account 
the rules of  imaginary unit multiplication 
(5), we obtain the components of  the final 
quaternion q1+2:
w1+2 = w2·w1 – x2·x1 – y2·y1 – z2·z1;
x1+2 = w2·x1 + x2·w1 + y2·z1 – z2·y1;
y1+2 = w2·y1 – x2·z1 + y2·w1 + z2·x1;
z1+2 = w2·z1 + x2·y1 – y2·x1 + z2·w1.

An inaccurate representation of  the 
components of  the initial quaternions and 
errors in the numerical calculation may require 
normalization of  the final quaternion.

6.3. procedure 2. rotation of the vector

If  the vector v0 = ix0 + jy0 + kz0 turned into 
the vector v1 = ix1 + jy1 + kz1 as a result of  
the rotation described by the quaternion of  
rotation q = w + ix + jy + kz, then their relation 
is described by the formula v1 = q·v0·q'. Let's 
calculate this product in two stages. First, we 
calculate the auxiliary quaternion q2 = v0q' = 
(ix0 + jy0 + kz0)·(w – ix – jy – kz). By opening 
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the brackets and grouping the components of  
the same type, we get the components of  the 
auxiliary quaternion
w2 = x0·x + y0·y + z0·z;
x2 = x0·w – y0·z + z0·y;
y2 = x0·z + y0·w – z0·x;
z2 = –x0·y + y0·x + z0·w.
The components of  the resulting vector v1 = 
q·q2 = (w + ix + jy + kz)·(w2 + ix2 + jy2 + kz2)
are equal
x1 = w·x2 + x·w2 + y·z2 – z·y2;
y1 = w·y2 – x·z2 + y·w2 + z·x2;
z1 = w·z2 + x·y2 – y·x2 + z·w2.
The real component of  this product is identically 
equal to zero. An inaccurate representation of  
the components of  the factors and errors in 
numerical calculations can slightly change the 
length of  the resulting vector. Therefore, it 
may be necessary to re-normalize this vector.
6.4. procedure 3. determininG the 
quaternion of the current orientation

The current position of  the molecule is 
described by a radius vector drawn from the 
origin to the point of  location of  its center 
of  mass. In the same way, we will present the 
current orientation of  the molecule with a 
quaternion, corresponding to the rotation of  
the molecule from the base orientation to the 
current one.

The orientation of  a rigid molecule can 
be described using only two vectors drawn 
from the center of  mass of  the molecule to 
the centers of  its two atoms, if  these vectors 
do not belong to the same line. In our works, 
we determine the basic orientation of  any 
molecule by the same method: the first selected 
atom (type 1) is located relative to the center 
of  mass in the direction of  the X axis, and 
the second atom (type 2) belongs to the XY 
plane at positive values of  Y. All other atoms 
are not used to determine the orientation. In 
a water molecule, we considered oxygen as a 
type 1 atom, and the first of  the hydrogens as 

type 2 atom. As a result, the dipole moment 
of  the water molecule in the basic orientation 
is directed along the X axis, and the line 
connecting the centers of  the hydrogens along 
the Y axis. The Z axis is the normal to the plane 
of  the molecule.

The components of  a quaternion that 
transfers a molecule from a basic orientation 
to a current one play the role of  the “current 
coordinates of  the molecule in the orientation 
space”. The basic orientation is described by 
the zero rotation quaternion q0 = {1,0,0,0}. For 
any other orientations, such a rotation and the 
corresponding quaternion must be calculated. 
It is easier to calculate the quaternion that 
describes the reverse rotation, and then take 
the complex conjugate from it.

Let's imagine this reverse rotation as the 
result of  two simple sequential rotations. 
Suppose that in the current orientation, the 
direction from the center of  the molecule to 
the center of  its type 1 atom is described 
by a unit-length vector r10 = {x10,y10,z10}. 
The first rotation should turn it into a 
vector {1,0,0}. This can be done by rotating 
the molecule clockwise around the vector 
u10 = {0, z10, –y10}, which is the vector 
product of  the initial and final vectors and, 
therefore, perpendicular to both of  them. 
The rotation angle is determined by the 
scalar product of  the same vectors, φ1 = 
arccos(x10). The length of  the vector along 
the rotation axis is 2 2

1 10 10d z y= + . Then the 
unit vector along this axis is u1 = {0, z1, – 
y1}, where z1 = z10/d1 and y1 = y10/d1. Thus, 
the quaternion of  the first rotation is q1 = 
{cos(φ1/2),0,z1·sin(φ1/2),–y1·sin(φ1/2)}.

Let us describe the initial position of  the 
type 2 atom relative to the center of  mass with 
the unit vector r20 = {x20,y20,z20}. As a result 
of  the first rotation, this vector changes to r2 
= {x2, y2, z2}. The projections of  this vector 
can be calculated according to the algorithm 
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described in procedure 2 (6.3). We will perform 
the second rotation around the X axis so as 
not to shift the atom of  type 1. As a result, the 
center of  the atom of  type 2 should be placed 
on the XY plane with positive coordinate Y. To 
do this, we must rotate the molecule through 
the angle 2 2

2 2 2 2arccos( / )y y zϕ = +  around the 
axis {1,0,0}. Here 2 2

2 2y z+  is the projection 
length of  the vector r2 onto the YZ plane 
perpendicular to the axis of  rotation X, and y2 is 
its projection onto the Y-axis. Rotation by this 
angle will place the vector r2 onto the XY plane. 
Thus, the quaternion of  the second rotation 
should be equal to q2 = {cos(φ2/2), sin(φ2/2), 
0, 0}. The total quaternion of  rotation of  this 
molecule from the current orientation to the 
basic one is equal to q2·q1. As the “orientation 
coordinates” of  the molecule, we will use the 
quaternion of  reverse rotation from the basic 
orientation to the current one; therefore, the 
quaternion of  the current orientation is q = 
(q2·q1)' = q'1·q'2.
6.5. procedure 4. calculation of the 
anGular displacement quaternion

We denote the quaternion of  the initial 
orientation of  the molecule as q1 = {w1, x1, y1, 
z1}, and the quaternion of  its final orientation 
as q2 = {w2, x2, y2, z2}. The quaternion of  
rotation, which transfers the molecule from 
the initial orientation to the final one, is their 
“difference” q2-1 = q2·q1' = (w2 + ix2 + jy2 + 
kz2)·(w1 – ix1 – jy1 – kz1). Opening the brackets 
and summing the components of  one type 
gives the components of  the quaternion of  
this rotation q2-1.
w2-1 = w2·w1 + x2·x1 + y2·y1 + z2·z1;
x2-1 = –w2·x1 + x2·w1 – y2·z1 + z2·y1;
y2-1 = –w2·y1 + x2·z1 + y2·w1 – z2·x1;
z2-1 = –w2·z1 – x2·y1 + y2·x1 + z2·w1.
To correct calculation errors, the resulting 
quaternion should be normalized again.

Note that the rotation between the 
orientations is equally described by the two 

quaternions q1rot = cos(φrot/2) + vrot and q2rot = 
–cos(φrot/2) – vrot. The first describes a rotation 
through the angle φrot around the vrot axis, and 
the second describes a rotation through the 2π – 
φrot angle around the –vrot axis. Any of  them can 
be obtained as a result of  the calculation, and 
without involving intermediate orientations, 
we cannot determine which angle is correct. 
An unambiguous determination of  the 
rotation angle is possible only if  it is obviously 
less than π, when cos(φrot/2) ≥ 0. Therefore, if  
the real component of  the rotation quaternion 
in the calculation turned out to be negative, we 
reversed the signs of  all components of  the 
quaternion.
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1. INTRODUCTION
Anomalous properties of  water are repeatedly 
described in the literature. They also include the 
stability of  the tetrahedral net of  water not only 
in dilute, but also in solutions of  a wide range 
of  concentrations. The main question that arises 

here is: how and who determines the system of  
connections and ordering of  solutions - ions or 
water molecules. So far, there are no unambiguous 
interpretations on this issue. In quantum chemical 
calculations, the "gas-like" scheme of  hydration 
is most often used, when ions determine the 
formation of  hydrate shells. The Frank and 
Wen model considers a three-layer model with 
different zones of  hydration and volume water. 
We have developed a general model for solutions 
of  electrolytes and nonelectrolytes in a wide 
range of  concentrations for the formation of  
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replacement and introduction structures on the 
basis of  the initial structure of  water [1]. There 
is no blurred transition layer on the border of  
the hydrate shell and bulk water.

2. MAIN PART
As the main principle of  the organization of  
the system under consideration, the principle of  
complementarity of  the configurations of  the 
bulk water, the hydrate shell and the dissolved 
particle itself  is highlighted. In the very first 
approximation, the regularities of  translational 
and orientational ordering are considered 
separately. Accordingly, geometric models (solid 
sphere potential) are used to analyze new spatial 
relationships and translational structure. The 
placed particle is contoured using ionic radii, 
data from crystallohydrates and other crystal 
structures, as well as general crystal-chemical 
regularities. This is possible, since in the 
condensed state, the spatial configurations of  
solid and liquid solutions have much in common 
(in the area of  near-ordering of  the system). 
In the framework of  the accepted model, the 
packing coefficients and volumetric properties 
of  salt solutions are described without empirical 
parameters using simple geometric models of  
substitution and introduction (including the 
free volume of  internodes). On the same basis, 
the compressibility of  electrolyte solutions 
is considered [2]. The boundary of  the first 
structural region of  solutions is highlighted, 
where the ordering is based on the initial 
structure of  water. Changes in the system during 
the transition to high concentrations correspond 
to reduced values of  static permittivity, found 
on the basis of  experimental data of  microwave 
and HF spectroscopy (HF-extremely high 
frequencies). The second structural zone is 
characterized by configurations with significantly 
smaller dielectric constants. We will not consider 
its interesting regularities here.

The dielectric method in this interpretation 
comes to the fore. It characterizes changes in 
the orientation relations and structural-kinetic 

reactions of  water in the transition to a solution. 
The inclusion of  the mm range in measurements 
and calculations clarifies the data describing 
the main maximum dispersion in water and 
solutions, but they do not lead to new qualitative 
patterns.[3] (Fig. 1).

The complex permittivity ε*(V) at the 
frequency V is determined in dielectric 
measurements and is represented as two 
components: the permittivity ε'(V) and the losses 
ε"(V): ε*(V) = ε'(V) - iε"(V), where 1.i = − .

The value of  ε"(V) in the case of  solutions 
of  nonelectrolytes is completely determined by 
the dipole relaxation of  the molecules. In the 
case of  electrolyte solutions, absorption follows 
two mechanisms related to the reorientation of  
dipole water molecules and the displacement of  
charged ions. For electrolyte solutions:

( ) ( ) ( ),d iε ν ε ν ε ν′′ ′′ ′′= +  

where ( )dε ν′′  is dipole, and ( )iε ν′′  is the ionic loss 
of  the dielectric spectrum. The contribution 
of  ion losses, which remains significant in 
the mm range of  the spectrum, is taken into 
account using available low-frequency electrical 
conductivity  data:

Fig. 1. Three-dimensional representation of  the relaxation 
process. Approximations of  frequency dependences ε'(V) and 
ε"d(V) for aqueous solutions K2SO4 at 298 K. Experimental 

data for 0.11 m (▲), 0.32 m (x), 0.46 m (●).
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( ) ,
2i
σε ν
πε ν

′′ =

where σ is the electrical conductivity (Cm/m), 
ε0 is the dielectric constant of  the vacuum. 
To determine the values of  the complex 
dielectric permittivity (ε' and ε") of  solutions 
in the mm range of  the spectrum, we used our 
experimental data on the absorption coefficients 
(k) and reflection coefficients (R) of  solutions at 
frequencies V = 80-110 GHz [4, 5]. The complex 
dielectric permittivity of  the test solution is 
associated with the measured parameters that 
determine R and k, the Fresnel formulas (with a 
normal incidence of  an electromagnetic wave on 
the surface of  the dielectric):

4 1Im ,   .
1

k Rπ εε
λ ε

∗
∗

∗

−
= =

+

To establish the applicability of  various 
relaxation models describing spectra in the cm 
and mm regions, the analysis of  dielectric data 
was carried out using the variational selection 
of  parameter values of  the spectrum model 
components using the method of  nonlinear least 
squares. For each spectrum, models containing 
1 to 3 Cole-Cole functions were tested. The 
numerical solution of  these relations allows us 
to determine the real (ε') and imaginary (ε") part 
of  the complex permittivity.

1
1

( ) ,
1 ( 2 ) k

K
k

k ki α

εε ν ε
πντ

∗
∞ −

=

∆
= +

+∑
where V is the frequency, ε*(V) is the complex 
permittivity,  ε∞ is the high-frequency limit of  the 
permittivity, K is the number of  components in 
the model, Δε and τ are the relaxation force and 
relaxation time for the k-component, and α is an 
empirical parameter. At α = 0, the empirical Cole-
Cole function (CC) becomes the Debye function 
(D). Thus, the values of  α obtained as a result 
of  computer approximation of  the experiment 
allow us to make an objective conclusion about 
the type of  spectral components (Cole-Cole or 
Debye).

In this paper, in many cases, already in the 
calculation of  the model with a single Cole-Cole 
function was obtained α = 0, which is equivalent 
to the model 1D from a single Debye function. 
At the same time, calculations using the 2CC 
model show that the second component is 
redundant. This case corresponds to solutions 
of  K2SO4, Cs2SO4 and solutions of  Li2SO4 and 
Na2SO4 low concentrations and other systems.

For more concentrated solutions of  Li2SO4 
and Na2SO4, a slightly different decomposition 
of  the dielectric spectrum is possible. The 
calculation of  the 2CC model gives an additional 
component. However, it stands out separately.

Thus, the Debye or Cole-Cole equations 
with a small parameter of  the relaxation 
time distribution are applicable in the first 
concentration zone to describe the relaxation 
times. They are analyzed in several aspects. The 
data of  the high-frequency limit of  the main 
maximum of  dispersion are used to establish the 
high-frequency boundary of  the total collective 
processes in the H-bond net (> 150 GHz). 
Elementary and collective molecular-kinetic 
reactions occur at high frequencies. A model of  
a set of  restricted rotators or other schemes can 
be used to describe them [6]. The low-frequency 
limit is set by static dielectric constants in salt 
solutions. In the absence of  an association of  
ions, they directly determine the hydration 
process. In this case, they can be used to describe 
and calculate the thermodynamic coefficients 
of  activity of  solutions [7, 8] (without fitting 
parameters). This is possible in a fairly wide range 
of  concentrations.  Examples are solutions of  
aluminum chloride, lithium chloride and other 
systems.

The analysis of  the spectra of  complex 
dielectric permittivity of  aqueous salt solutions 
in the Laboratory of  Aqueous Solution Structure  
IGIC RAS was initiated by P.S. Yastremsky 
and O.Y. Samoilov. First measurements were 
made at the Volgograd Pedagogical Institute. In 
the IGIC RAS, the experimental complex for 
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measurements in the cm range was established 
by A.S. Lileev (the method of  a cylindrical rod 
in a waveguide), and in the mm range - A.Yu. 
Zasetsky (measurement of  reflection coefficients 
of  solutions). Currently, more than 50 double 
and triple systems of  different types have been 
studied at the frequencies of  7-25 or 7-120 GHz 
at 298 K [9]. A small temperature range has 
been studied for many solutions. In the region 
of  low concentrations, it was found that in the 
considered frequency range of  7-110 GHz, only 
one component  is observed, reflecting the total 
hydration changes of  water in salt solutions. 
At the same time, there is no separation of  the 
maximum dispersion into the hydrate shell, the 
transition layer and the bulk water. From the 
data of  the complex dielectric permittivity and 
the Debye or Cole-Cole equations, the high-
frequency and low-frequency limits of  the 
considered dispersion region and relaxation 
times are determined, reflecting the dynamics 
of  water molecules during the formation of  a 
hydrated ion shell.

According to the data of  dielectric relaxation 
in the temperature range, changes in the enthalpy 
and entropy of  activation are determined, 
transmitting changes in the degree of  connectivity 
and structure of  the system.  Despite the high 
values of  the hydration energies of  ions in their 
hydrophilic hydration, the net of  hydrogen 
bonds is more mobile and less structured in 
comparison with pure water [9]. This case is 
realized for the majority of  such solutions (more 
than 30 systems). Reverse effects are observed 
in hydrophobic ion hydration [9, etc.]. In the 
case of  solutions of  tetraalkylammonium and 
allylammonium salts with different anions, 
there is an increase in the times and enthalpy of  
activation of  dielectric relaxation compared to 
water under the action of  nonpolar groups.  This 
is a typical variant of  hydrophobic hydration. In 
some cases, it is possible to note the stabilization 
of  the bond network in hydrophilic hydration. 
An example is solutions of  hydrophosphates 
or ammonium fluoride. In the latter case, solid 

solutions are also implemented in ice (up to 
7.44 mol.%[10]).

Another experimentally measured property 
is directly related to the high-frequency 
dielectric characteristics of  solutions. These are 
radiobrightness parameters that characterize 
the proper radiation of  solutions. Quasi-optical 
coefficients and radiofrequency characteristics 
of  solutions in the mm range of  the spectrum 
were determined on the example of  solutions 
of  chlorides and sulphates of  alkali metals and a 
number of  other systems [11-14]. Using Fresnel 
formulas and developed computer programs, 
they are calculated from the dielectric data of  
the cm region. In some cases, they are also found 
experimentally. The reflection coefficients of  
solutions at frequencies of  80-120 GHz (special 
technique [4, 5]) and (or) radiation coefficients 
at a frequency of  61.2 GHz [11] were measured 
using a radiometer (IRE RAS technique, NPO 
"Istok", Fryazino [14]). They are consistent 
with the calculated data. This confirms the 
correctness of  the choice of  the relaxation model 
for the main maximum of  water dispersion in 
salt solutions. As a result, a new approach to 
the study of  aqueous solutions based on their 
radiation in the millimeter range of  the dielectric 
permittivity spectrum is developed.

3. CONCLUSION
The theoretical justification and quantitative 
description of  the measured effects are given 
using the data of  the complex dielectric 
permittivity of  solutions. It is shown that 
the radiation reflects the contributions of  
both dipole and ion losses, which still remain 
significant at the considered frequencies. They 
can even detect the presence of  different sign 
radiation effects compared to water.  There are 
examples of  different variations of  reflection 
and radiation coefficients. This is observed for 
aqueous solutions of  alkali metals in the mm 
region. For example, at a frequency of  100 GHz, 
the reflection coefficient of  sodium chloride 
solutions falls, and potassium chloride increases 
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in comparison with water. This means that the 
radiation coefficient in the first case increases, 
and in the second case decreases during the 
transition from water to solution. The Fig. 2 
shows changes in radiobrightness temperature 
for solutions of  alkali metal sulfates. The 
observed radiobrightness contrasts of  different 
salt solutions are quite large, so that the proposed 
method of   rapid analysis of  solutions can be 
used in laboratory practice.

The presence of  different changes in 
radiation and absorption during the transition 
from water to solutions of  sodium and potassium 
chlorides, hydrochloric acid and a number 
of  other electrolytes can be significant for 
biological objects, characterizing the differences 
in radio brightness and energy redistribution 
of  intracellular (K+ ions) and extracellular (Na+ 
ions) liquids. This may serve to explain the 
medical effects of  millimeter waves.
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1. INTRODUCTION

Despite the intensive experimental and 
theoretical study of  the electrical properties 
of  hexagonal ice Ih [1-24], there is still no 
unified understanding of  the physical 
mechanisms governing the observed 
relaxation behavior. Hexagonal ice is a 
relatively simple crystalline system with 
hydrogen bonds and its structure is well 
known [16–17], however, the dielectric 
relaxation behavior is rather complex (see 
Fig. 1).

The main peak of  the dielectric losses 
of  ice is symmetrically broadened below 
the temperature of  240 K and is well 

Fig. 1. The temperature dependences of  the relaxation time of  
ice Ih. Gray squares and circles correspond to the data of  single 
crystal [6, 7]; gray triangles correspond to polycrystals [4]. The 
data depicted in black circles, squares and rhombuses are taken 
from [9], white circles are the data from [25], white triangles from 

[1], black crosses from [8], pink and blue squares from [11].
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described by the Cole-Cole expression for 
the complex dielectric permittivity (CDP) 
ε*(ω) = ε∞ + (εs – ε∞)/(1 + (iωτ)α), where ε∞ 
is the high-frequency limit of  the dielectric 
permittivity, εs is the static dielectric 
permittivity, τ is the characteristic 
dielectric relaxation time, α is the peak 
broadening parameter of  dielectric loss 
(α ≤ 1). Above temperature of  240 K, the 
main peak of  the imaginary part of  the 
CDP has a Debye shape (α = 1). One of  
the most interesting experimental fact is 
related to the temperature behavior of  the 
relaxation time τ (see Fig. 1). The Fig. 1 
shows the temperature dependences of  
the dielectric relaxation time τ of  ice Ih 
from different studies [1, 4, 6-9, 11, 25]. 
In early works [1] it was shown that above 
200 K [2–7] the characteristic relaxation 
time of  ice follows the Arrhenius law 
with an activation energy of  53.2 kJ/
mol. However, the next later studies 
demonstrate a deviation from the 
Arrhenius behavior in the temperature 
range 210–245 K and a change in the slope 
of  the relaxation time in logarithmic scale 
with a decrease in the activation energy 
down to 18.8 kJ/mol (see Fig. 1) [5–8]. It 
was demonstrated [9] that this transition 
or high-temperature crossover (HTC) 
depends on a method of  ice samples 
preparation. Detailed measurements 
of  the CDP of  ice samples prepared by 
various methods [9] showed that samples 
prepared with stirring at water freezing (in 
order to avoid rapid ice crystallization) did 
not exhibit HTC, in contrast to the samples 
with regular freezing (without stirring). 
Detailed experiments performed in a wide 
temperature range [4, 5, 7] demonstrate 
also a second low-temperature crossover 
(LTC) below the temperature of  ~170 K, 

where activation energy rises up to 46.4 
kJ/mol [5]. Furthermore, there is the 
discrepancy in the reproducibility of  LTC.

In this paper, we discuss the main aspects 
of  our understanding [12, 25–28] of  the 
mechanisms that regulate the observed 
relaxation behavior of  hexagonal ice (see 
Fig. 1) in a wide temperature range.

2. A MODEL OF THE 
TEMPERATURE CROSSOVERS OF 
RELAXATION TIME

Despite a very detailed experimental study 
of  the dielectric properties of  hexagonal 
ice, the theoretical study is lagging [12-17]. 
The Jaccard phenomenological theory [13-
14] and the “wait and switch” model [16, 17, 
22-24] are the most common nowadays. 
According to the latter, the presence of  a 
network of  hydrogen bonds in ice restricts 
the rotational diffusion of  water dipoles 
and, therefore, the reorientation of  dipole 
moments does not occur freely in ice. 
Crystalline ice is a well-ordered structure 
in terms of  oxygen sites and, at the same 
time, it has certain disordering in terms of  
hydrogens position. Proton hopping create 
defects of  two types in the ice structure: ionic 
and orientation (see Fig. 2). In the first case, 
the proton jumps along the hydrogen bond 
from one H2O molecule to another [18] (see 
Fig. 2a) creating the ionic defects H3O

+ and 
ОН–. While in the second, the proton moves 
to the neighboring hydrogen bond of  the 
same H2O molecule (see Fig. 2b), resulting 
in formation of  a pair of  Bjerrum L and D 
orientation defects [19-21]. Formally, such 
a jump can be considered as a rotation of  
Н2О molecule. These defects can diffuse 
over the ice crystal lattice. According to the 
“wait and switch” model [16, 17, 22-24], the 
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reorientation of  water molecule is the result 
of  an intermittent change in the direction 
of  its dipole moment. In this case, the 
reorientation of  water molecule dipole 
is possible only when it encounters a 
corresponding defect in the hydrogen bonds 
network, otherwise the water molecule 
remains in a waiting mode (see Fig. 2).

The advantage of  this approach is 
that it simplifies the theoretical analysis. 
Instead of  investigating the problem of  
many bodies interaction, we can consider 
the problem of  a random walk of  defects. 
Based on this idea, the relationship between 
the CDP and the mean square displacement 
(MSD) of  the defects g(t) = <r2(t)> was 
derived [12]
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where nα, qα, ( )ασ ω∗ , ˆ ( )g iα ω  are the density, 
the effective charge, the conductivity, and 
the Laplace image of  the MSD of  the defect 

α, respectively, and T is the temperature in 
the energy units. It was shown in [12], that 
orientation defects obey normal diffusion 
law (<r2(t)> = 6DLDt), while ionic defects 
demonstrates the anomalous diffusion 
behavior (<r2(t)> = 6D±tα±). Currently, there 
are large number of  approaches, where 
anomalous diffusion motion might be 
derived. The most reasonable for the ice is 
based on the effect of  ionic defects blockage 
created by orientation defects. For example, 
the H3O

+ ionic defect jump can be blocked 
by orientation D-defects (see Fig. 3), then 
its further migration is impossible until at 
least one of  D-defects moves away. Blocking 
of  ionic defect jumps also occurs, when 
an H3O

+ ion has passed through a certain 
fragment of  the H-bonded network, and, as 
a result, the next ion would not be able to 
move along the same path. The release of  
the path is possible when a D-defect passes 
through it. Same is fair for the OH– and L 
defects. Thus, the protons in ice structure 
may be trapped and localized for certain 
period of  time that might lead to anomalous 
diffusion behavior. Taking it into account 
and based on the expression (1), the CDP 
of  ice can be presented as follows [12]

11
( ) .

1 ( ) ( )
s

LD

i
i i ±

∗ ∞
∞ −−α−

±

ε − ε
ε ω = ε +

 + ωτ + ωτ 
 (2)

a)

b)
Fig. 2. Schematic presentation of  the generation and the 
migration of  pairs of  ionic H3O

+/OH [12]- (a) and pairs 
of  orientation L- and D-defects (b) in ice Ih with a change 
in the direction of  the dipole moments of  water molecules. 
Reproduced from ref. 12 with permission from the Royal 

Society of  Chemistry.

Fig. 3. Schematic presentation of  possible blockage of  
proton hopping by Bjerrum orientation defects.
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determine the characteristic relaxation 
times of  orientation L-D and ion defects, 
respectively.

The expression (2) for the CDP 
describes well the symmetrically 
broadened dielectric loss spectra for 
exponents α±  slightly deviating from 
the unity [12]. Moreover, assuming the 
Arrhenius behavior of  the relaxation 
times , , ,exp( / ),LD LD LDE T∞

± ± ±τ = τ  the 
temperature dependence of  the relaxation 
time τ, determined by the position of  the 
maximum of  the imaginary part of  the 
CDP (2), well describes the HTC [12, 28]. 
Here ELD,± are the activation energies of  the 
orientation and ionic defects, respectively. 
Due to the large difference in the activation 
energies of  orientation and ionic defects 
(ELD > E±), the relaxation time through 
the orientation defects is much smaller in 
compare to that of  ionic defects at high 
temperatures, τLD << τ± , leading to that the 
overall relaxation mechanism goes through 
the orientation defects diffusion and 
τ ≈ τLD. With temperature decrease the 
orientation defects motion slows down 
and at temperatures below 240 K one have 
τLD >> τ±, i.e. the relaxation mechanism 
of  ion defects starts to play a dominant 
role and τ ≈ τ±. Thus, on a logarithmic 
scale, the temperature dependence of  the 
relaxation time changes the slope with 
decreasing the activation energy from 
ELD to E± < ELD. The temperature of  
HTC temperature, Tc1 is determined then 
by τLD(Tcl) = τ±(Tcl) and is equal to
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Thus, an alteration in the activation energy 
at the temperatures about 240 K is due to 
the transition from the dominant motion of  
orientation defects at high temperatures to 
the dominant motion of  ionic defects at low 
temperatures.

At lower temperatures (below 170 K), the 
motion of  orientation defects significantly 
slows down, forming sufficiently “deep” 
traps for ionic defects. As a result, it causes 
the creation of  ion-orientation complexes 
[25, 28]. These structures determine the 
further relaxation of  ice by creating a new 
type of  complex protons diffusion motion 
correlated with the movements of  the 
orientation defects. Thus, the following 
expression for the CDP of  hexagonal ice can 
be obtained [25, 28]
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where τ± is determined by the expression 
(3), 2
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± ±τ = ε Γ +α  where Dt, αt 
are the effective diffusion coefficient and 
the anomalous diffusion coefficient of  
protons in traps, correspondingly. In case 
of  exponents α± and αt are close to one, 
the expression (5) can be reduced to the 
Cole–Cole law [25, 28]. The temperature 
of  the second, low-temperature 
“crossover” Tc2 (LTC temperature), is 
determined from τ±(Tc2) = τt(Tc2), where 

exp( / ),t t tE T∞τ = τ  and is equal to
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3. COMPARISON WITH THE 
EXPERIMENT
To demonstrate the qualitative and 
quantitative agreement of  theoretical 
model to experimental data, we performed 
the numerical fitting procedure for the 
relaxation times [4, 7, 25] and peak 
broadening parameter [25] by the theoretical 
dependences derived from the model 
[25,28]. The results are presented in the 
Table 1 and in the Fig. 4. One can see that 
the proposed theoretical expressions are in 
a good agreement with the corresponding 
experimentally observed behavior (see 
Fig. 4). It indicates the consistency of  the 
proposed model of  the dielectric relaxation 
of  ice Ih. Note, that the estimated activation 
energies of  orientation L-D defects and ion 
defects for the experiments of  [4, 7, 25] are 
in good agreement between each other (see 
Table 1). However, the Et of  the data of  [7, 
25] significantly differs from the estimates 
for the data taken from [4].

The experimental results of  the dielectric 
response of  hexagonal ice for various 
temperature protocols is presented in [25]. 
As it has been noted in the introduction, there 
is an irreparability of  dielectric results at low 
temperatures. Most likely, this is because 
the microstructure (polycrystallinity) of  
ice depends on the temperature protocol, 
leading to variability of  the correlation 
between the ionic and orientation defects. 
Indeed, a series of  studies [29–31] using 

X-ray diffraction topography revealed 
interstitial defects in the ice crystals 
structure, whose concentration increases 
rapidly during cooling. However, any micro 
dislocations and cracks in ice, can be a source 
of  L-D defects and might be considered as 
additional suppressors of  proton migration 
over long distances.

The experimental results obtained in 
[25] confirm the above assumption that the 
dielectric response of  ice Ih strongly depends 
on its preparation and the temperature 
protocol. Furthermore, we observe a 

3,5 4,0 4,5 5,0 5,5 6,0 6,5 7,0 7,5
10-5

10-4

10-3

10-2

10-1

100

101

102

103  Kawada (1979)
 Johari et. al (1976)
 Popov et. al (2017)

tim
e r

ela
xa

tio
n,

 τ 
[se

c]

1000/T [1/K]

0,88

0,90

0,92

0,94

0,96

0,98

1,00

 Popov et. al (2017)

α

280 260 240 220 200 180 160 140

T [K]

Fig. 4. A graphical presentation of  the results of  numerical 
fitting of  the experimental data from [4] (white circles), [7] (black 
squares), [25] (black circles) for the relaxation time τ(T) and the 
broadening parameter of  the dielectric loss peak α(T) [25] (black 
triangles) using theoretical dependences for τ (solid green, orange, 
and red lines for the data of  [4], [7], [25], respectively) and α 
(solid blue line) from [25 , 28]. The vertical dashed lines indicate 
the position of  the “crossovers” temperatures (the color of  the lines 
corresponds to the colors of  the fitting curves for the relaxation time 
of  [4], [7], [25], correspondingly). Reproduced from ref. 28 with 

permission of  the copyright owner.

Table1
The model parameters obtained from the numerical fitting of the experimental data from [4], [7], [25] for the 
relaxation time and the broadening parameter of the dielectric loss peak [25] using theoretical dependences 

from [25, 28]. The values of α±, αt are related to each other by αt ≈ (α± + 1)/2, and α± ≈ 0.92 for all experiments. 
Reproduced from ref. 28 with permission of the copyright owner.

ELD, kJ/mol 1610LD sτ ∞ −⋅ ELD, kJ/mol 710 sτ ∞ −
± ⋅

ELD, kJ/mol 1310t sτ ∞ −⋅ Tc1, K Tc2, K

Johari et al. [4] 56.92 4.06 15.25 4.52 40.54 0.0195 242 158.4

Kawada [7] 57.11 2.245 14.98 4.89 32.3 16.67 264 165.6

Popov et al.. [25] 57.6 2.25 15.74 1.97 31.27 8.88 244.9 152.1
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difference in the dielectric response of  ice 
even being prepared by the same procedure. 
We assume that this phenomenon is due 
to the uniqueness of  the microstructure 
of  the polycrystalline sample. Based 
on the proposed model, we imply that 
various microstructures of  ice affect the 
migration of  L-D and ionic defects, and, in 
particular, the correlation between different 
ice defects. The latter determines the 
dynamics at low temperatures, where the 
strongest discrepancy in the experimental 
results is observed. At high temperatures, 
the mobility of  the defects is high and 
therefore any deviations in ice formation 
are averaged. Thus, all the measurements 
have approximately the same values of  the 
dynamic parameters (α, τ) above the HTC 
(T ≈ 240 K). Based on this assumption, 
we can explain the result obtained in [9], 
where the absence of  HTC was detected in 
the ice sample prepared using the stirring 
procedure (see Fig. 1). Most probably, the 
stirring procedure causes tensions inside 
the ice lattice, which, in turn, leads to the 
formation of  micro cracks during cooling. 
A large number of  cracks can prevent 
proton migration and disable the relaxation 
mechanism caused by ion defects. In 
our model, this corresponds to a strong 
correlation between L-D and ionic defects 
when orientation-ionic aggregates appear.

4. CONCLUSION
In this paper, the results of  the theoretical 
and the experimental studies of  the 
dielectric relaxation of  hexagonal ice [12, 
25–28] are presented. We propose the 
mechanisms underlying in the relaxation 
behavior of  the most common type of  ice 
Ih in a wide temperature range. A simple 
phenomenological model of  dielectric 

relaxation of  ice has been developed. It is 
based on the “wait and switch” model, where 
the migration of  orientation and ionic defects 
along the ice lattice is considered as the main 
mechanism of  dielectric relaxation. The 
concentration of  orientation defects in ice is 
significantly greater than the concentration 
of  ionic defects, and their activation energy 
is higher. Therefore, at high temperatures 
(above 240 K), the relaxation occurs mainly 
due to the migration of  orientation defects. 
However, when the temperature decreases, 
the relaxation mechanism through the 
orientation defects slows down due to their 
high activation energy, and the mechanism 
by ionic defects starts to dominate. It causes 
the high-temperature crossover near 240 
K. Because of  the orientation defects are 
essentially the breaks in hydrogen bonds 
structure of  ice, they can block the proton 
jumps by creating of  so-called proton 
“traps”, and, therefore, restrict the migration 
of  ionic defects. As a result, the diffusion 
of  ionic defects slows down and becomes 
abnormal. This abnormal diffusion of  ionic 
defects is the reason for the broadening of  
the dielectric loss peak in ice. With a further 
decrease in temperature, the processes of  
proton trapping begins to dominate. Thus, 
the number of  delocalized protons increases 
and the relaxation process slows down 
again. Therefore, a smooth increase in the 
relaxation time behavior is observed at low 
temperatures (low-temperature crossover).

Based on the detailed dielectric 
measurements presented in [25], the one of  
the main reason for the irreproducibility of  
the experimental data at low temperature 
region was ascribed to the effect of  
sample preparation procedure on the ice 
microstructure and used temperature 
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protocol. The formed ice microstructure 
significantly affects the migration of  
orientation and ionic defects, in particular, 
their correlated diffusion. The presence 
of  impurities and various defects, such as 
dislocations and micro cracks, leads to the 
increase of  the number of  the orientation 
defects. It, in turn, leads to a complete or 
partial blocking of  the relaxation mechanism 
via the proton hopping, resulting the 
temperature dependence of  the relaxation 
time corresponding to the migration of  ionic 
defects.
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Abstract. The review provides data indicating that polarimetry is a sensitive tool for studying 
the structure of  aqueous carbohydrate solutions. Using aqueous solutions of  D-levoglucosan 
(1,6-anhydro-D-glucopyranose) as an example, it was demonstrated, using polarimetry, quantum 
chemical calculations, HPLC, static and dynamic light scattering, that polarimetry allows one to 
detect changes in the structure of  solutions with changes in concentration and temperature, as 
well as the evolution of  the structure of  solutions over time. In particular, the phenomenon of  
the existence of  “critical” concentrations and temperatures was discovered at which the specific 
rotation of  the solutions undergo jump-like changes, apparently reflecting rearrangements in the 
structure of  the solution. It is also possible that in the case of  aqueous solutions, chiral carbohydrate 
molecules might act as “probes” that “sense” the slightest changes in their conformation or 
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1. INTRODUCTION
It has been established [1-16] that the majority 
of  macroscopically homogeneous aqueous and 
non-aqueous solutions of  various low molecular 
weight substances used in everyday life and 

ordinary laboratory practice are structured 
(inhomogeneous) at the nano and meso levels. 
The size of  heterogeneities, supramers in our 
terminology [8], varies from ~1 nm to 102–103 
nm. This new type of  “weak” (judging by the 
magnitude of  the interaction energy, which does 
not exceed kBT [17]), but the extremely effective 
and spontaneous structuring of  liquids has 
not attracted the attention of  researchers for 
a long time. Only recently has its importance 
been identified for an adequate description of  
reactions and other chemical processes [8, 9, 13, 
14, 18-29].

For rational discussion of  this complex situation 
in solution and the reactions involving solutes, 
we supposed that in many cases the real reactive 
species in solution are not isolated solute molecules 
but rather their supramolecular aggregates (which 
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we, for a reason, call supramers). The supramer 
approach is based on the assumption that the 
molecules of  solutes can form stable homo- and 
hetero-supramers (which may also include solvent 
molecules [8]), the structure of  which determines 
the observed reactivity, yield and selectivity of  the 
reaction. More detailed discussion of  these issues 
can be found in a recent review [8], devoted to an 
interconnection between chemical reactivity and 
the structure of  the reaction solution.

For practical application of  the supramer 
approach one must distinguish solutions of  the 
same reagent, characterized by the presence 
of  different supramers and consequently 
exhibiting different chemical properties [8]. For 
discrimination of  solutions, differing in supramer 
composition (i.e., with different solution structure) 
we proposed to use polarimetry – measurement 
of  the optical rotation of  solutions in question. 
Indeed, specific optical rotation is not a feature 
of  the molecular structure of  the solute [30]. 
Even small conformational changes can lead to 
enormous changes in the specific rotation [31]. 
If  these changes depend on the concentration, 
they are usually thought to be associated with 
aggregation of  solute molecules [32]. Therefore, 
it can be expected that supramers consisting of  
molecules in a different conformation or differing 
in the way they are packed [33] or solvated [34], 
will also differ in the values of  specific rotation.

2. MATERIALS AND METHODS
2.1. materials

Compounds 1 and 2 were prepared and purified 
according to the described procedures [34, 35]. 
Ultrapure water with a resistivity of  >18 MΩ·cm 
(OMNI-A water purification system (PRC), 
using distilled water as the source) was used 
for preparation of  aqueous solutions and 
chromatography. Solutions for physicochemical 
studies were prepared immediately before 
measurements by dissolving a weighed amount in 
a solvent in a volumetric flask (2 mL) and then 
filtering (4 times) the resulting solution through 
a membrane filter (0.45 μm, PTFE, diameter 13 
mm, Chromafil (Macherey-Nagel, Germany); a 
separate filter was used for each sample).

2.2. methods

2.2.1. Polarimetry
Measurements of  the optical rotation was 
performed on automatic digital polarimeters 
JASCO DIP-360 (Japan) (Fig. 9b), PU-7 (Russia) 
(Fig. 2, 6), or JASCO P-2000 (Japan) (Fig. 7, 8) in a 
glass jacketed polarimeter cell (length 10 cm). The 
temperature was maintained within ±0.2°C (DIP-
360 and PU-7) or ±0.1°C (P-2000) by the circulation 
thermostats MLW U-1 (GDR) (when using DIP-
360 and PU-7) or Huber CC-K6 (Exclusive) 
(Germany) (when using P-2000). Optical rotation 
value for each sample was measured only after 
stabilization of  the temperature and the instrument 
readings (~ 30 min); after this, the instrument 
readings remained unchanged for several hours. 
Processing results in the case of  use polarimeters 
JASCO DIP-360 and PU-7 involved finding an 
average of  10 measurements; standard deviations 
were calculated using Student's distribution (95%) 
and were (for both observed and specific rotation) 
less than 1% (unless otherwise indicated in the 
graphs).

In the case of  measuring optical rotation on a 
JASCO P-2000 polarimeter, for each temperature, 
three independent freshly prepared solutions 
were used (unless otherwise indicated). For each 
solution, the optical rotation was measured for 
30 min (1800 points with an integration time of  
1 s). The data obtained were averaged, the error 
was calculated as the standard deviation from the 
mean. Additionally, average values and standard 
deviations were calculated for samples including 
specific rotation values for two temperature ranges: 
12–25°C and 32–55°C. The results are shown in 
Fig. 7, 8.
2.2.2. High Performance Liquid 
Chromatography (HPLC)
High-performance liquid chromatography of  
D-levoglucosan (1) samples was carried out at 
85.0±0.1°C on a Rezex RCM-Monosaccharide 
Ca+2 (8%) column (300×7.8 mm) (Phenomenex, 
USA) with ultrapure water as the eluent at 
0.6 mL·min–1 flow rate. A Waters 1122 column 
thermostat (USA) equipped with an aluminum 
heat exchanger with eight-millimeter sockets 
was used to maintain the column temperature. 
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The samples of  solutions of  D-levoglucosan 
were injected onto the column using a Reodyne 
7125 injector (USA) with a 20 μL sample loop. A 
Gilson Model 155 UV detector (France), a Knauer 
2300 differential refractometer (Germany), or an 
Alltech 2000ES ELSD detector (USA) were used 
for detection. The elution profile expressed as the 
ratio of  absorbances at 195 nm and 205 nm (A195/
A205 detection) was obtained using a standard 
option (Real Time Ratio channel) built into the 
Gilson Model 155 UV detector.
2.2.3. Dynamic light scattering (DLS)
The intensities of  scattered light were measured 
using an ALV 5000/6010 correlator goniometer 
system (Langen, Germany) at a scattering angle 
of  150° using Pyrex cells 1 cm in diameter and 
a He—Ne laser (633 nm, 23 mW) as the light 
source. The temperature of  the scattering cell 
was maintained with an accuracy of  ±0.2°C. To 
obtain the correlation functions of  scattered light 
intensity fluctuations, [g2(τ)], the experimental data 
were averaged over 20 independent measurements 
(total time of  the experiment was 20 min) and 
then processed using the CONTIN algorithm to 
calculate the contributions to the scattered intensity 
(so-called intensity-weighted size distribution) 
from particles of  each observed size and to 
determine the correlation radii (hydrodynamic 
radii, Rh) of  the light-scattering particles (and 
the corresponding correlation times) that were 
calculated at the maxima of  the intensity-weighted 
size distribution [36].
2.2.4. Static light scattering (SLS)
Measurements of  the intensity of  the scattered 
light was performed as described in Section 2.2.3 
for DLS. The intensity of  the scattered light 
was averaged over a 20-minute interval for each 
solution. The SLS data were used to construct 
a modified Debye plot of  C/Rθ as a function 

of  sample concentration (C), in which the sign 
of  the slope (that is proportional to the second 
virial coefficient А2) indicates the thermodynamic 
quality of  solvent [36]. Rθ is the coefficient of  
scattering intensity at a scattering angle θ (an 
absolute scattering intensity defined as the ratio of  
scattered light intensity at a scattering angle θ to 
incident light intensity; Rayleigh ratio).

3. RESULTS AND DISCUSSION
A detailed study of  the possibility of  using 
polarimetry to study the structure of  solutions 
was carried out on aqueous solutions of  
D-levoglucosan (1, 1,6-anhydro-D-glucopyranose, 
see Fig. 1a). Molecules 1 have a rigid structure 
in which conformational changes are possible 
only due to a change in the position (rotation) of  
hydroxy groups, which greatly simplifies quantum 
chemical calculations and interpretation of  the 
results.

Using quantum chemical calculations (TD-
DFT/GIAO), it was shown [34] that significant 
changes in the optical rotation value can 
be associated with slight distortions of  the 
conformation of  the levoglucosan molecule 
(calculations revealed 15 unique conformers) 
upon solvation caused by changes in the 
microenvironment of  the levoglucosan molecule 
(Fig. 1b). The solvent was taken into account both 
within the polarizable continuum model (PCM) 
and by adding explicit water molecules (MS + 
PCM) [37]. For example, the calculated (PCM 
(H2O)/B3LYP/6-311++G(2d,2p)//B3LYP/6-
31+G(d,p)) specific optical rotation value for the GGG 
conformer is –5.46 deg·dm–1·cm3·g–1. The addition 
of  one water molecule significantly changes the 
calculated specific rotation (–42.98 deg·dm–1·cm3·g–1). 
When a second water molecule is added, the specific 
rotation practically does not change (–42.97 

POLARIMETRY AS A METHOD FOR STUDYING THE 
STRUCTURE OF AQUEOUS CARBOHYDRATE...NANOSYSTEMS

Fig. 1. The structure of  D-levoglucosan (a); a change in the calculated (PCM/B3LYP/6-311++G(2d,2p)//B3LYP/6-
31+G(d,p)) specific optical rotation of  one of  the conformers (GGG) of  levoglucosan upon successive addition of  water 

molecules (b) [34].
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deg·dm–1·cm3·g–1). Conversely, the addition of  a 
third water molecule again changes the calculated 
specific rotation to –9.46 deg·dm–1·cm3·g–1. 
Thus, significant changes in the optical rotation 
can be caused by changes in the solvation shell, 
i.e. redistribution of  solvent molecules around 
solute molecules (microsolvation, MS). These 
data indicate the promise of  using polarimetry 
to study the microenvironment [37, 38] of  solute 
molecules in solutions with different structures, as 
well as for detecting rearrangements of  supramers 
in solutions.

An experimental study of  the structure 
of  aqueous solutions of  levoglucosan using 
polarimetry began with freshly prepared solutions. 
The concentration dependence of  the specific 
rotation of  aqueous solutions of  levoglucosan is 
nonlinear with discontinuities at concentrations 
of  0.1, 0.3, 0.5, and 1 mol·L–1 (Fig. 2). We called 
these concentrations “critical” and suggested that 

they separate the areas of  existence of  different 
supramers.

A relationship between the detected “critical” 
concentrations and changes in the structure of  
the solution was established when studying the 
same solutions using static and dynamic light 
scattering (SLS and DLS) [34]. The dependence 
of  the scattered light intensity (SLS data) on the 
concentration, shown as Debye plot (Fig. 3a), 
exhibits two extrema (0.5 and 1 mol·L–1), at which 
the slope changes. The slope is proportional 
to the second virial coefficient А2, the sign of  
which indicates the thermodynamic “quality” of  
solvent is [36]. Thus, in this case, at concentrations 
of  solutions lower than 0.05 and greater than 1 
mol·L–1, the solvent is good (А2 > 0), while at 
the intermediate concentrations the solvent poor 
(А2 < 0).

The DLS data indicate the presence of  
light scattering particles of  various sizes in the 
solutions (Fig. 3b). At solution concentrations 
above 1 mol·L–1, only nano-sized supramers 
exist; in the concentration range 0.5–1 mol·L–1, 
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Fig. 2. Concentration dependences of  specific rotation ([α]D/
deg·dm–1·cm3·g–1) for freshly prepared aqueous solutions of  
levoglucosan [34]: the full range of  studied concentrations (a); 
diluted solutions region (b). Here and in the following figures, 
the horizontal black and white bands near the concentration 
axis show the ranges of  solution concentrations between the 
“critical” concentrations (0.1 (1), 0.3 (2), 0.5 (3) and 1.0 
mol·L–1 (4); marked by vertical arrows), where supramers 

with different structures can exist.

Fig. 3. Light scattering by freshly prepared aqueous solutions 
of  levoglucosan depending on the concentration [34]. The 
concentration dependence of  the intensity of  the scattered light 
shown as the Debye plot (a). The intensity distribution of  the 
size of  the correlation radii (Rh) of  light scattering particles (b).
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larger supramers are added to them; in the range 
0.3–0.5 mol·L–1, the number of  large supramers 
increases, and in ranges 0.1–0.3 mol·L–1 large 
supramers predominate. Thus, DLS revealed the 
same “critical” concentrations (0.1, 0.3, 0.5, and 1 
mol·L–1) that were detected using polarimetry and 
SLS.

The same “critical” concentrations were 
detected using ligand exchange HPLC on a 
monosaccharide analysis column (Rezex RCM-
Monosaccharide Ca+2) when eluting with water 
[39]. The elution profile, expressed as the 
absorption ratio at 195 nm and 205 nm (hereinafter 
referred to as A195/A205 detection), varied greatly 
depending on the concentration of  the sample of  
levoglucosan loaded on the column (Fig. 4).

A detailed analysis of  the shape of  peaks on 
chromatograms (A195/A205 detection) showed that 
one symmetric peak of  levoglucosan is observed 
for the solutions with a concentration not higher 
than 0.1 mol·L–1 (tR = 22.04–22.06 min; see 
chromatograms 1–3 in Fig. 4). At concentrations 
0.3 and 0.4 mol·L–1, the top of  the peak flattens 
(chromatograms 4 and 5 in Fig. 4), and starting 
from the concentration of  0.5 mol·L–1, the peak 
splits into two components (tR = 21.71–21.76 and 
22.29–22.43 min; chromatograms 6–8 in Fig. 4). 
Starting from the concentration of  1.0 mol·L–1, the 
"valley" between the two maxima becomes deeper 
and the retention times of  the peak components 
noticeably change (tR = 21.42–21.57 and 22.67–
22.79 min; chromatograms 9–11 in Fig. 4). In other 

words, a gradual increase in the concentration 
of  levoglucosan in the injected solution leads to 
abrupt changes in the shape of  the levoglucosan 
peak (A195/A205 detection). These abrupt changes in 
the shape of  the peak occur at the concentrations 
of  0.1, 0.5, and 1.0 mol·L–1, which can reasonably 
be called “critical”. These "critical" concentrations 
are also clearly visible on the concentration 
dependence of  the retention time of  the peak 
of  levoglucosan and its components (A195/A205 

detection) (see Fig. 5). It is important to note that 
these concentrations entirely correspond to the 
“critical” concentrations detected by us earlier [34] 
by polarimetry and light scattering, which suggests 
that the origins of  these phenomena could have 
similar nature associated with the concerted 
changes in the solution structure upon changes in 
concentration.

The absence of  rectangular peaks on 
chromatograms (A195/A205 detection) (Fig. 4) 
means that the peak of  levoglucosan is not the 
peak of  an “individual compound” and is in fact 
a composite peak [40]. This also means that the 
UV spectra of  the eluate differ depending on the 
concentration of  the injected solution. One gets 
an impression that in a single chromatographic 
peak, which corresponds to the same solute 
(levoglucosan in our case), several “compounds” 
with different UV spectra are eluted from 
the column depending on the concentration 
of  the injected sample. In our opinion, such 
“compounds” can only be the supramers of  the 
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Fig. 4. HPLC elution profiles of  samples of  aqueous solutions of  levoglucosan with concentrations of  0.03 (1), 0.06 (2), 0.1 
(3), 0.3 (4), 0.4 (5), 0.5 (6), 0.6 (7), 0.7 (8), 1.0 (9), 2.0 (10) and 4.0 mol·L–1 (11), expressed as the absorption ratio at 195 
and 205 nm (A195/A205) (see also Fig. 5) [39]. In the figure (on the right), vertical black and white bands indicate “conservative” 

concentration ranges between “critical” concentrations of  0.1, 0.5, and 1.0 mol·L–1 (shown by arrows).
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solute. In this case, a serious argument in favor of  
this version is the above-described detection of  the 
“critical” concentrations (0.1, 0.5, and 1.0 mol·L–1) 
separating both the similar chromatographic 
profiles and the corresponding “conservative” 
concentration ranges, detected by SLS/DLS [34], 
in which similar supramers of  levoglucosan are 
present in the solution. This observation may 
indicate an unexpectedly high stability of  the 
levoglucosan supramers in solution, especially if  
the chromatographic conditions (85°C, 25 min) 
are taken into account.

A series of  experiments was carried out to study 
the evolution of  the structure of  levoglucosan 
solutions over time [41]. Solutions with different 
concentrations were frozen and kept at –20°C, 
thawed to measure the optical rotation (Fig. 6).

Analysis of  the concentration dependences 
(see Fig. 6) of  the specific rotation values for 
freshly prepared solutions of  levoglucosan and 
those kept at –20°С suggests that the form of  the 
concentration plot does not change much for the 
solutions with concentrations equal to and higher 
than 1.0 mol·L–1. However, considerable changes 
of  specific rotation values were found for more 
dilute solutions: the specific rotation for solutions 
with a concentration of  0.1 mol·L–1 (“critical” 
concentration 1) changes noticeably; however, the 
extremum is still at this point. Although the specific 
rotation value for solutions with a concentration 
of  0.5 mol·L–1 (“critical” concentration 3) does 

not remain constant, this concentration is featured 
by the local minima of  the plot. It should also be 
noted that the specific rotation value is constant 
for solutions with concentrations of  0.3 and 1.0 
mol·L–1 (“critical” concentrations 2 and 4). Thus, 
many features of  the concentration dependences 
of  the specific rotation values observed for freshly 
prepared solutions (for example, some “critical” 
concentrations; see Fig. 2) are also preserved for 
samples kept frozen (see arrows in Fig. 6). This 
indicates that although levoglucosan solutions 
undergo evolution in time, these “critical” 
concentrations do not change [41].

This dynamics of  aqueous solutions of  
levoglucosan manifests itself  also with a change 
in temperature. To study the effect of  temperature 
changes on the structure of  the solution of  
levoglucosan [42], a concentration of  0.1 mol·L–1 
was chosen, which corresponds to the “critical” 
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Fig. 6. The values of  specific optical rotation ([α]D/
deg·dm–1·cm3·g–1) for solutions of  different concentrations 
of  levoglucosan in water (mol·L–1) 4[41]: 0.03–4.0 (a); 
0.03–1.0 (b); freshly prepared solutions (solid line), the same 
solutions after storage for 7 (dashed line) and 14 days (dotted 
line) at a temperature of  –20 °С. The critical concentrations 
of  0.1 (1), 0.3 (2), 0.5 (3) and 1.0 mol·L–1 (4) are indicated 

by vertical arrows.
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Fig. 5. Concentration dependence of  the retention time (tR/
min) of  the peak of  levoglucosan (2) (A195 detection) and its 
components (A195/A205 detection): the first (3) and second (1) 
peaks (see also Fig. 4) [39]. Horizontal black and white bands 
indicate “conservative” concentration ranges between “critical” 
concentrations of  0.1, 0.5, and 1.0 mol·L–1 (shown by arrows).
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concentration 1 (Fig. 2) identified previously [34, 
39, 41].

The study of  the effect of  temperature on 
the specific optical rotation of  a solution of  
levoglucosan was started by heating one sample 
to different temperatures during one day. To this 
end, the prepared solution (solution # 1, Fig. 7a) 
was heated to a certain temperature, kept at this 
temperature for 10 min, and then optical rotation 
was measured for 30 min (1800 points with 
integration time of  1 s). The results were averaged; 
the error was calculated as the standard deviation 
from the mean. Then the same solution was 
heated to the next temperature, kept at the next 
temperature for 10 min, and optical rotation was 
measured for 30 min. The procedure was repeated. 
Comparison of  the obtained data allowed us to 
detect a significant change in the specific optical 
rotation during the transition from a temperature 
of  28°С to a temperature of  44°С (Fig. 7a). 
For a more detailed study of  the temperature 
dependence of  specific optical rotation, a second 
solution was prepared (solution # 2, Fig. 7b), 

which was heated during 3 days (intermittently). 
From the data obtained (Fig. 7b), the variability 
of  the values of  specific rotation measured on 
different days is clearly visible. The third solution 
(solution # 3, Fig. 7c) was not only heated, but 
also cooled. The data obtained indicate that the 
specific optical rotation varies greatly during 
measurements over several days. The main thing 
is that no regularities are visible in the change in 
the optical rotation of  this solution with a change 
in temperature (Fig. 7c). This is especially evident 
when comparing the temperature dependences 
of  the specific optical rotation values for each of  
these three solutions obtained during the first day 
after preparation (Fig. 7d). It is also seen that the 
difference between the specific optical rotation 
values for the same solution, measured on different 
days even at the same temperature, can be very 
large (cf. Fig. 7b,c). According to the results of  
these experiments, the following conclusion can 
be made: keeping the solutions of  levoglucosan 
at different temperatures leads to irreproducible 
values of  specific optical rotation. Apparently, the 
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Fig. 7. Specific optical rotation ([α]D/deg·dm–1·cm3·g–1) of  aqueous solutions of  levoglucosan with a concentration of  0.1 
mol·L–1 at various temperatures [42]. Solution # 1, heated to different temperatures during one day (a). Solution # 2, heated 
to different temperatures during 3 days (b): heating on day 1 (red squares), day 2 (black circles) and day 3 (blue triangles). 
Solution # 3 at different temperatures during 8 days (c): heating on day 1 (blue squares), day 2 (green inverse triangles) and 
day 3 (purple stars); cooling on day 3 (orange hexagons), day 4 (dark blue diamonds), day 7 (black triangles), day 8 (red 
circles). Three solutions (see Fig. 7a,b,c) at different temperatures during the first day after preparation (d): solution # 1 (black 

squares), solution # 2 (red circles), solution # 3 (blue triangles).
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measured values of  specific optical rotation reflect 
the dynamics of  the structure of  these solutions.

The reproducibility problems were solved when 
the optical rotation of  levoglucosan solutions at 
various temperatures was measured exclusively on 
freshly prepared solutions (in three repetitions for 
each concentration) [43].

In this case, on the graph of  the specific optical 
rotation of  aqueous solutions of  levoglucosan with 
a concentration of  0.1 mol·L–1  on temperature 
(Fig. 8), two different temperature ranges can 
be distinguished in which specific rotation values 
differ (these differences are statistically significant 
(t = 2.21, p < 0.05)): from 12 to 25°С and from 
32 to 55°С, separated by the “critical” temperature 
at 30°С. This temperature coincides with the 
“critical” temperature that we discovered earlier 
[44] (Fig. 9) when studying an aqueous solution 
of  allyl lactoside (2) with a concentration of  0.2 
mol·L–1 , although in this case the effect of  a step-
like change in the properties of  solutions at 30°C 
is much more noticeable.

Indeed, in the graph of  the temperature 
dependence of  the specific optical rotation of  
the allyl lactoside (2) solution, a small jump is 

observed at a temperature of  30°C (Fig. 9b) [44]. 
An additional confirmation that this temperature 
is “critical” is a sharp increase in the observed 
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Fig. 8. Specific optical rotation ([α]D/deg·dm–1·cm3·g–1) 
of  freshly prepared aqueous solutions of  levoglucosan with a 
concentration of  0.1 mol·L–1 at various temperatures [43]. 
Each point represents the average value of  specific rotation 
for three various solutions at a given temperature. 
The gray shaded indicate the areas: from 12 to 25°С 
([α]D –68.6±0.8 deg·dm–1·cm3·g–1) and from 32 to 
55°С ([α]D–65.6±1.1 deg·dm–1·cm3·g–1) the vertical size 
of  the shaded region corresponds to the error calculated as the 
standard deviation from the mean, dashed lines indicate the 
average values for each sample. The arrow indicates a “critical” 
temperature of  30°С ([α]D –67.8±1.4 deg·dm–1·cm3·g–1).

Fig. 9. The structure of  allyl lactoside (2) (a). Temperature dependences for aqueous solutions of  2 with a concentration of  0.2 
mol·L–1 [44]: specific rotation ([α]D/deg·dm–1·cm3·g–1) in H2O (b); the width (w½/Hz) of  the signals (δ 4.50 (1) and 5.25 
ppm (2)) in the 1H NMR spectrum of  solution of  2 in D2O (c); scattered light intensity (I/kHz) of  solution of  2 in H2O (d). 

The arrow indicates a “critical” temperature of  30°C.
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resolution in 1H NMR spectra at the same 
temperature (see temperature dependences of  
the observed signal width of  one of  the anomeric 
protons and one of  the methylene protons of  the 
double bond of  the allyl group in Fig. 9c) and an 
increase in the intensity of  light scattering (Fig. 9d) 
[44].

The coincidence of  “critical” temperatures 
for aqueous solutions of  two different derivatives 
of  carbohydrates [43, 44], apparently, indicates a 
common cause of  this phenomenon. It is possible 
that jump-like changes in the specific optical 
rotation of  aqueous carbohydrate solutions 
with a change in temperature reflect significant 
changes in the structure of  water [45, 46], and 
the molecules of  chiral solutes (carbohydrates) 
act as “probes” that “sense” the slightest changes 
in their conformation or rearrangement of  the 
microenvironment (in the solvation “shell”), 
which at the macroscopic level is manifested as a 
change in the magnitude of  the specific rotation 
(see [19, 26] and references cited therein).

4. CONCLUSION
Thus, high sensitivity of  polarimetry to changes in 
the structure of  aqueous carbohydrate solutions was 
demonstrated, which follows from the correlation 
with the results obtained by other physicochemical 
methods. In particular, the phenomenon of  
the existence of  “critical” concentrations and 
temperatures was discovered at which the specific 
rotation of  the solutions undergo jump-like 
changes, apparently reflecting rearrangements 
of  the solution structure. It is noteworthy that 
the values of  the “critical” concentrations and 
temperatures found using polarimetry, at which 
jump-like changes in the specific rotation value 
occur, coincide the “critical” concentrations and 
temperatures detected using other methods (SLS/
DLS, HPLC, NMR).
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1. INTRODUCTION
Positron annihilation spectroscopy (PAS) 
has numerous applications in material 
science such as studies of  structural 
defects, free volume, porosity of  materials. 
At the same time PAS is also applied to 
study radiolytic processes in chemistry, 
radiobiology and medicine [1]. In 
experiments with radioisotope positron 
sources, positrons are born and injected 

into the studied material with rather high 
energy. During ionization the slowing 
down positrons form tracks (clusters of  
ion-electron pairs along their trajectory), 
and after getting thermalized e+ start to 
explore the surrounding medium. Because 
typical lifetimes of  the positron states (0.1-
10 ns) are of  the order of  characteristic 
times of  the intratrack processes in 
molecular media, the positron turns out 
to be a convenient probe for radiation 
phenomena.

In nonconducting substances, a 
thermalized e+ easily forms Ps, which is a 
bound state of  e+ and e– (the lightest analog 
of  a hydrogen atom). The formation of  Ps 
occurs in the final part of  the e+ track (the 
positron blob) as a result of  the combination 
of  a thermalized positron with one of  the 
track electrons. Depending on the relative 
orientation of  e+ and e– spins, the Ps atom 
can exist either in the para-state (p-Ps) with 
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a spin equal to zero, or in the ortho-state (o-
Ps) with a spin equal to 1 [2].

In most molecular liquids, the o-Ps 
lifetime is much shorter than it is in vacuo 
(142 ns). It is decreased to a few ns, because 
of  the so-called pick-off  process, when the 
positron (in Ps) undergoes 2γ-annihilation 
with one of  the nearest molecular electrons, 
whose spin is anti-parallel to the positron's 
spin. Nevertheless, the o-Ps atom can 
take part in chemical reactions not only 
with intratrack radiolytic products (in 
water, these are hydrated electrons, H3O

+, 
OH–radicals), but also with dissolved 
substances, for example, with molecular 
oxygen, O2 [3].

Having a magnetic moment, an adjacent-
to-Ps O2 molecule is able to initiate the 
process of  Ps ortho-para-conversion of  
Ps (o-Ps → p-Ps → 2γ), which leads to a 
reduction in the observed o-Ps lifetime. In 
addition, the Ps oxidation is also possible, Ps 
+ O2 → e+ + O2–, which shortens the o-Ps 
lifetime as well. To distinguish between these 
two reactions is very difficult.

In this work, we present the results of  PAS 
experiments in organic liquids (isooctane, 
cyclohexane, isopropanol) and in water. 
Our aim is to determine the reaction rate 
constants (oxidation and conversion) of  the 
Ps atom with dissolved oxygen.

Recently, an interest to shortening of  the 
Ps lifetime (quenching) when its interacts 
with dissolved O2 has increased in connection 
with the so-called "oxygen effect'', known 
in radiobiology. It turns out that an excess 
of  oxygen leads to removing of  a cancer 
tumor because of  reactions involving the 
active forms of  O2. Lack of  oxygen protects 
healthy tissues. However, it is not so easy 

to take an advantage of  this circumstance 
during radiotherapy: if  we saturate blood 
with oxygen, it does not enter the tumor 
cells, since there are few blood tubes and 
capillaries in the tumor. Cancer cells are 
adopted to survive in conditions of  lacking 
of  oxygen. That is why they are radioresistant. 
Nevertheless, this effect is important when 
testing healthy and cancerous tissues of  
living organisms by the methods of  positron 
annihilation spectroscopy [4].

2. EXPERIMENT
All the reagents used were purchased from 
Russian Chemist (www.rushim.ru). Unlike 
previous studies [5, 6] we did not use the 
freeze-thaw method to remove dissolved O2 
to avoid the risk of  damaging the positron 
source during freezing and evacuation. 
Therefore, oxygen was removed from the 
liquid phase by its bubbling with chemically 
pure argon. For determination of  the rate 
constants of  the Ps + O2 reactions, the 
liquids were bubbled either with air or pure 
oxygen to increase the O2 concentration. 
The gases were previously cleaned by means 
of  blowing them through dry alkali KOH 
and then through nanosieves Metrohm 0.3 
nm previously kept for 24 h in forvacuum 
at 250°C. Next, the purified gas was fed 
into a hermetically sealed vial containing the 
studied liquid. Input/output of  the gas was 
performed by means of  two long medical 
needles, tightly inserted into the lid of  the 
vial.

The positron source was made 
from a 10 mm diameter, 0.2 mm thick 
titanium washer. Its central part (6 mm 
diameter) was welded on both sides with 
10 μm titanium foils. In-between them a 
radioactive powder of  TiCl4, containing 
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about 7.5 MBq of  44Ti, was deposited. The 
positron source was fixed in the center of  
the vial using stainless steel clip. The clip 
itself  was tightly fixed in the lid of  the vial. 
The source correction was determined 
in a series of  separate measurements 
of  the reference (pure, well-annealed) 
samples (Al, Si, Fe and W). From these 
measurements we concluded that for 
the present experiments with liquids the 
source correction is 13%. It consists of  
the following components I1 = 32%, t1 = 
0.15 ns; I2 = 50%, t2 = 0.38 ns; I3 = 18% 
and t3 = 1.8 ns.

The lifetime annihilation spectra were 
recorded using two γ-detectors with BaF2 
scintillators and fast timing nanosecond 
electronic units from ORTEC. The time 
resolution of  the annihilation spectrometer 
was 280 ps. Spectra were recorded 
sequentially for each hour during one day. 
The total number of  "start-stop'' coincidence 
in each spectrum was about 1 million. All 
measurements were done at 20°C. The 
obtained spectra were deconvoluted into 3 
exponentials with the help of  LT-10 software 
[9].

3. ORTHO-PARA CONVERSION 
AND OXIDATION OF PS IN THE 
PRESENCE OF DISSOLVED O2
Immediately after its birth, as a result of  
radioactive transformations of  44Ti-44Sc-
44Ca radioactive nuclei, the positron has a 
rather large kinetic energy (about 1 MeV). 
Within the next 10 ps, it loses its energy 
down to thermal energy because of  
ionization slowing down. At the end of  its 
track in molecular media, the thermalized 
positron can combine with one of  the 
electrons knocked out through ionization 

along the track. This process results in the 
formation of  the quasi-free positronium, 
which transforms into a localized state 
(Ps bubble state) within 50-100 ps. The 
conventional approach to interpretation 
of  the positron lifetime spectra does not 
consider such short times. In this case 
differential equations describing these 
processes are as follows:

2( ) ,   ,   (0) ,
4 4
opc Ps

p o p p p po p
Pn t n n nγ

λ
λ λ λ λ= − = + =  (1)

( ) ,   (0) 1 ,ox o Psn t n n n Pλ λ+ + + += − + = −  (2)

3( ) ,   ,   (0) .
4 4
opc Ps

o o o o po ox o
Pn t n n

λ
λ λ λ λ= − = + + =  (3)

Here, n+(t), no(t) and np(t) are probabilities of  
observing the thermalized solvated positron 
and the Ps atom localized in a bubble in 
ortho- and para-state, respectively; λpo is 
the pick-off  annihilation rate constant of  
Ps and 

2

( )L
ox ox Ok cλ =  and 

2

( )L
opc opc Ok cλ =  are the 

oxidation and ortho-para conversion rate 
constants. 

2

( )L
Oc  being the concentration 

of  molecular oxygen. λ2γ ≈ 8 ns–1 is the 
2γ-annihilation of  p-Ps. In the above 
equations we neglected the para-to-ortho 
process, since, due to the rather low O2 
concentrations used, this reaction appears 
kinetically negligible as compared to the 
fast 2γ-decay of  p-Ps. Solving Eqs. (1-3) 
gives the following

3( ) (1 ) ( ),
4

ott tPs ox
Ps

o

Pn t P e e eλλ λλ
λ λ

+ +−− −
+

+

= − + ⋅ −
−  (4)

/ 43( ) ( ),
4 4

p pot topc tPs Ps
p

p o

P Pn t e e eλ λλλ
λ λ

− −−= + ⋅ −
−

 (5)

3( ) ,   .
4 4

o opctPs
o o po ox

Pn t e λ λ
λ λ λ−= = + +  (6)

As a result, it turns out that the lifetime 
annihilation spectrum consists of  three 
exponentials

DISSOLVED OXYGEN AND 
POSITRONIUM ATOM IN LIQUID MEDIA



110

No. 1 | Vol. 12 | 2020 | RENSIT

NANOSYSTEMS

2

1 2 3

1

2

3

1 2 3 1 2 3

( )

,
/ 43 ,

4 4
31 ,

4

/ 43 ,
4

1 1 11,   ,  ,  .

p o

p p po o

t tt
p o

opcPs Ps

p o

Ps ox
Ps

o

po p opcPs ox

o o o o p o

p o

C t n n n

I e I e I e

P PI

PI P

PI

I I I

γ

λ λλ

λ λ λ

λ λ λ

λ
λ λ

λ
λ λ

λ λ λλλ
λ λ λ λ λ λ λ

τ τ τ
λ λ λ

+

+ +

− −−
+

+

+

+

+

∝ + + =

= + +

= − ⋅
−

= − − ⋅
−

 
= + + 

− −  

+ + = = = =

 (7)

Usually, for a formal description of  the 
LT spectra, the quantities I1, I2, I3, τ1, τ2 and τ3 
are considered as free adjustable parameters. 
A typical form of  temporary annihilation 
spectra is shown in Fig. 1.

In Table 1 we have shown the results of  
such a formal 3-exponential treatment of  
the LT spectra measured in cyclohexane, 
isooctane, isopropanol and water before and 
after bubbling argon, oxygen and air through 
these liquids. The obtained e+ and o-Ps 
lifetimes are in agreement with the results 

of  previous measurements [5, 6] done with 
deaerated liquids.

Table 1
Parameters of the 3-exponential decomposition of the LT spectra of the initially aerated isooctane, cyclohexane, 

isopropanol and water, and also after their bubbling with argon, oxygen and air at room temperature.
Liquid I1, % τ1, ps I2, % τ2, ns I3, % τ3, ns λ0 = 1/τ3, ns-1

Isooctane
Ar bubbling 24.6 148(1) 32.3(1) 0.45(1) 43.1(1) 4.01(1) 0.249(3)

air bubbling 21.8 145(1) 34.4(2) 0.45(1) 43.8(1) 2.51(1) 0.398(5)

before bubbling 22.6 149(1) 32.7(1) 0.46(1) 44.7(1) 2.546(3) 0.393(2)

О2 bubbling 14 116(3) 31(1) 0.43(1) 55(2) 1.077(6) 0.929(6

Cyclohexane
Ar bubbling 25 165(2) 38.9(4) 0.44(1) 36.1(4) 3.26(4) 0.307(12)

air bubbling 23.9 165(2) 40.1(4) 0.45(1) 36.1(4) 2.515(40) 0.398(16)

О2 bubbling 17.4 141(2) 44.3(4) 0.43(1) 38.4(4) 1.42(4) 0.703(29)

Isopropanol
Ar bubbling 21.7 194(3) 56(1) 0.44(2) 22.5(1) 3.75(10) 0.267(26)

air bubbling 21 193(3) 56(1) 0.44(2) 22.5(10) 3.2(1) 0.313(30)

Продувка О2 16 173(4) 61(1) 0.43(2) 22.9(8) 1.905(10) 0.525(6)

Water
Ar bubbling 31 213(4) 44(4) 0.44(2) 25(4) 1.833(16) 0.546(9)

air bubbling 25 194(3) 49(1) 0.42(2) 25.5(1) 1.802(15) 0.555(9)

О2 bubbling 7 200(3) 47(4) 0.42(1) 26(3) 1.746(14) 0.573(8)

Fig. 1. The effect of  the presence of  O2 on the shape of  
the lifetime annihilation spectra in isooctane.
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4. CONCENTRATIONS OF 
DISSOLVED O2 IN THE STUDIED 
LIQUIDS
Gas solubility is often expressed by the 
Ostwald coefficient, L, which is the ratio 
of  the gas concentration in the gas phase to 
its concentration in the liquid: 

2 2

( ) ( )/L G
O OL c c=  

(in some papers, the Ostwald coefficient is 
defined as 

2 2

( ) ( )/G L
O Oc c ). Gas solubility may also 

be expressed in terms of  the mole fraction, 
x, which is the ratio of  the number of  moles 
of  the solute (gas molecules) to the total 
number of  moles of  all substances per unit 
volume of  the solution.

When pure oxygen is bubbled 
through a liquid, its partial pressure is 1 
atm and its gas phase concentration is 

2

( ) 1/ 24.1G
Oc ≈  mole/liter, since at 20°C 1 

mole of  an ideal gas occupies 24.1 liters. 
The concentrations of  O2 in liquids 
can be easily obtained, knowing values 
of  the Ostwald coefficients (Table 2): 

2 2

( ) ( )/L G
O OL c c= . When air is blown through 

a liquid, the O2 concentration in the gas 
phase is 0.21 times less: 

2

( ) 0.0087G
Oc = mole/

liter (since partial O2 pressure in air is 0.21 
atm). The O2 concentration in the liquid 
phase decreases in the same proportion.

In our experiments dissolved oxygen 
is completely removed from a liquid phase 

after 2 hours bubbling of  argon through the 
liquid.

5. DETERMINATION OF THE 
TOTAL PS-O2 REACTION RATE 
CONSTANTS
If  we neglect any influence of  the intratrack 
radiolytic products on Ps (which can also 
promote Ps oxidation and conversion, 
although mostly on a short time-scale) 
and in the absence of  dissolved oxygen, 
the o-Ps lifetime is determined only by the 
pick-off  annihilation of  e+ with one of  
the electrons of  nearby molecules. In the 
presence of  O2, the o-Ps lifetime can also 
be shorten because of  conversion to the 
para-state and Ps oxidation:

2 2 2

2

( ) ( )( ) ,
4

.
4

opcL L
o O po ox po Ps O O

opc
Ps O ox

c k c

k
k k

λ
λ λ λ λ +

+

= + + = + ⋅

= +
 (8)

Our experimental data for 
2

( )( )L
o Ocλ  at 

different O2 concentrations in liquids 
are summarized in Tables 1 and 2. 
Approximating these dependencies using 
Eq. 8, one can determine the values of  the 
"total'' rate constant 

2Ps Ok +  reaction with 
oxygen and the pick-off  annihilation rate λpo 
(see Table 2 and Fig. 2).

Table 2
Values of the Ostwald coefficients  

2 2

( ) ( )/L G
O Oc c , concentrations of O2 in liquids after their bubbling with oxygen 

and air at room temperature (20°C) and pressure 1 atm. Values of  
2Ps Ok +  and λpo were obtained by fitting the 

data shown in Fig. 2, using Eq. 8.

Liquid
2 2

( ) ( )/L G
O Oc c 2

( )L
Oc , M

О2 bubbling

2

( )G
Oc  = 0.0415 M

2

( )L
Oc , M

air bubbling

2

( )G
Oc  = 0.0415 M

2Ps Ok + ,
M-1s-1

λpo,
1/ns

Isooctane 0.362 [10] 0.0148 3.2·10−3 4.50(6)·1010 0.25(1)

0.3725 [11] 0.0154

Cyclohexane 0.27 [10, 12] 0.0112 2.35·10−3 3.51(7)·1010 0.31(1)

Isopropanol 0.2463 [11] 0.010 2.1·10−3 2:61(6)·1010 0.26(1)

Water 0.0334 [10] 0.00139 2.9·10−4 1.86(10)·1010 0.55(2)
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In Fig. 3 our data for 
2Ps Ok +  are plotted 

vs. the inverse dynamic viscosity 1/η of  
the liquids. Similar data were published 
in [13]. Linear dependence of  

2Ps Ok + over 
T/η indicates that the Ps + O2 reaction is 
diffusion-controlled:

2 2 2

2

2

4 ( )( ),

.
4 6

Ps O Ps O Ps O

B B
Ps O

Ps O

k D D R R

k T k T TD D
R R

π

πη πη η

+ = + +

+ = + ∝  (9)

Here kB is the Boltzmann constant, T is the 
absolute temperature, DPs and DO2 are the 
diffusion coefficients of  the reactants, RPs ≈ 
3-4 Å and RO2 ≈ 2Å are bubble radii of  Ps 
and O2.

Eq. 9 brings us two problems. The first 
one is that the rate constant should tend to 
zero with increasing viscosity of  the solvent, 
whereas Fig. 3 shows that it is not (

2Ps Ok +  
remains finite at high viscosity). This means 
that the interaction of  Ps and O2 occurs not 
only at a distance of  a direct contact of  the 
reactants, but also at greater distances (for 
example, electron or Ps as a whole may tunnel 
to the oxygen molecule) [14]. The second 
problem is that the predicted value of  the 
slope of  the dependence 

2Ps Ok +  versus 1/η 
according to Eq. (9) is several times smaller 
than it really is in Fig. 3. It may indicate that 
we must distinguish between reaction radii 
of  the reagents and their “hydrodynamic'' 
radii entering the diffusion coefficients. 
Seemingly, the reaction radii are larger then 
the hydrodynamic ones.

Based only on the concentration 
dependence of  the quenching rate 

2

( )( )L
o Ocλ , it 

is impossible to distinguish the mechanisms 
of  interaction between Ps and O2 (conversion 
and oxidation). Therefore, it is impossible 
to understand which of  these processes 
dominates. This requires more detailed 
analysis of  the entire form of  annihilation 
spectra, but not just their long-lived tail.

6. CONCLUSION
The interaction of  the Ps atom with oxygen 
dissolved in liquid media is a rather complex 
problem. In fact it is a special case of  a general 

Fig. 3. The linear dependence of  the rate constants 
2Ps Ok +  of  the Ps reaction with dissolved oxygen in 

different liquids vs. the inverse viscosity, 1/η Eq. (9). 
Data are taken from Table 2. 

Fig. 2. Dependencies of  λo (data taken from Tab. 1) 
vs. concentration of  dissolved oxygen in different liquids. 

Solid lines – Eq. 8.
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problem of  random walks of  a particle and its 
acceptors when they can interact on a random 
distance [15]. The problem is even more 
complex because formation of  Ps atoms in 
nano-bubbles does not happen at the same 
moment of  time (say, t = 0). Instead every 
formation event happens to have a certain 
random time delay. These delays occur due 
to existence of  a delocalized intermediate 
transient state of  an e+ - e– pair named quasi-
free positronium.

When processing the lifetime 
positron spectra, we used their traditional 
decomposition into three decreasing 
exponents. In fact, the total rate constant 
characterizing the interaction of  Ps with O2 
was determined by analyzing the slope of  
the long-lived component of  the lifetime 
spectrum, i.e., by changing the ortho-Ps 
annihilation rate with varying concentration 
of  dissolved oxygen in the studied liquids.

The obtained results show that in organic 
media the influence of  dissolved oxygen on 
the behavior of  the positronium atom is 
very significant, which is associated with the 
high solubility of  molecular oxygen in these 
liquids. In contrast, the oxygen effect in water 
is small (due to low solubility of  O2) and 
weekly affect the parameters of  annihilation 
spectra. Therefore, pure water is often used 
as a “reference'' medium for checking the 
operation of  positron spectrometers.

The presence of  oxygen, apparently, has 
no effect on the lifetime of  “free'' positrons. 
This lifetime is determined by the structure 
of  solvated positron (in polar media), i.e. 
the configuration of  molecules that directly 
contact the positron, and with difference of  
the average electron density in these solvents 
(the number of  electrons per unit volume).
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1. INTRODUCTION
The famous Wilhelm Ostwald, better known 
to us as an anti atomist than a great chemists, 
argued that the science, solving fundamental 
problems, nevertheless wants to be useful to 
society [1]. The positron spectroscopy is not 

an exclusion. It studies properties of  various 
materials and physical-chemical processes 
[2]. In this paper, we talk about possible use 
of  the positron spectroscopy for solving 
oncological problems. There is no need to talk 
about a social threat of  oncological diseases. 
Their main origin is chemical carcinogens. 
They are substances, which penetration into 
human body with food, water, cosmetics, 
and even medicines ultimately leads to the 
appearance of  malignant tumors. Mostly, 
chemical carcinogens are by-products of  
new technologies. Number of  carcinogens 
increases annually by several hundreds. So 
systematic monitoring of  their content in 
the manufactured products, industrial wastes, 
and everyday substances becomes one of  the 
main goals for the safety of  our generation. 
However, this is a difficult task for traditional 
biological methods of  analysis. All of  them 
are expensive (cost millions of  dollars), are 
long-lasting (take years) and are not quite 
perfect (they do not reveal weak carcinogens). 
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Therefore, a development of  fast methods 
for identifying the carcinogenic and 
anticarcinogenic properties of  chemicals is a 
very urgent task. Its importance increases with 
time due to strengthening of  physicochemical, 
biological and social factors that intensify the 
development of  oncological processes in 
humans.

2. METHODS FOR THE 
RAPID ASSESSMENT OF THE 
CARCINOGENIC PROPERTIES OF 
SUBSTANCES
One of  the popular methods for the rapid 
assessment of  carcinogenic properties is 
the Ames bacteriological test (B.N. Ames-
test [3]). It is based on assumption that 
the first stage of  cancer development 
is a DNA mutation, and therefore the 
chemical substance that initiates mutation 
is a carcinogen. The bacteria Salmonella 
typhimurium used in the Ames test are 
biologically modified in advance, so they 
become unable to synthesize the histidine 
amino acid and therefore cannot grow. 
Modified bacteria are placed in a milieu in 
which contains all the ingredients necessary 
for growth except histidine. The testing 
substance is then added to the medium. If  
it is not a mutagen, the bacterial growth 
does not occur. But if  it is a mutagen, 
then the reverse mutation takes place, and 
the bacteria return to the form capable 
of  synthesizing histidine and therefore 
may breed. Bacterial growth indicates that 
the test substance is a mutagen. Due to 
strong consistency (90% match [4]) of  the 
results of  experiments causing bacterial 
mutations with the results of  experiments 
conducted on animals, the Ames test has 
been recognized as a useful method for 
detecting potential chemical carcinogens. 
Its main advantages are quickness (a few 
days) and low cost. The Ames test reveals 

well electrophilic carcinogens, but it not 
sensitive to non-electrophilic ones. It also 
happens that there is no correlation between 
the mutagenic activity of  a substance in a 
bacterial test and its carcinogenic hazard for 
animals. A strong bacterial mutagen can be 
a weak carcinogen and vice versa.

The next efficient method for rapid 
detection of  chemical carcinogens was 
developed by the American group of  radiation 
chemists led by George Bakale (Case Western 
Reserve University) [5]. The method is based on 
a fact established by James and Elizabeth Miller 
(University of  Wisconsin) [6]. They associated 
the carcinogenic properties of  chemical 
compounds with their degree of  electrophilicity. 
It turned out that the molecules of  a majority 
of  carcinogenic substances are strong 
electrophiles, that is, substances characterized 
by a high electron affinity. Penetrating into 
the cell, an electrophilic substance attacks 
the nucleophilic centers of  DNA, eventually 
causing mutations, the first stage of  cancer 
[6]. The discovery of  the Millers dramatically 
changed the situation with the detection of  
carcinogens. Electrophilicity, as chemical 
characteristic of  a substance, seemingly 
correlates with carcinogenesic properties. 
After that chemists got a good chance to join 
the study the problem of  carcinogenicity using 
their tools and quantitatively characterize the 
electrophilicity of  substances according to one 
or another effect.

G. Bakale and his colleagues found that 
the reaction rate constant k(e– + S) of  the 
excess e- scavenging by S molecules (excess 
e- were generated by ionizing radiation in 
cyclohexane), can serve as a quantitative 
measure of  the electrophilicity of  the testing 
substance S. If  the reaction e– + S => S– is 
controlled by the diffusion of  the reagents, 
that is, the reaction proceeds at their first 
encounter, the substance S is very likely to be a 

VSEVOLOD M. BYAKOV, SERGEY V. STEPANOV



117

RENSIT | 2020 | Vol. 12 | No. 1

NANOSYSTEMS

carcinogen (the percentage of  correlation with 
biological tests is > 80%) [5]). The substance 
whose reaction rate constant with a quasi-
free electron is controlled by diffusion and at 
the same time has a minimum value, turned 
out to be a well-known carcinogen, carbon 
tetrachloride (CCl4). Therefore, the criterion 
for carcinogenic hazardous compounds S 
formulated by Bakale is the following:

k(e– + S)/k(e– + CCl4) > 1.

Fig. 1 illustrates the results of  the first 
measurements of  the Bakale group. From more 
than 40 compounds for which the ratio k(e– + 
S)/k(e– + CCl4) > 1, only 5 are not classified 
as carcinogens according to biological criteria. 
From 18 compounds for which this ratio k(e– 
+ S)/k(e– + CCl4) < 1, only three of  them, 
which turned out to be carcinogens according 
to the tests on animals. Thus, in 80-90% 
Bakal's, predictions of  carcinogenic hazard 

coincided with biological criteria. It is a very 
good indicator.

In subsequent works it was somewhat 
lower, but not by much. In any case, the curator 
of  the American program for the comparative 
comparison of  methods for assessing the 
carcinogenic effect of  substances assigned 
the Bakale method the first place among 
the other physicochemical methods [7]. 
However, its implementation requires a special 
cumbersome setup of  the so-called pulsed 
radiolysis technique (an electron accelerator 
producing nanosecond electron bunches with 
several MeV of  energy). Registration and 
management of  transient radiation-chemical 
processes require an expensive equipment 
and qualified staff. In addition, to protect 
surrounding to the accelerator environment 
from gamma-radiation generated by fast 
electrons, the accelerator must be placed in 
a deep canyon. Nowadays there are no such 
installations in Russia.

The latter circumstance prompted us to 
modify the Bakale method, to make it simpler, 
faster, and cheaper. A radical simplification of  
the procedure is provided by substitution of  
the pulsed radiolysis technique by the positron 
annihilation spectroscopy. The Bakale method 
can be considered partly as a prototype of  the 
method proposed by us. It allows to detect not 
only carcinogens, but also anticarcinogens.

3. STRUCTURE OF FAST e+ TRACK. 
FROMATION OF Ps AND H2
A positron is an elementary particle of  
antimatter with a mass equal to that of  an 
electron but with an opposite electric charge. 
Originally at first, it was called as anti-electron. 
Being far from each other, they coexist an 
infinite time, but being in contact they annihilate, 
converting their mass into electromagnetic 
radiation (annihilation radiation). The main 
source of  positrons on the Earth is radioactive 

Fig. 1. Classification of  carcinogenic and non-carcinogenic 
substances with respect to the rate constants of  their capture 

of  excess electron.

DETECTION OF CARCINOGENIC AND ANTICARCINOGENIC PROPERTIES OF 
CHEMICALS BY MEANS OF THE POSITRON ANNIHILATION LIFETIME...



118

No. 1 | Vol. 12 | 2020 | RENSIT

NANOSYSTEMS

nuclei, having excess number of  protons. In 
laboratory studies, low-intensity β+ isotopes 
22Na or 44Ti are usually used. They usually emit 
about 1 million positrons per second. Typical 
positron annihilation spectrometer costs about 
$20 thousand and can be arranged fit on the 
table.

Electron-positron annihilation occurs 
in different ways: either "immediately" at 
collisions of  e+ and e–, or via preliminary 
formation of  the bound short-lived e+e– 

state,called the positronium atom (Ps). 
The lifetime of  the Ps atom depends on 
the mutual orientation of  the spins of  the 
particles. Similar to two spin states of  the 
hydrogen atom – ortho-H and para-H – 
two states of  the Ps atom may be formed. 
The first one is the para-Ps with antiparallel 
spins of  the positron and electron and the 
lifetime of  about 0.1 ns. The second state 
is the ortho-Ps with the parallel spins of  e+ 
and e- and a much longer lifetime. Its lifetime 
strongly depends on the Ps environment, 
varying from ~ 1 ns in a condensed medium 
to ~100 ns in gases.

The average initial energy of  the positrons 
emitted by the abovementioned nuclides is ≤ 
1 MeV. Their characteristic range in liquids 
before thermalization is several millimeters. 
In liquids such positrons spends their energy 
mainly on ionization of  molecules and 
their electronic excitations. In each act of  
ionization, an average energy of  about 100 
eV is transferred to the knocked-out atomic 
electron. In its turn it is immediately spent 
on ionizing of  the other molecules inside a 
spheroidal volume with a diameter of  about 
100 Å (Fig. 2). As a result of  this process, 
a positron track is formed. It consists of  
small clusters of  several (up to 5-6) ion-
electron pairs. Such small clusters are called 
as "spurs." When energy of  the projectile 
positron becomes lower, the larger clusters of  

ionizations are formed. They are blobs (the 
term comes from the English blob, meaning 
a hanging drop).

One of  the largest blob terminates the 
positron track. The maximum density of  
ionizations is reached just in the terminal 
blob. It consists of  several tens (30-50) 
of  ion-electron pairs surrounding the 
deenergised positron. After thermalization (it 
lasts ~ 10–13 s) the blob electrons recombine 
with the positively charged radical cations, 
transforming, according to [8], partly into 
the initial molecules, and partly into other 
electrically neutral products. For example, a 
reaction occurs in an aqueous medium

H2O
+ + e– => H2Oaq* => H2 + 2OH.     (1)

In water, a fast ion-molecular reaction [9,10],

H2O
+ + H2O => H3O

+
aq + OH,     (2)

and hydration of  a quasi-free electron (3·10-13 s),

e– => e–
aq,         (3)

terminate recombination after several ps. In 
alcohols and hydrocarbons these processes 
last much longer [9, 10], which creates 
favorable conditions for the participation 
of  radical cations and presolvated quasi-
free electrons in reactions (4) - (5) with 
chemically active additives S introduced into 
the solution :

H2O
+ + S  =>  H2O + S+,      (4)

Fig. 2. The structure of  the fast positron track e+* in liquid water. 
W is its current kinetic energy. At Wcyl  ≥ 3 keV, a continuous 

ionization column forms, asp is the spur radius (~ 30 Å).
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e– + S => S–.         (5)

We note that reactions (1) - (5), which 
determine the yield of  radiolytic hydrogen 
formation, occur not only in the positron blob 
but also in each spur throughout the positron 
track, as well as tracks of  fast electrons and 
other ionizing particles.

It is natural to expect that in the positron 
blob, along with reactions (1-5), the thermal 
positron, being a very mobile particle, 
competes with the H2O

+ radical-cations for 
the electron:

e+ + e– → Ps.         (6)

As a result of  e+ and e– encounter, two varieties 
of  the positronium atom appear with the 
probability ratio Y(ortho-Ps)/Y(para-Ps) is 3:1 
[2].

Reaction (6) does not complete the chemical 
transformations in the positron blob. Based 
on the magnitude of  its ionization energy and 
electron affinity of  Ps atom and the presence 
of  an unpaired electron, we can conclude that 
the Ps atom must be a chemically active particle. 
And in fact, quite a few reactions of  Ps with 
ions, radicals, and molecules are known. Here 
are a few examples of  his reactions with water 
radiolysis products:

Ps + H2O
+ => H2O + e+,

Ps + e–
aq    => Ps–,

Ps + OH   => OH– + e+,
Ps + H3O

+ => H3O* + e+,
Ps + O2     => e+ + O2

–,
Ps + tO2    => ¼ para-Ps + ¾ ortho-Ps + sO2.

So, starting from [8], in all our subsequent 
works, we proceed from the fact that track 
thermalized quasi-free pre-solvated electrons 
are indispensable precursors of  both 
radiolytic hydrogen and positronium atoms 
(naturally, along with radical cations and a 
positron).

Thus, the energy state of  electrons 
participating both in the formation of  
radiolytic hydrogen and in the formation of  
the Ps atom is the same. It manifests in a 
similar effect of  electrophilic substances S 
added to water, which are strong electron 
scavengers. The strong electron acceptor 
that inhibits the formation of  radiolytic 
hydrogen should effectively suppress the 
reaction of  Ps formation. On the contrary, 
the influence of  weak electron acceptors 
should be small with respect to hydrogen 
and Ps as well.

A mathematical analysis of  reactions (1) 
- (6) [10] leads to the conclusion that the 
substance S dissolved in the CS concentration 
intercepting track electrons reduces the 
probability Y (yield) of  the formation of  
Ps to a value determined by the asymptotic 
equation
YPs(CS) = Y°Ps/[1 + qPs

SCs],
qPs

S = k(e– + S)/[k(e+ + e–)(n0
S/V0

S)],     (7)

where qPs
S is inhibition coefficient of  Ps 

formation. It can be easily determined by 
plotting the experimental dependence of  
Y0

Ps/YPs on CS. The coefficient qPs
S should be 

proportional to the constant k(e– + S) of  the 
reaction rate (5), which is determined by the 
method of  picosecond pulsed radiolysis [9, 
11].

In the same way, for the GH2 yields of  
radiolytic hydrogen in aqueous solutions, if  
it is formed in the course of  the competition 
of  reactions (1) and (6), a relation similar to 
equation (7) [10] follows:
GH2 = G0

H2/[1 + qH2
S Cs],

qH2
S = k(e– + S)/[k(e+ + e–)(n0

sp/V0
sp)].     (8)

The experimental data confirm the 
hypothesis that the mechanisms of  the 
formation of  positronium and radiolytic 
hydrogen are common.
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Fig. 3 shows the theoretically predicted 
linear dependencies of  the inverse hydrogen 
and Ps yields on the CS concentration 
of  different electron acceptors. A clear 
proximity of  the inhibition coefficients, qH2

S 
≈ qPs

S, for each electron acceptor S (Figs. 3 
and 4) indicates the common energy state 
of  electrons, the precursors of  H2 and Ps. 
Proportionality of  qH2

S to the reaction rate 
constant k with the prehydrated electron e– 
(Fig. 5), qH2

S ∞ k(S + e–), means that the 
common precursor of  radiolytic hydrogen 
and the positronium atom is a quasi-
free prehydrated electron. In fact, the 
proportions resulting from Fig. 3 for H2 
inhibition ratios,

2 2 2

2 23 2

2 23 2

: : 4.1:1.1:1,

: : 3.5 : 0.9 :1,

H H H
H ONO NO

Ps Ps Ps
H ONO NO

q q q

q q q

− −

− −

≈

≈

agree with the ratios of  the rate constants 
of  their reactions with prehydrated electrons 
obtained in picosecond radiolysis experiments 
[11]:

k(e– + NO3
–) : k(e– + NO2

–) : k(e– + H2O2) ≈ 3.4 : 0.9 : 1.
Fig. 6 and 7 show similar variations in 

the yields of  hydrogen and Ps with a change 
in temperature and isotopic composition of  
water.

The following example confirms similarity 
of  the Ps and H2 formation mechanisms in  

VSEVOLOD M. BYAKOV, SERGEY V. STEPANOV

Fig. 5. The correlation between qPs
S и qe-

S. The numbers 
correspond to the following compounds: 1 - BrO3

-; 2 - 
ClCH2COO-; 3 - Cl3CCOO-; 4 - CrO4

2-; 5 - Cr2O7
2–; 

6 - Cu2+; 7 - Fe(CN)6
3–; 8 - H2O2; 9 - Hg2+; 10 - HgCl2; 

11 - IO3
–; 12 - IO4

–; 13 - NO2
–; 14 - NO3

–; 15 - Ni2+; 
16 - Pb2+; 17 - S2O8

2–; 18 - SeO4
2–; 19 - Te(OH)6; 20-2.3 

butanedione; 21 - dimethyl oxalate; 22 - fumarate (dianion); 
23 - maleate (dianion); 24 - maleic acid; 25 - malonic acid; 
26 - nitromethane; 27 - oxalic acid pH = 1; 28 - oxalic acid 
pH = 2; 29 - oxalic acid to pH = 3 [14]; 30 - ZnSO4; 31 

- Cl3CCOOH; 32 - ClCH2COOH [10].

Fig. 3. Dependence of  the reverse yields of  radiolytic hydrogen 
and the Ps atom in aqueous solutions on the concentration of  

CS electron acceptors [13].

 

Fig. 4. The similarity of  the values of  the inhibition 
coefficients of  hydrogen and Ps [13] with acids, salts, and 
Н2О2 dissolved in water [13]. The inhibition coefficients of  

Tl–, Zn2+ and Ni2+ ions are inside the square.
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other media (experiments on the temperature 
dependence of  the probability of  Ps formation 
in n-propanol) [12], Fig. 8.

At room temperatures in water, the 
electron solvation time τs (0.3 ps [9]) is 

significantly less than the positron lifetime 
τ2. Therefore, it would seem that solvated 
electrons are able to interact with the 
positron. Conversely, at low temperatures, 
τs is a thousand times greater than τ2. 
Therefore, there can be no question of  
the reaction between e-

s and e+: the electron 
does not have time to be solvated during 
the positron lifetime. If  solvated electrons 
took part in the formation of  positronium, 
then at low temperatures, when τs >> τ2, one 
would expect a decrease in the probability 
of  Ps formation. However, it can be seen 
from Fig. 8 that the yield of  Ps in n-propanol 
not only does not decrease but even slightly 
increases (most likely due to an increase in 
the electron lifetime in the quasi-free state). 
This result is against es as a precursor of  Ps.

So, with good confidence, we conclude 
that radiolytic intra-track hydrogen and 
Ps atoms generated by fast positrons in a 

 

 
 

Fig. 6. Similarity of  variations in hydrogen and Ps yields a 
change in the temperature of  the medium (ordinate - relative 

outputs) [15].

Fig. 7. The similarity of  the variations in the outputs of  
GH2 (molecule/100 eV) of  hydrogen and o-Ps (%) upon 

transition from light to heavy water [15].
Fig. 8. Temperature dependences of  the o-Ps yield,, positron 

lifetime, and electron solvation time in n-propanol [12].
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molecular condensed medium are formed by 
a combination of  thermalized electrons with 
radical cations and thermalized positrons, 
respectively, at the subpicosecond stage of  
radiolysis.

The positron-electronic recombination 
mechanism of  the Ps formation, assuming 
that a quasi-free intratrack electron is the Ps 
precursor, was proposed at the ITEP in 1973 
[8]. Its similarity with the mechanism of  the 
hydrogen formation has jointed positron 
chemistry with radiation chemistry. It is 
based on our proposed method for detecting 
carcinogens and anticarcinogens, the essence 
of  which we now briefly reproduce [16-18].

The proposed method for detecting the 
carcinogenic and anticarcinogenic properties 
of  substances S is reduced to studying the effect 
of  their small additives on the annihilation 
characteristics of  positrons in a solvent 
modeling an intracellular medium, and also, or 
to determine the annihilation characteristics 
of  positrons directly in the test substances 
themselves.

4. TWO PROCEDURES FOR 
DETECTING CARCINOGENS
The carcinogenic properties of  test substance 
S can be determined in two ways. The first 
possibility is to establish dependence (7) for 
it, that is, to determine the probability of  
formation (yield) Y(Cs) of  the Ps atom on the 
Cs concentration of  the test substance and the 
inhibition coefficient qPs

S :

YPs(CS) = Y°Ps/[1 + qPs
SCs],

qPs
S = k(e– + S)/[k(e+ + e–)(n0

S/V0
S)],     (7)

We mean that here Y0
Ps is the yield of  Ps 

in a pure solvent simulating the intracellular 
medium, and qPs

S is the coefficient of  inhibition 
of  Ps formation by the test substance S, 
proportional to the constant k(e- + S) of  the 
capture rate of  the quasi-free electron by the 

dissolved substance S. If, following Bakale, 
choose cyclohexane as the modeling solvent, 
then the carcinogenicity criterion, which 
consists in fulfilling the inequality

k(e- + S) > k(e- + CCl4)

where  k(e- + CCl4)  is the constant of  electron 
capture by carbon tetrachloride. As applied to 
the positron method, this inequality can be 
reformulated using the inhibition coefficients 
Ps (Fig. 9):

qPs
S  ≥  qPsCCl4.

Obviously, the use of  the positron method to 
identify the carcinogenic and anticancerogenic 
properties of  substances is a matter much 
simpler than conducting the Bakale test on a 
pulse radiolysis unit.

An advantage of  our approach is also a 
much wider choice of  solvents that model the 
intracellular environment, some of  which may 
turn out to be even better than cyclohexane. 
Of  course, the selection of  the medium in 
which positron experiments should be carried 

VSEVOLOD M. BYAKOV, SERGEY V. STEPANOV

Fig. 9. Correlation between the inhibition coefficients of  qPs
S 

of  the formation of  Ps in cyclohexane by various electron 
acceptors S and the rate constants k(e-

C6H12 + S) of  their 
reactions with electrons [16, 17]. Strong Ps inhibitors 

(qPs
S ≥ 6 M-1), biologists attribute to carcinogens.
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out is a separate task. Since polar media are 
also considered as suitable models of  the 
environment surrounding the DNA molecule, 
measurements were carried out in ethanol 
solutions (Fig. 10).

The experimental data in Fig. 9 demonstrate 
the identity of  the results of  our positron 
and accelerator tests of  the Bakale group for 
the carcinogenicity of  a number of  chemical 
compounds (see the figure for names) dissolved 
in cyclohexane. Identity stems from the fact 
that the values of  the inhibition coefficients 
Ps and reaction rate constants (e-

C6H12 + S => 
S-) in the same solvent are proportional to 
each other: qPs

S ~ k(e-
C6H12 + S).  Therefore, 

they are equally capable of  characterizing the 
degree of  electrophilicity and, consequently, 
the carcinogenicity of  electronic acceptors 
S. Naturally, both methods lead to the same 
sequence of  chemical compounds in terms of  
their carcinogenicity.

Chemical compounds S, characterized 
by high values of  inhibition coefficients 
o-Ps, reduce its yield to almost zero. Thus, 
the low o-Ps yield in the solvent modeling 

the intracellular medium (cyclohexane, 
alcohol) when the test substance S is added 
to it should serve as an indicator of  the 
carcinogenic properties of  the latter. This is 
the idea of  the proposed positron method. 
Other experiments confirm this conclusion 
[5, 6].

The second way to detect the carcinogenic 
properties of  the test substance S, which is 
more visual and simple to perform, is not to 
study how the yield of  Ps in the modeling 
solvent decreases with the gradual addition 
of  substance S. It consists in determining the 
yield of  Ps in the substance S itself. taken in 
its pure form, when fast positrons are injected 
into it. From Fig. 11 it is seen that biologists 
consider carcinogens to be substances in 
which the probability of  Ps formation does 
not exceed 2 - 3 percent. This fact is of  
practical importance. There is no need to 
prepare several solutions of  the test substance 
with different concentrations to determine 
the coefficient of  inhibition of  qPs

S. Instead, 
it is sufficient to limit oneself  to only one 
measurement of  the yield of  Ps in the test 
substance itself. As a result, the duration of  

Fig. 10. Inhibition coefficients of  the formation of  the o-Ps 
atom by electrophilic substances dissolved in ethanol [17, 18]. 
Substances with high Ps inhibition ratios, in this solvent with 

qPs
S ≥ 2 M-1, are considered carcinogens by biologists.

Fig. 11. The yields of  o-Ps atoms formed in substances upon 
injection of  fast positrons into them [17, 18]. In substances 
that biologists consider carcinogens, the probability of  Ps 

formation does not exceed 2–3%.
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the procedure for determining carcinogenicity 
is reduced significantly.

5. CARCINOGENIC ACTIVITY 
OF METALLIC MACRO SAMPLES 
IMPLANTED IN ANIMAL 
ORGANISMS
It is known that the introduction of  a number 
of  metals in the free state into animals causes 
a carcinogenic effect [19] In this section, 
we will focus on the origin of  carcinogenic 
effects produced by macroscopic samples  
(basically metals). Single-elemental substances 
(mostly metals) in the form of  bits, powders 
or perforated plates were subcutaneously 
introduced in tissues of  laboratory animals 
[19]. The purpose of  the discussion is to prove 
that the view on molecular carcinogens as 
strong electrophiles remains valid in the case 
of  macroscopic metal samples.

We classify elementtary substances 
according to the corresponding atomic 
numbers and electron work function (Work 
Function) values (Fig. 12). Symbols of  
substances, showing the carcinogenic effect, 
are given in red. It is easily found that the 
substances according to their carcinogenic 
activity can be sorted into two groups.

The first group is composed by substances 
with “low” WF values, less than 4 eV. They 
do not show carcinogenic effect [18]. On the 
contrary, one half  of  the substances in the other 
group, where WF exceeds 4 eV, are recognized 
as carcinogens. Their number should be larger 
since not all substances of  this group have 
not been tested yet for carcinogenicity. The 
fact that the carcinogenic metal Be is in the 
group of  elements with "low" WF values does 
not refute the statement made. The reason 
may be due to the fact that the value of  the 
work function varies markedly from whether 
the sample was taken as a single or polycrystal 
(for polycrystals, the work function is always 
somewhat less). It is curious that all "seven 
metals of  antiquity", Au, Ag, Cu, Fe, Sn, Hg 
and Pb, which were known five thousand 
years ago belong to carcinogens, as can be 
seen from Fig. 12.

So, the carcinogenic activity of  the macro 
samples is determined by the value of  its work 
function. This means that our starting view on 
molecular carcinogens as strong electrophiles 
can be generalized on the single-element macro 
samples (metals) due to dualistic sense of  the 
work function. Indeed, the other meaning of  
the work function, besides the ionization energy 
of  a macro ssample is its electron affinity: 
WF = EAmacro. Thus, carcinogenic properties 
are peculiar to metallic macro samples with 
the highest values of  the electron affinity as 
was previously postulated and confirmed in 
relation to molecular substances.

6. DO Ps ANTIINHIBITORS ARE 
ANTICARCINOGENS ?
The positron method not only facilitates, 
accelerates, cheapens the detection of  
carcinogens, but also opens up new 
possibilities in the study and understanding 
of  the mechanism of  carcinogenic action. We 
illustrate this by two following examples.

VSEVOLOD M. BYAKOV, SERGEY V. STEPANOV

Fig. 12. The work function values of  simple (single-element) 
substances, depending on the serial number of  the element. 
The work function WF ≈ 4 eV divides them into two 
groups [18]. Red color shows the elements that are considered 

carcinogens (cause malignant tumors [19].
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To chemical compounds which effectively 
react with track electrons, belong anthracene 
and phenanthrene. According to Bakale’s 
criterion (Fig. 1), they should be ranked among 
carcinogens. However, biological data do not 
confirm this. Moreover, biologists regard them 
as anticarcinogens. These substances, when 
present in an organism, conceal a harmful 
effect of  carcinogens [20]. The given example 
shows that the Bakale’s criterion is not always 
sufficient. In the presence of  phenanthrene in 
the body, carcinogens lose the ability to form 
malignant tumors. 

Now let ask ourselves. What influence on Ps 
formation exerts the presence of  phenanthrene 
in solutions of  Ps inhibitors? The answer is: 
phenanthrene, an anticarcinogen in a living 
organism, in solutions behaves as an anti-
inhibitor of  Ps formation. Really, Fig. 13 shows 
that in the presence of  phenanthrene the Ps 
inhibitor, the carcinogenic compound C6H5Br, 
loses its ability to decrease the Ps yield. 

The addition of  0.2 M C6H5Br (carcinogenic 
compound) to n-hexane, reduces the yield 
of  Ps from 35 to 14%. However, as the 
concentration of  phenanthrene increases, the 

yield of  o-Ps returns to the value characteristic 
of  a pure solvent (35%). So, it turns out that the 
anticarcinogen has a protective effect both in 
relation to the higher organism, and in relation 
to the simplest Ps atom.

Let us explain the reason for the specific 
action of  phenanthrene on the yield of  Ps. 

The inhibition effect of  strong electron 
acceptors, for example, bromobenzene, is 
understood rather well. It is associated with 
the irreversible nature of  the transformations 
following their capture of  an electron at 
an excited level. In this case, with the rapid 
dissociation of  the C6H5Br* anion (during 
the period of  intramolecular vibration), 
accompanied by the formation of  a strongly 
electrophilic Br― anion:

e― + C6H5Br → (C6H5Br)―* → C6H5 + Br―.

On the contrary, the attachment of  an 
electron to a phenanthrene molecule leads to 
the formation of  a relatively long-lived excited 
state. The excited anion (C14H10)

―* weakly 
retains the accepted electron, and therefore 
immediately gives the electron to the positron 
located in the neighborhood (the affinity of  
C14H10 to the electron is low: EA ≈ 0.1 eV). 
Therefore, the interception of  track electrons 
by phenanthrene molecules when one is 
added to a neutral solvent does not noticeably 
affect the probability of  o-Ps formation (Fig. 
13). Conversely, the addition of  a sufficient 
concentration of  phenanthrene to a solution 
of  0.2 M C6H5Br prevents the irreversible 
capture of  in-track electrons by C6H5Br 
molecules. Of  course, the phenanthrene anion 
could yield the captured electron not only to 
the positron, but also to the C6H5Br molecule. 
However, the diffusion coefficients of  the 
C6H5Br molecule and the phenanthrene anion 
(C14H10)* are so low that, during the formation 
of  o-Ps, the phenanthrene anion does not have 
time to meet the C6H5Br molecule, give it an 

Fig. 13. The effect of  increasing concentration (M - mol/
liter) of  phenanthrene in n-hexane containing 0.2 M C6H5Br 
[20]: ● - yields of  o-Ps in solutions of  phenanthrene in 
n-hexane; 



 - o-Ps yields in the n-hexane + 0.2 M C6H5Br 
+ phenanthrene (variable concentration).
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electron, and thereby prevent the formation of  
Ps. As a result, the yield of  o-Ps in the three-
component system — the solvent (n-hexane) 
+ 0.2 M C6H5Br + ≥ 0.4 M (C14H10) — is 
practically the same as in the pure solvent.

Having penetrated into the cell of  a 
living organism, even very effective electron 
acceptors, but with a low electron affinity, are 
not able to form a strong covalent bond with 
the DNA molecule and cause its mutation. 
However, the adsorption of  such acceptors 
on a negatively charged surface of  a DNA 
molecule could give a protective effect. It 
should be expected that the presence of  Ps 
type anti-inhibitors of  the phenanthrene type 
in the cell produces an anticarcinogenic effect 
[7, 8].

As the second example we consider 
biological effects produced by another Ps 
antiinhibitor, carbon dioxide. Its antiinhibitory 
effect in n-hexane with iodobenzene (C6H5I) 
previously added there as a Ps inhibitor at a 
concentration of  0.03 M is shown in Fig. 14. 
If  the association of  anticarcinogenic effects 
produced by positronium antiinhibitors 
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(phenanthrene, etc.) in the human organism is 
natural, and not random, it should be expected 
that carbon dioxide, as an antiinhibitor of  
Ps formation, should manifest itself  as an 
anti-carcinogen.

Attempts to use carbon dioxide in cancer 
justify this prediction, based on the anti-
inhibitory properties of  CO2 with respect to 
Ps formation. So, in [23], experiments were 
described in which mice were transplanted 
with adenocarcinoma. The control group of  
mice was treated with plain water, and the 
experimental group with NaHCO3 solution. It 
turned out that in animals that drank exclusively 
a bicarbonate solution (12 g/l), metastasis was 
sharply suppressed (Fig. 15, top). As a result, 
4 months after the tumor inoculation, 80% of  
the mice survived in the experimental group, 
while only 30% survived in the control group.

From the literature data on the biological 
effects produced by carbon dioxide, it turns 
out that this chemical compound, when 
introduced into human body as a component 
of  mineral water or as a soda solution, weakens 
and even eliminates a number of  pathological 
processes occurring in the body, for example, 
it slows down the development of  chronic 
kidney diseases (Fig. 15, bottom) [24].

Thus, the presence in solutions of  chemical 
compounds such as phenanthrene and carbon 
dioxide, which effectively react with track 
electrons but have a low electron affinity, is 
manifested in the probability of  positronium 
formation in the same way that the presence 
of  anticarcinogens in a living organism affects 
the effect of  carcinogens contained in it and 
other pathogens.

So, based on the above data on Ps anti-
inhibitors, the following cautious prognosis 
can be made: the introduction of  some Ps 
antiinhibitors (of  which, apparently, the most 
promising is carbon dioxide in one form or 

Fig. 14. The effect of  increasing concentrations of  carbon 
dioxide and naphthalene on the o-Ps yield in:  ----- - pure 
n-hexane [21];  ◘ - n-hexane containing 0.2 M C6H5Br + 
naphthalene [21];  ● - n-hexane + 0.2 M C6H5Br + CO2 

[22].
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another) into an organism with oncological, 
and sometimes other pathology will contribute 
to the healing of  the body and, perhaps, even 
its cure.

7. CONCLUSION
Presented results encourage further application 
of  the Ps method for screening a wider variety 
of  the substances, with which people may get 
in touch in an everyday life.

The positron annihilation lifetime 
spectroscopy seems to be simpler, faster, 
cheaper and widely available in comparison with 
other competing physicochemical methods.

Ps antiinhibitors probably act as 
anticarcinogens  when they enter animal 
organisms. This fact, if  it will be confirmed, 
may be used for detection of  anticarcinogenic 
properties of  substances.

Further application of  the Ps method for 
screening of  different carcinogens should 
contribute to a better understanding of  the 
primary processes of  carcinogenesis.
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1. INTRODUCTION
The unique by their characteristics systems (namely, 
the aqueous dispersions of  the reversed micelles) 
allow study the complex physiological processes 
into the biological and living systems or organisms 
[1-5]. The water had and has an important role for 
the life origin, development and prolongation on 
the Earth, but this well-known chemical compound 
is many senses are remained poorly studied. There 
are many theories and models of  the water nature, 
connected with water (and especially with a notion 
of  so called hydrogen bonds, defining its structure, 
main functions and some abnormal properties, etc) 
[4, 6-9].

It is experimentally found and wide used in 
medicine, that many compounds (carotinoids, 
flavonoids, etc) and many medical preparations, 
which are insoluble in water, can be solved in a water 
micelle pool. To increase the quantum emission 
yield under the luminescent methods at the low 
metal concentrations as the initial solutions, now 

the reverse micellar solutions (RMS) are often 
used. Under the photo-catalytic light energy 
transformation into the chemical energy (at the 
sacrifice of  the electron photo-transport products 
recombination), the micro-emulsions “water in oil” 
types usage is allowing to rise the yield of  the useful 
products, that are reserve or accumulate the light 
energy [10]. The key role of  such aqueous systems 
in the non-equilibrium, but stable states for the bio-
energetic processes was verified by results of  work 
[4].

When using the nano-size particles (NP) 
synthesis the such reverse micelles fabrication (as 
the some specific micro-reactors) fabrications have 
demonstrated the sufficient advantages of  this 
method, that allows us to obtain the stable nano-
structural particles with the various metals and 
bimetals (including the rare-earth ones) with given 
sizes both in the liquid phase and in adsorbed state, 
properties and the different, earlier inaccessible 
poly-functional activity with the bactericide, 
anticorrosion, catalytic, adsorptive activity [13, 14]. 
But for the successive development and practical 
application of  these results that is necessary to carry 
out many fundamental investigations of  the method 
physical and chemical process kinetics (especially 
in fields of  the NP synthesis and control), as well 
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as the studies of  the different water characteristics 
(optical, electro-dynamical, relaxation, etc) in the 
mentioned reverse micelle pools. There are many 
examples of  the experimental investigations, 
connected with the metallic, semiconductors and 
polymeric particles assembling into the reverse 
micelle pools, but it is absent a multifold analysis 
of  the properties and possible architecture of  the 
nano-particles, produced in the reverse micelle 
pools, that are specific for their high degree 
of  dynamicity and self-organization character. One 
another important problem is connected with the 
usages of  the calculation and modeling methods 
to predict the nano-particles and colloidal self-
organization behavior with accounting the lot of  
the scales and various factors of  the environment 
conditions influence. In work [15] the results are 
presented of  an imitation modeling for a nano-
particle self-organization under a drying solvent 
drop at substrate using the self-organization 
process visualization and the corresponding 
final nano-particles distribution on the modified 
surface. The effects of  the nano-particles self-
organization or Self-Assembly under the outer 
factors actions in the liquid systems were studied 
in the work [16]. During the relatively short 
period the term self-organization become one of  
the most used and popular word in the modern 
science and practice. Many results, affirming the 
self-organization important role at the different 
metallic stable nano-particles formation into the 
reverse micelle pools have been obtained in [17, 
18]. But the main meaning of  these works is that 
they affirmed also the very important role of  water 
itself  in the aqueous reverse micelle pools, where 
the water is presented in the “polarized” state 
[4, 8]. The deep studies of  the electromagnetic, 
electro-physical, optical, etc properties of  the 
water into the aqueous-organic reverse micelle 
solutions, carried out by professor V.I. Ermakov 
investigations, allowed to select from the complex 
system of  the experimental data information of  
the state and properties of  water  into the micelles 
[14,19,20].

2. PHYSICO-CHEMICAL STUDIES OF 
REVERSE MICELLAR SOLUTIONS
The reverse micro-emulsions of  the "water-oil" 
types on the base of  the surface active substance 

AOT-bis(2-ethyl-hexil)-sulfo succinate sodium is 
stabilized the big amounts of  water, and the scheme 
of  this reverse micelle is shown on Fig. 1, where 
the pool diameter d depends, naturally, on the 
solubilization coefficient ω: d ~ k×ω, where ω = 
[H2O]/[AOT] (a molar concentration relation of  
water and АОТ). In our works [12, 13, 17, 18] we 
used the values ω = 1.0÷10.0; [AOT] concentration 
= 0.10÷0.20 M, ions concentration [Меn+] was in the 
range from 10-3 М to 3.0 М; the solvent was isooctane 
С8Н18. For the synthesis of  many types NP in the 
water-organic RMS was selected (as a basic system 
the water-organic RMS was solution Н2О/[Меn+]
ω(i)/0.15 М АОТ(bis(2-ethyl-hexil)-sulfo succinate 
Na) in isooctane. The water content (an aqueous 
Меn+ salts solution volume) is equal corresponding 
to this ω(i) value.

One of  the initially selected RMS systems 
[0.15 М АОТ/isooctane], that is simultaneously 
the comparison solution for the optical adsorption 
spectra measurements) is their transparency in a wide 
spectral range, that allows actively use the spectro-
photometric analysis methods (UV-VIS-IR). To 
select an information, directly related to water, from 
the RMS (containing water, ω = 1.5÷4.0) spectra were 
subtracted the АОТ/isooctane solution spectra. As 
is seen from Fig. 2а), the obtained spectra include at 
least two adsorption lines (λmax ~3450 cm-1 and λmax 
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Fig. 1. The reverse micelle scheme: AOT-bis(2-ethyl-hexil)-
sulfo succinate Na, rm and rw – radii of  the micelle and water 
pool, С8Н18 – isooctane; in the center – the state of  polarized 
water and the positions of  the sulfo-groups in the amphiphilic 

AOT molecules [18].
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~3250 cm-1), which can be related to the different 
water states. More correct information about the 
different water states in reverse micelles, depending 
on ω(i) value was obtained from the high-frequency 
electric conductivity method HF EC (Fig. 2b) [15, 20].

The optical transparency (1/D) dependence on 
different values of  solubility coefficient ω is shown 
at Fig. 3.

The minimal value of  specific EC (Fig. 2b) into 
RMS at ω = 2.0 can be explained by low water content 
in the AOT itself. The same non-linear dependence 
has been obtained under the fluorescent spectra 
analysis for RMS system (0.15 АОТ/iso-octane) 
after the water additions in quantities, proportional 
to ω values (Fig. 4).
Fig. 4 shows Fluorescence intensity (IF) spectra 
1-6, respectively; isooctane – (IF) spectra 7. Insert: 
fluorescence intensity at λ = 312 nm as a function 
of  RMS ω(i).

The results of  the water influence investigation 
on the fluorescence characteristics of  the RMS 
samples for system (Н2Оω/[Меn+]/0.15М АОТ/
isooctane are demonstrating the some fluorescence 

intensity rise for the recombination of  water charged 
states under light excitation of  fluorometer. 

On the base of  the literature data and the above 
presented results of  the electrical, physical and 
optical properties of  the aqueous-organic solution 
of  RMS, we could conclude, that at analysis of  the 
synthesized metallic nanoparticles it is necessary to 
account the role of  water in the polarized state in 
the reverse micelles, as the specific phase state of  
water.

In order to connect these results with a kinetics 
of  the metals NP synthesized in RMS at presence of  
the metal ions, it was important to confirm the main 
point of  our considerations, i.e. affirm an important 
role of  the polarized water at the initial stages of  
the NP formation in RMS with metal ions presence 
and connect the results with a general kinetics of  
these processes. It was important to demonstrate 
the polarized water role at the initial synthesis stages 
for the nano-particles, obtained by different ways of  
the metal ions reduction. By other words, we have to 
give the special attention to the comparison of  the 
plasmonic resonance spectra for the metal NP of  
different sizes (Fe, Re, Au, Pd), obtained in the RMS 
systems when using the various primary reactions 
for the metal ions reduction (radiolyitic methods 
with usage of  the different primary actions of  the 
ionizing radiation, chemical, e.g. at presence of  
flavonol, (quercetin) as  reducer [12, 13]. In all cases 
we have to account the water properties in a water 
pools of  reverse micelles [17, 18]. Schematically, 
methods for preparing samples for different metal 
ion reduction reactions are shown on Table 1.

The electronic plasmon resonance spectra 
of  RMS, containing NP of  Ag RadChem after 

WATER IN REVERSE MICELLES

  

Fig. 2. (a) IR spectra of  H2O in RMS with ω(i) values: 4.0 
– 1), 3.0 - 2), 2.0 - 3), 1.0 – 4); (b) Electrolytic conductivity 

of  H2O in RMS as a function of  ω(i).

                     a                                     b

Fig. 3. The optical transparency (1/D) of  RMS and scheme 
of  water coordination (three dimensional structure) by АОТ 

sulfo-group in RMS at ω = 3.0.

Fig. 4. Fluorescence intensity (If) spectra of  the 0.15 М 
АОТ/isooctane/H2O solutions with water content in 

accordance with ω(i) values: ω = 1…6.
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irradiation by electron UELV-10-10-T accelerator at 
the dose rate 3·103 Gy/s and the Dose from 5.0 kGy 
to 25 kGy) are presented on Fig. 5а. The spectra 
changes with the time of  sample storage are shown. 
A radiation chemistry reduction of  the metal ions 
proceeds due to the interaction with the short-lived 
intermediate particles of  water radiolysis in the 
micelles water pools:
Н2О → е−

aq, Н
+, ОН−, Н•, ОН•, О, Н2, Н2О2.     (1)

This radiation chemistry reduction can be described 
by the next reactions scheme:
Ag+ + e−

aq → Ag0,         (2)
e−

aq and radical Н• – the most active reducing agents, 
the ionization potential (E) is ~ –2.9 V; the constants 
of  the reactions are close to Кdiff  ~3.5·1010 M-1s-1.

The ОН• – radical is the strong oxidizing agent, 
but due to addition the alcohol (acceptor) in RMS as 
the result of  the reaction 3 was the formation of  the 
hydroxyl-ethyl radical:
ОН• + СН3СН2ОН → СН3•СНОН + Н2О       (3)

which also is the strong reducer (k = 1.6·109 М-1sec-1). 
The yield of  the reducing  agents and, respectively, 
the yield of  metal NPs has increased. The spectra of  
NP AgRadChem are presented on Fig. 5b.

It has been noted, that during two weeks of  post-
radiation period (Fig. 5а) the optical density of  studied 
sample solution sufficiently increase. Such increase 
cannot be attributed to metal ion reduction in NP 
AgRadChem due to presense of  the radiation-induced 
reducing paricles, which have lifetime less than several 
miliseconds. In the spectrum of  the NP Ag Chem 
(Fig. 5b) the adsorption spectrum of  the reducing 
agent Qr is absent, but in the same time is observed 
the growth of  the adsorption intensity of  NP Ag. 
The experimental results [14, 15] demonstrated the 
NP Ag Chem formation in RMS at presence of  Qr 
and molecular oxygen but after O2 removal, in contrary 
to the RadChem method in anaerobic conditions, the 
synthesis of  NPs was stopped. In this concept, Qr 
oxocomplex [nQrδ+…mO2

δ-] formation and the triple 
metallo-complex  [nQrδ+…mO2

δ- … pAg+] in 0.15 М/
AOT/RH solution are studied. The optical spectra 
of  Qr oxocomplex with λmax1 ~ 385 nm, λmax2 ~ 265 
nm and metal- oxocomplex with λmax ~ 450 nm  were 
recorded and presented on Fig. 6.

In method of  quercetine Qr– 3, 5, 7, 3’, 4’-pento-
hydroxy flavonol and the salt [AgNO3] = 0.3 M have 
used.

ALEKSANDRA A. REVINA

Table 1
The methods of the metal ions reduction into the RMS

[H2O/[Men+]/0.15 М/AOT/RH(isooctane), ω = [H20]/[AOT].
Radiation Chemical method
(under ionizing irradiation)

RadChem:

Chemical method
Chem:

(flavonol, Qr - reducing agent)

Men+/H2O → 0.15 М/AOT/RH
→solubilization → removal of O2
→irradiation→Rad Chem НЧ Ме

Qr → 0,15 М AOT/RH;
Men+/H2О→Qr/0.15 М AOT/RH

НЧ Chem, ! only at О2 presence

Conditions of the RMS preparation with different concentration of 
the metal ions Меn+ in RMS and in the water pool, w.p.:

a) [Men+]RMS = fω(i); [Men+]w.p. = const,
b) [Men+]RMS = const, [Men+]w.p ~ 1/ω.

  

                     a                                     b
Fig. 5. The electronic plasmon rersonance spectra of  (a)
NP Ag RadChem in RMS (ω = 5) at different time after 
irradiation, Δt: 1 – 40 min., 2 – 2 weeks, 3 – 3 weeks: 4 
– 4 month; (b) NP Ag Chem in RMS (ω = 5): the storage 
time of  samples on the insert. The concentration of  Silver salt 

(AgNO3) in water solutions was  0.3 M.

 
Fig. 6. The optical density spectra of  the oxocomplex 
[nQrδ+…mO2

δ-] in 150 µMQr/0.15 М AOT/RH 
solution before the water solution of  AgNO3 was introduced  
– 1); the optical band (λmax~ 450nm) appearance in the 
presence of  Qr, O2  and  Ag+ in RMS (ω = 1.0) is related 
with registration of  metal oxocomplex [nQrδ+…mO2

δ-… 
pAg+] during of  NP syntheses; the optical spectra of  the NP 
Ag in RMS at different ω values: from ω = 1.0 to ω = 8.0.
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At the optical density registration of  the metal 
NP adsorption bands on dependence on time 
(the results were obtained for the various primary 
stages of  the Men+ reduction reactions), there arises 
the question about different mechanisms of  the 
early stages of  the reduction reactions) and also 
the question of  the “post-formation” process of  
metal NPs establishment and the reactions of  this 
process during long  period. An post-formation 
process during a “post-radiaion” was detected for 
NP RadChem of  different metals (Pd, Pt, Au, Rh, 
Re, and Fe [18, 19, 21]. 

The NP Chem synthesis description is 
complicated by the data interpretation problem of  
the because the reductant Qr participates play various 
roles. First is the reaction with Меn+ as a catalyst 
with “regeneration“ (Fig. 7b). But in this case, the 
other metal ion is playing a sacrifice role, and is not 
detected in the spectra of  RMS NP (Fig. 5b).

As shown in Fig. 7b at NP Chem Re synthesis,  
the Qr adsorption lines of  the RSM NP spectra are 
nor overlapping and therefore it is easy to deduce, 
that there is one another mechanism of  the make 
consideration thus the Me ions reduction by 
quercetine with its “regeneration”. Thus for the NP 
chemical synthesis in RMS was detected some of  
adsorption line intensity growth without an apparent 
changes of  the form, that can testify to the NP sizes 
conservation.

An explanation of  all these non-usual results 
for “the NP after-formation at the post-reaction 
period” was obtained after the special experiments 
of  such NP synthesis with  NP Re. As the “working” 
solution was used the same solution [0.15 М АОТ in 
isooctane], in which at air presence we introduced an 

aqueous solution of  ammonia perenate NH4ReO4 in 
amounts, corresponding to the selected value ω = 5.0. 
The system of  spectro-photometric characteristics 
dependences on the time after the salt aqueous 
solution introducing were  demonstrating the optical 
adsorption spectra of  the NP Re for two samples 
of  RMS at values ω = 5.0 and ω = 10.0. The NP Re 
formation in RMS (Self-Assembly, SA) is proceeding 
at the reducer presence in aerobic conditions without 
any outer influence of   radiation or reductant.  The 
results are shown at Fig. 8.

From the optical spectra comparison for the NP 
Re, produced by different methods (Fig. 7 and Fig. 
8) one can deduce, that these spectra have a complex 
form, but are located in the one range of  spectrum 
(200-270 nm).

The spectrophotometric studies [18] of  the Fe 
NP formation in RMS have revealed similar impact 
of  self-assembly processes in the formation of  NPs 
i.e., the processes, which do not require any targeted 
actions like catalysts introduction, or ionizing 
radiation. The X-ray diffraction and PEM data have 
confirmed the formation of  Fe NPs with sizes from 
1.0 to 3.0 nm through the SA process in RMS.

CONCLUSION
Thus the obtained results allow to consider, that 
water in aqueos pools (reverse micelles) is present 
in a some «polarized» state and is possible to play 
some a «reducer» role for the metal ions with the 
following construction of  the spontaneously formed 
nanostructures into the organized ones. The reverse 
aqueos organic micellar systems are very near to the 
biological sytems and therefore the fundamental 

WATER IN REVERSE MICELLES

  

                     a                                     b
Fig. 7. The adsorption spectra of  NP Re RadChem with 
D = f[Re7+] after irradiation at dose 27.9 kGy; Insert − 
D = f(t) – (a). The adsorption spectra of  NP Re Chem 
in RMS, D = f[Re7+] –  (b). Salt is ammonium perenate, 

[NH4ReO4] = 0.02M. 

  

                     a                                     b
Fig. 8. The adsorption spectra of  Re SA NP, produced in 
RMS of  composition [0.15 М АОТ/isooctane] at different 
values of  [Re7+]RMS = 0.5mМ and ω = 5.0 – (a); [Re7+]
RMS = 1.1 mМ at ω = 10.0 – (b). [NH4ReO4] = 0.04M 

in the initial aqueous solution.
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studies of  their specific features, structures and 
the self-organization characteristics, etc are very 
important for establishштп mechanisms and kinetics 
of  the various processes taking place in Nature.
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1. INTRODUCTION
D.I. Mendeleev was the first researcher who pointed 
that solutions weren’t the mechanical mixture of  
components but special chemical compounds. 
He found the compression phenomenon of  
alcohol aqueous solutions when increasing alcohol 
concentration. It is accompanied by the appearance 
of  jumps and gaps in the concentration density 
derivatives of  the solution [1]. D.I. Mendeleev 
explained this property with the formation of  
hydrated compounds in the solution in the vicinity 
of  the special alcohol concentrations. Many famous 

scientists made significant contribution in studying 
of  the physicochemical solution properties and 
the creation of  theoretical dynamics and structure 
bases. We could mention the of  famouse scintist 
names: N.S. Kurnakov, I.I. Frenkel I.Z. Fisher, M.I. 
Shakhparonov, A.V. Voronel, O.Ya. Samoilov, M.N. 
Rodnikova, N.A. Bulienkov, G.A. Martynov, G.G. 
Malenkov, Yu.I. Naberukhin, A.K. Lyashchenko 
and many others. J. Bernal and R. Fowler were the 
pioneers in the science of  the water structure and 
ionic solutions. Now A. Geiger and J. Pollack are 
updating structural ideas for water solutions. 

Our studies of  optical absorption, dynamic light 
scattering (DLS) and luminescence of  aqueous 
solutions are reason to write this article. Lc is chemical 
marker of  the chemical silver nanoparticles synthesis 
finishing in reverse micelles. The reverse micelles 
contain small amount of  water and it is in the form of  
bound water. So it is very difficult to measure the Lc 
concentration in of  reverse micelles water. In order to 
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simplify the problem, it was decided only to estimate 
the concentration boundary of  the Lc content in 
distilled water, when at low Lc concentrations the 
luminescence bands Lc characteristic of  could be still 
recorded.

The article considers new approaches to study low 
Lc concentrations aqueous solutions and proposes 
mathematical methods to analysis the optical 
properties for aqueous solutions (e.g. luminescence) 
which have not been currently almost considered. 
The features of  the behavior for aqueous solutions 
with low substances concentration are usually 
attributed to the lability of  the solution. In this case 
one could only speak about equilibrium in aqueous 
solutions conditionally. Thermodynamic methods 
are not sufficient to describe aqueous solutions and 
it is necessary to create a number of  new methods 
and models to understand properties of  aqueous 
solutions in infinity systems. The article presents the 
results of  brief  study for the high dilutions aqueous 
solutions luminescence and some discrete models 
to analyze the relaxation characteristics of  solutions 
based on D. I. Mendeleev's decrement.

2. MATERIALS AND METHODS
Lucigenin (10,10'-dimethyl-9,9'-biacridinium 
dinitrate, Lc, MW 512.51 is golden yellow crystals 
(Tmelt = 330°C), readily soluble in water and poorly 
soluble in ethanol. The green fluorescence could 
be observed when exposed to UV light in acidic 
and neutral environments. The bright green-blue 
chemiluminescence arises under the action of  O2 or 
in the presence of  H2O2 (λexc = 360 nm, λmax = 510 
nm) and in an alkaline environment or in addition 
various reducing agents (hydrazine, hydroquinone, 
hydroxylamine, etc.).

In all experiments for the preparation of  Lc 
solutions the distilled water of  single distillation was 
used with the following parameters:

1) the mass concentration of  the residue after 
evaporation of  4 mg/dm3;
2) the mass concentration of  sulfates (SO4) 0.45 
mg/dm3;
3) the mass concentration of  chlorides (Cl) 0.015 
mg/dm3;
4) рН = 5.6;
5) conductivity at 20°С σ = 4.8·10-4 Cm/m.

The initial Lc aqueous solution with 
concentration (CLc = 44 mg/dm3) was prepared. 
Then it was tested by the DLS method for the 
presence of  Lc molecules aggregates. The correct 
identification of  Lc aggregates by the DLS method 
is impossible because of  the nanobubble phase of  
atmospheric gas [2-5] (Fig. 1) exists constantly in 
the aqueous solution. The sizes of  atmospheric gas 
nanobubbles depend on internal and external factors 
and they can reach several hundred nanometers. 
Therefore the method of  fluorimetry was adopted 
in further study in which the luminescence bands Lc 
(high resolution fluorimeter "Hitachi F 7000") are 
recorded in the luminescence spectra of  aqueous 
solutions in wide range of  concentrations up to 
high dilutions.

Before conducting luminescence experiments 
in aqueous Lc solutions the optical absorption 
spectra (OAS, "Hitachi-3310") were recorded for 
the solution with different Lc concentration (CLc = 
0.7 mg/dm3). The quartz corvette with optical path 
length (OPL) of  10 mm was used in all experiments 
and OAS were recorded relative to distilled water. 
In the OAS of  aqueous solution Lc, two maximums 
of  light absorption at wavelengths are clearly shown: 
λ = 260 and 367 nm (Fig. 2).

"Hitachi F 7000" fluorimeter (quartz cuvette, 
OPL 10 mm) was used to measure the luminescence 
spectra. The luminescence spectrum of  the sample 
(CLc = 0.7 mg/dm3) was recorded at excitation 

Fig. 1. DLS data on particle sizes in an aqueous solution of  
Lc (CLc = 44 mg/dm3). 
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wavelength (λexc = 360 nm) with luminescence maxima 
λ = 480 and 510 nm (Fig. 3). When processing the 
luminescence spectra the built-in program filters 
were used and corrections parameters of  the xenon 
lamp were taken into account. It was found that these 
corrections affect only the shape of  the spectrum 
and not the position of  the luminescence maxima for 
the Lc aqueous solution. Therefore in further study 
the main parameters in assessing the change in the 
optical properties of  aqueous solutions of  different 

dilutions were the position of  these maxima and 
their intensity.

The initial solution was obtained by diluting Lc 
in distilled water according to the following scheme: 
distilled water (90 cm3 volume) was poured into 
glass tube (volume 250 cm3) in which sample of  8 
mg Lc was dissolved. After dissolving Lc the volume 
of  the aqueous solution was increased to 180 cm3 

(the solution was manually mixed with glass stick 
20 times stirring clockwise). Thus the concentration 
of  the Lc aqueous solution of  the first dilution was 
CL1 = 44 mg/dm3.

Subsequent dilutions were obtained according 
to the scheme [6]. The second glass was filled with 
90 cm3 of  distilled water and then 7.5 cm3 of  the 
solution from the first glassful was added to it by 
using glass pipette. After increasing the volume of  
the Lc aqueous solution to 180 cm3 it was manually 
mixed with glass stick 20 times stirring clockwise. 
This was Lc aqueous solution of  the 2nd dilution. 
The each solution container was covered with glass 
plate after each dilution. The glass stick and the 
glass pipette were washed with distilled water. The 
same dilution procedure was repeated up to 23d 
dilution.

The estimated concentration of  the Lc solute 
at 10th dilution is equal (CLc10 = 1.7·10–11 mg/
dm3) by the analytical chemistry formulas [7]. 
This concentration corresponds to the presence 
of  several Lc molecules in aqueous solution. Lc 
molecules should be absent in an aqueous solution 
at 11th dilution. Nevertheless, if  the dissolution of  
Lc solid occurs according to the cluster mechanism 
then Lc molecules can be detected at higher 
dilutions apparently. It is always difficult to prove 
that the soluble substance has decomposed into 
individual molecules and is not in solution in the 
form of  dimers, trimers, or n-mers (clusters). The 
preparation of  high dilution aqueous solutions has 
certain physicochemical meaning and it will become 
apparent soon. The properties change of  aqueous 
solution has deeper character at dissolution of  
substances apparently. It is confirmed according 
to the luminescence data up to high dilutions. The 
reason for the abnormal behavior of  the solution is 
the relaxation. The relaxation mechanisms base on 
many physical and chemical processes and effects 
in aqueous solutions apparently. The relaxation 

Fig. 2. Optical absorption spectrum of  Lc aqueous 
solution (CLc = 0.7 mg/dm3). Light absorption maxima at 

wavelengths (λ = 260 and 367 nm).
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Fig. 3. The luminescence spectrum of  Lc aqueous solution 
(CLc = 0.7 mg/dm3). Excitation at  wavelength λ = 360 nm, 
the arrows point the maxima of  the Lc luminescence bands (λ 

= 480 and 510 nm).
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mechanisms determine various quasi-equilibrium 
states of  the aqueous solutions. They can be detected 
by optical instruments (e.g. by luminescence).

The aqueous solutions are labile systems 
that are change under the influence external and 
internal factors. The pressure and temperature 
were continuous change in during the registration 
of  the luminescence for 23th aqueous solutions 
samples (approximately 2 h). These factors can 
affect change in the pH of  aqueous solutions for 
example. One should not expect "reproducibility" 
of  the data in the generally accepted sense because 
the experiment includes the series of  samples (23 
dilutions) under different environment parameters. 
So the environment parameters will be any different 
for another series of  aqueous solutions samples. 
Therefore it isn’t possible comparative analysis 
the data or it is very difficult and requires special 
mathematical methods. 

In 1892 D.I. Mendeleev was headed the Main 
Chamber of  Measures and Scales in St. Petersburg 
and he was made great contribution into chemical 
metrology. "Experimental study of  the oscillations 
of  scales" [8] is one of  his famous works in the 
metrology field. It is model to study the quasi-
equilibrium processes by registration decrement for 
the measured in experiment values1. Mendeleev's 
decrement is widely used in many fields of  science 
to process the results of  experiment. Mendeleev's 
decrement is important practical method to identify 
the characteristics of  periodic physical and chemical 
processes, e.g., for the phenomenon "Liesegang 
rings" [9-11]. The Mendeleev's decrement was used 
in the article to process the data of  luminescence 
spectra for labile aqueous solutions (Appendix 1).

The aqueous solutions samples (2 cm3) were 
poured into quartz cuvette (OPL 10 mm) by using 
glass pipette and then the luminescence spectra were 
recorded. The luminescence spectra (λexc = 360 
nm) were recorded in sequence in the reverse order 
of  dilution and that was from 23rd down to the 1st 
sample. The glass pipette and quartz cuvette were 
washed with distilled water after the completion 
of  the another measurement. The atmospheric 

1By definition, D.I. Mendeleev’s decrement 
1

1

n n

n n

X X
D

X X
+

−

−
=

−  (where n is the measurement number, Xn 
is the measured value)..

pressure varied from 735 to 738 mmHg during the 
experiment, the temperature of  21°C remained 
approximately constant.

The luminescence spectra of  all samples (from 
the 1st to the 23rd dilution) is showing in Fig. 4. 
The digits indicate dilutions and the lower graph 
is the luminescence spectrum of  initial distilled 
water. If  we plot the dependence graph of  the 
luminescence intensity (at wavelength λ = 480 
nm) on the dilution number (Fig. 5), then the data 
are divided into two groups. At the beginning the 
luminescence intensity decrease monotonously 
down to the 5th dilution and then it has oscillations 
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Fig. 4. The luminescence spectra of  aqueous solutions 
from the 1st up to the 23rd dilution. The logarithm of  the 

luminescence intensity is used along the ordinate axis.

Fig. 5. It is plotting the depending luminescence intensity (at 
wavelength λ = 480 nm) of  Lc aqueous solutions on the 
solution numbers. The logarithm of  the intensity is plotted 
along the ordinate (the luminescence intensity for distilled water 

was subtracted).
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with anomalously increasing amplitude down to the 
23d dilution (Fig. 5). So the solutions down to 4th 
dilution can be attributed to "ordinary" aqueous 
solutions and the solutions down to 23rd dilutions 
can be assigned to the aqueous solutions with 
"high" dilution conditionally. It should note the 
concentration of  the Lc aqueous solution is (CLc5 = 
1.4·10–4 mg/dm3) at the 5th dilution according to the 
estimate. It is corresponds to approximately 4.0·107 
molecules/dm3. The vertical lines indicate the main 
local luminescence maxima. Note they indicate the 
regularity also in character on the dilution numbers. 
The vertical dashed line marks the "local dip" in the 
vicinity of  the 17th dilution.

 The depending luminescence intensity of  "high 
dilution" aqueous solutions (at wavelengths λ = 480 
and 510 nm) on the solution number is shown in 
Fig. 6. The set of  local maxima of  the aqueous 
solutions luminescence intensity is shown in Fig. 6. 
When turn our attention to the maxima at 5th, 9th, 
13th, and the 21st solutions. They are manifested well 
but in the vicinity of  the 17th aqueous solution "local 
dip" is founded. The maximum luminescence occurs 
at the 21st solution both at wavelength of λ = 480 
nm and 510 nm in this case. There should not be Lc 
molecules in solution according to estimate. 

The special mathematical methods are used 
(Appendix 1) to analysis those data based on 

the concept of  decrement ( 1

1

n n

n n

X X
D

X X
+

−

−
=

−
). It was 

introduced by D.I. Mendeleev to study dynamic 
properties of  physical and chemical systems [8]. Here 
n determines the action of  the extensive factors for 
the dilution process and Xn determines the action 
of  the intensive factors. If  the decrement is integer 
then it is special situation. The characteristics both 

the extensive process (arithmetic progression) and 
the intensive process (geometric progression) are 
agreed.

The oscillations intensities luminescence 
indicates to unstable the aqueous solutions behavior 
during sequential dilutions (after the 5th dilution). 
The local maxima of  the luminescence intensity are 
located regularly (from the 5th down to the 23rd 
aqueous solution) and distance 4 units apart. In the 
vicinity of  the 17th diluting "local dip" is founded 
(Fig. 6). Note the first local maximum intensity 
according to the 9th dilution of  aqueous solution 
then there are practically no molecules in the 
solution (about 100 molecules/dm3) on estimate. 
The peculiarity of  changing the luminescence 
intensity of  aqueous solutions, for example, the 
appearance of  a "local dip" is natural in systems 
with a "memory" as a manifestation of  relaxation 
mechanisms that affect subsequent states of  the 
solution (Appendix 2).

It should be noted that when modeling various 
physical and chemical processes in the relaxation 
system, it is necessary to apply a generalized 

decrement ( 1

1

n n

n n

X X
D

X X
+

−

−
=

−
) in which the difference 

Xn – Xn-2 takes into account the "memory" of  the 
system. This relation is easily transformed into a 
difference equation, and its solution determines 
the denominator of  the geometric progression, of  
which Xn is a member (Appendix 2). In this case, 
two segments Xn – Xn-2 fit on the segment  Xn+1 – 
Xn. As a result, the processes of  the extensive and 
intensive types are coordinated at points Xn-2, Xn 
and Xn+1 (Fig. 7), and the first maximum (Fig. 6) 
falls on the 9th dilution (the 17th dilution does not 
correspond to this agreement) (Appendix 2).

 The using of  the decrement (or generalized 
decrement) and the corresponding difference 
equation is the basis for modeling physicochemical 
technologies [12]. They are usually presented as 

Fig. 6. The values for the luminescence maxima of  aqueous 
solutions (the luminescence intensities for distilled water were 
subtracted) at wavelengths λ = 480 nm (a) and λ = 510 nm 

(b) depending on the dilution number.
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Fig. 7. A development cell [24,25] for matching parameters 
of  arithmetic and geometric progressions. The shading indicates 

the transition zone.
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models of  parallel and sequential reaction stages, 
including those taking into account their relaxation 
properties [13].

Thus, the relationship of  the physicochemical 
extensive and intense factors at the dilution stages 
with the practically absent starting material (Lc) 
is apparently determined by their coordination 
according to the relaxation mechanism. This leads to 
the appearance of  both regular local luminescence 
intensity maxima of  aqueous solutions at high 
dilutions, and to the regular "local dip" (Fig. 6).

3. RESULTS AND DISCUSSION
In a first approximation, the ability of  chemical 
compounds to dissolve in water is characterized 
by the different type molecular interaction of  the 
molecules of  the soluble  substance with water 
molecules, causing the division into hydrophobic 
and hydrophilic substances.

According to modern theoretical concepts, the 
number of  physicochemical properties of  liquid 
water and its structure are rather fully described 
by the random network model of  hydrogen bonds 
(NHB)  or its expansion — an of  hydrogen 
bonds elastic network (ENHB) [14]. There are 
many ways to represent interparticle interaction 
in aqueous solutions, the most popular of  which 
is pair interaction (pair interaction potential or 
its modifications). In addition the three-particle 
potential and more complex potentials are used, for 
example, the potential of  an immersed atom [15]. 
Such variety of  potentials indicates the search for 
adequate models to describe the physicochemical 
properties of  water systems.

The hydrogen bond network model is productive 
because it allows us to discuss the real "chemistry 
of  aqueous solutions on weak hydrogen bonds" 
and expands the understanding of  the causes of  
the manifestation of  anomalous physicochemical 
properties in them. When discussing the causes 
of  various anomalies in aqueous solutions, it is 
necessary to take into account the nature of  the 
molecular bonds in the aqueous solution (hydrogen 
bonds). In this case, an additive increase/decrease 
in the mass of  the solution components due to the 
transformation of  the hydrogen bond network leads 
to a multiplicative increase/decrease in the number 

of  bonds. This effect apparently determines the 
aqueous solution anomalous properties.

This approach is accepted in physical chemistry 
when in thermodynamic calculations distinguish 
between extensive and intensive properties of  
aqueous solutions. At the molecular level of  
consideration, the extensive properties of  the 
system depend on the number of  elements in the 
system and their change (for example, an increase) 
is accompanied by the addition of  elements to 
the system (arithmetic progression). That leads 
to an increase in the "connectivity" between the 
elements in the system and the appearance of  
intense properties determined by the number of  
bonds (for example, the energy of  the system). It 
is important to keep in mind that a linear increase 
in the number of  elements in the system leads to an 
exponentially growing number of  “bonds” between 
them, described by a geometric progression. Of  
course, the basis and the exponent are different for 
each system and are interconnected.

Molecular interaction during the dissolution of  
one substance in water leads to the transformation 
(sometimes significant) of  NHB and an increase (on 
average) in the system with the "strong"2  hydrogen 
fraction. As a rule the strong hydrogen bonds 
also have long lifetimes [16], which leads to the 
appearance of  partially ordered associations water 
molecules or groups of  molecules at the “boundary” 
with dissolved molecules. In our opinion this fact 
leads to a problem not quite well indicated by the 
term "memory" of  water. The "memory" of  water 
corresponds either to the stable hydrate formation 
of  the dissolved hydrophilic substance with "strong" 
hydrogen bonds, or to the formation of  interphase 
region [17] (from water molecules, according to [18], 
"3-4 molecules" are thick) between a hydrophobic 
substance and bulk water with NHB. The relaxation 
of  the network of  hydrogen bonds in water 
when interacting with hydrophilic/hydrophobic 
molecules of  the solute, apparently, determines the 
physicochemical processes, which are understood as 
the "memory" of  water.

It should be noted that the phenomenon of  
hydrophobic interaction upon contact of  water 
2A strong hydrogen bond suggests that the hydro-
gen atom is (on average) practically on the line con-
necting two oxygen atoms of two water molecules.
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with the atmosphere causes the formation of  
the “nanobubble gas phase” with predominant  
nanobubbl sizes in the range of  100 - 200 nm [4]. The 
average sizes of  nanobubbles formed in water under 
identical conditions in the atmosphere from pure 
components (nitrogen, oxygen, carbon dioxide) are 
stable [19]. The average sizes of  nitrogen and oxygen 
bubbles are close to each other and have the above 
values, and for carbon dioxide the average size of  the 
bubbles differs by three orders of  magnitude. This 
difference is apparently determined by the solubility 
of  carbon dioxide in water with the formation of  the 
carbonic acid. According to L. Pauling, under normal 
conditions, approximately 19 cm3 of  atmospheric gas 
dissolves in 1 dm3 clear water [20]. If  we assume that 
the gas is dissolved in the form of  nanobubbles with 
an average nanobubble diameter of  150 nm, then 
this volume (19 cm3) corresponds to a concentration 
of  nanobubbles of  approximately 1012 dm3/cm3. 
According to [4.21], the "real" concentration of  
nanobubbles in this size range is estimated at about 
109 dm3/cm3. This result shows that, apparently, part 
of  the molecules of  the atmospheric gas is either 
located in bubbles much smaller (< 100 nm) or in 
clathrates [22, 23].

When analyzing the physicochemical properties 
of  aqueous solutions in contact with the atmosphere, 
it is necessary to take into account the constant 
presence of  the quasi-equilibrium “nanobubble 
phase” in atmospheric gas. Many physicochemical 
properties of  aqueous solutions are apparently 
determined by the constant presence of  this 
phase, the state of  which strongly depends on pT 
conditions (and not only) during the experiments. 
The most important factor is the inner surface of  
nanobubble, the estimated volume of  which at an 
average size of  150 nm and the concentration of  
4·109 bubbles/cm3 is nearly 3000 cm2/dm3 (S = 
πD2×4·109 bubbles/cm3 ≈ 2826 cm2/dm3) [21]. 
In addition, the interphase region of  nanobubbles 
appears to be bound (polarized) water, the properties 
of  which and the effect it has on the character of  
physicochemical processes in aqueous solutions 
have yet to be studied.

Above was considered only one of  the constantly 
acting factors in aqueous solutions (nanobubble gas 
phase), without touching on the specific mechanisms 
of  intermolecular interaction of  the molecules 

of  the solute and the solvent (water). In turn, this 
interaction is an equally important factor in the 
dissolution of  solids in water and could determine 
the presence of  the part of  the substance in the 
cluster state (dimers, trimers, ..., n-mers), which 
composition depends on the volume of  the solvent. 
It should be noted that at least two physicochemical 
processes compete in the process of  dissolving one 
substance in water, which determine the elasticity of  
the solution and the osmotic pressure in the solution, 
which ultimately determines the quasi-equilibrium 
concentration of  the molecules of  the dissolved 
substance in it. Apparently, many physicochemical 
properties of  aqueous solutions could be determined 
by the type of  connectivity (for example, a system of  
strong hydrogen bonds near the surface, dissolved 
molecules) and, in general, the number of  "strong" 
hydrogen bonds.

Thus, the basis for constructing the model of  
physicochemical processes in an aqueous solution 
should be based on the principle of  the relationship 
between the type of  accumulation of  elements in the 
system (arithmetic progression) and the growth of  
"connectivity" in the system (solution) according to 
a power law (geometric progression). For example 
apparently this effect determines the of  the optical 
properties change of  the solution. This allowed us to 
expand our understanding of  modeling the aqueous 
solutions properties with high dilutions. Instead of  
assuming that the properties of  the solution are 
determined by the presence of  solute molecules 
after each dilution, it is proposed to consider the 
change in the system of  the number of  moles with 
“strong bonds” (for example, hydrogen bonds) 
after each dilution. So, the "memory" of  water with 
a large number of  dilutions apparently does not 
depend on the number of  molecules of  the initial 
dissolved substance (arithmetic progression), but on 
the degree ("depth") of  the NHB transformation 
under the influence of  the dissolved substance in 
the initial concentration (geometric progression) and 
further from breeding to breeding.

4. CONCLUSION
Summarizing the results of  the study of  the aqueous 
solutions luminescence of  with Lc high dilutions, 
it should be noted that, apparently, there is the 
boundary in the concentration of  Lc (estimated 
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at about 10-4 mg/dm3), when the nature of  the 
luminescence changes significantly. In addition, in 
the case when, according to the estimate, there are 
no Lc molecules at all in the aqueous solution, the 
luminescence intensity amplitude at wavelengths 
λ = 480 and λ = 510 nm has the growing tendency, 
which is apparently a consequence of  unstable type 
physicochemical processes occurring in an aqueous 
solution.

Using the decrement of  D.I. Mendeleev and its 
generalized version (taking into account relaxation) 
made it possible to evaluate the regular nature of  
the arrangement of  the local maxima luminescence 
intensity as corresponding to the coordination of  
extensive and intensive mechanisms for changing 
the characteristics of  solutions during successive 
dilutions.

Finally, one general methodology for the study 
of  labile aqueous solutions is proposed, which with 
appropriate standardization of  the procedure for 
their preparation, can be used to verify the anomalous 
properties of  high dilution aqueous solutions.

APPENDIX 1
From the decrement of  D.I. Mendeleev for a number 
of  experimental points

1

1

n n

n n

X X
D

X X
+

−

−
=

−
 (1)

follows the corresponding difference equation of  
the form.

Xn+1 –  (D + 1)Xn +DXn-1 = 0.        (2)

The solution to equation (2) is sought in the 
form of  Xn = λn, which leads to the characteristic 
equation   λ2 – (D +1)λ + D = 0, whose roots are 
equal λ1 = 1, λ2 = D.

As a result, the solution of  equation (2) has the 
form

Xn = C1 + C2D
n         (3)

which corresponds to an exponential function of  
a fixed level C1, where D is the denominator of  
geometric progression (decrement).

APPENDIX 2
Consider a generalized version of  the decrement of  
D.I. Mendeleev (1), taking into account the possible 
relaxation characteristics of  the breeding process. 

They determine the "memory" parameters of  the 
state, which leads to a generalized decrement of  the 
form

1
1

2

n n

n n

X X
D

X X
+

−

−
=

−
 (4)

and reproduces the solution (3) of  the previous 
equation, but it allows one to synchronize the 
members of  arithmetic and geometric progressions. 
For him, the difference equation has the form

Xn+1 – (D1 + 1)Xn + D1Xn-2 = 0,        (5)

and his characteristic equation

λ3 – (D1 + 1)λ2 + D1 = 0.         (6)

When we rewrite (6) in the (λ - 1)(λ2 - D1λ - D1) = 
0 form, we obtain the obvious first root, as a result 
of  which we have two more roots (λ2,3).

Then 
2

1 1 1
2,3

4 .
2 4
D D Dλ +

= ± .

in this case the solution of  equation (5) has the form 

1 2 2 3 3 .n n
nX C C Cλ λ= + +

Then, at C3 = 0, the solution (3) of  the difference 
equation corresponding to the decrement of  D.I. 
Mendeleev [8] is reproduced.

In this case, it is possible to determine the 
conditions for matching the extensive and 
intensive characteristics of  the solution using the 
synchronization model of  arithmetic and geometric 
progressions.

The relationship between the intervals 
representing the arithmetic progression (Tn) and 
the terms of  the geometric progression (Xn) is 
determined by the equation

Xn+1 – Xn = D1Tn.         (7)

Then 1 1
11n nX D T
λ+

 − = 
 

 and 1( 1) .
1n n

DX Tλ
λ

−
=

−
This ratio determines the relationship between 

the members of  the arithmetic progression with 
difference and geometric progression with the 
denominator λ.

When the value is

1 2,   1 3.D λ= = ±
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Here the positive root 1 3λ = +  = 2.7320..., is 
close to the Nepere number e = 2.71828..., and the 
difference equation has the form
Xn+1 = 2(Xn + Xn-1)

1
2 3.164 .

1n n n
eX T T

e+ = =
−

In general, the synchronization of  boundaries 
represented by arithmetic and geometric progressions 
is shown in Fig. 7.

Moreover, e2 = 7.39... and e3 = 20.085... and 
therefore the dilution ratio represented by this 
structure is 7.4 in the first case, and in the second 
case it is 20.
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1. INTRODUCTION
Phospholipids at the water surface form a planar 
film – Langmuir monolayer – which is the simplest 
model of  a cell membrane for biophysical 
studies [1]. The main method traditionally used 
for studying the structure of  such systems is 
X-ray reflectometry and scattering under grazing 
incidence conditions, due to its non-destructive 
nature and high sensitivity to surface effects. A 
significant number of  publications on the studies 
of  Langmuir lipid monolayers on the surface 
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of  the water by X-ray methods is presented in 
literature, for example, in works [2,3]; a more 
recent review of  the topic can be found, for 
example, in [4].

However, studies of  such samples are limited 
by a number of  features. First of  all, contrast — 
the relation between densities of  lipid mesophase 
and aqueous substrate — in X-ray experiments 
is in the range of  0.95–1.05 [5], which leads to 
the necessity for high beam intensity and low 
experimental error of  the measured signal. As 
a result, reflectivity and scattering experiments 
from Langmuir systems are carried out at 
specialized synchrotron stations. Further, the 
need for a horizontal orientation of  the sample 
under investigation imposes restrictions on the 
design of  optical path for the x-ray station. At 
the same time, for a synchrotron scource, a small 
illuminated area on a sample combined with high 
radiation intensity leads to degradation of  the film 
under probing beam in a time interval comparable 
to that of  a single measurement [6].

A separate problem is the preparation of  
samples of  more complex lipid structures, 
especially in the form of  bilayers and multilayers. 
Indeed, the characteristic radius of  the 
spontaneous curvature of  a lipid bilayer in an 
aqueous environment is about < 10 μm, which 
leads to the formation of  macroscopic three-
dimensional aggregates (liposomes and vesicles). 
As a result, the works on structural analysis of  
multilayer lipid membranes are limited to a 
samples of  vesicular lamellae on solid substrates 
[7,8]. At the same time, it has been previously 
reported that ordered lipid lamellar films can 
form on the highly polarized surface of  aqueous 
solutions of  amorphous silica [9].

Here we present a review of  our systematic 
studies of  macroscopic lipid films at the 
surface of  silica hydrosol substrates by X-ray 
reflectometry. A key feature of  these works is the 
usage of  laboratory X-ray diffractometer with 
movable emitter-detector system and horizontal 
sample location [10] to perform experimental 
measurements of  reflectivity. The possibility of  
mutually independent movement of  both the 
source and the detector in relation to a stationary 

sample allowed us to significantly simplify the 
design of  optical system. The second significant 
feature is the application of  the model-
independent approach to the processing and 
analysis of  X-ray reflectometry and scattering 
data [11,12].

2. EXPERIMENT DESCRIPTION AND 
DATA PROCESSING
Liquid substrates were prepared in a fluoroplastic 
dish with diameter of  100 mm installed in a 
sealed cell with X-ray transparent windows, in 
accordance with the procedure described in [9]. 
A fixed volume of  a solution of  phospholipid in 
chloroform (~ 50 mmol/L) was applied on the 
surface of  the substrate by the droplet method 
using a calibrated Hamilton syringe. The required 
volume of  the solution (~ 10 μl) was calculated for 
the amount of  substance, when being completely 
spreaded over the surface, to be sufficient for the 
formation of  no more than 10 monolayers of  lipid. 
A change in the surface tension γ from 74 mN/m 
to ~ 50 mN/m, accompanying the process of  
droplet spreading, was recorded by the Wilhelmy 
method (NIMA PS-2). After preparation, each 
sample was kept at room temperature (T = 295 K) 
for at least an hour to bring it to a thermodynamic 
equilibrium.

The design of  a general-purpose laboratory 
diffractometer with movable emitter-detector 
system (DRS) is described in detail in [10]. A 
wide-focus (12×2 mm) X-ray tube with a copper 
anode was used as a radiation source. The probe 
radiation was prepared by a single-reflection 
crystal monochromator Si(111), tuned to the 
Kα1 line of  copper (photon energy E ≈ 8048 
eV, wavelength λ = 1.5405 ± 0.0001 Å), and 
a vacuum triple-slit collimation system, which 
allowed us to achieve beam linear width (intensity 
distribution in the plane of  specular reflection) 
d ≈ 0.55 mm with an integral beam intensity of  
3·106 counts/s. The scintillation detector Radicon 
SCSD-4 (with noise level 0.1 counts/s) was used 
to register the signal. Thus, the measurement 
range for the decrease in the signal intensity Rmax/
Rmin was 7 to 8 orders of  magnitude, which is 
comparable with measurements at 2nd-generation 
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synchrotron sources. Fig. 1 shows an example 
of  the experimental angular dependencies of  
specular reflection factor R(qz) obtained on a DRS 
diffractometer (Fig. 1, curve 1) and at the X19C 
synchrotron station (E ≈ 15 keV) of  the National 
Synchrotron Radiation Scource, Brookhaven 
National Laboratory, USA (Fig. 1, curve 2). The 
methods of  the measurements and the processing 
of  the obtained data is described in more detail, 
for example, in [13].

Kinematics of  X-ray scattering at a 
macroscopically flat horizontal surface under 
grazing incidence conditions can be conveniently 
described in the coordinate system where the 
center of  illuminated area corresponds to the 
origin point O, the xy plane coincides with the 
air-sample interface, and the Oz axis is normal 
to the surface (see the inset on Fig. 1). Here kin 
and ksc are the wave vectors of  the incident 
and scattered rays, α and β are the grazing and 
scattering angles (α, β << 1), φ  is the angle of  
azimuthal deviation of  the scattered ray. Under 
conditions of  specular reflection (α = β and φ  = 
0), the scattering vector has a single component 
qz = |kin − ksc| = (4π/λ)sinα. The angular 
dependence of  the specular reflection factor, in its 
turn, has the form 2

( )( ) |
zz F q zR q R qΦ= ( ) | , where 

RF is the reflectivity from the ideal air-substrate 
interface, and 1 ( ) exp( )

w

d zq iqz dz
dz
ρΦ

ρ
+∞

−∞
( ) = ∫  is the 

structural factor for the disctibution of  electron 
concentration ρ  depth-wise along the Oz axis, 
averaged over the illumination area.

For the analysis of  the experimental specular 
reflectivity data R(qz) and reconstruction of  the 
electron density distribution ( )zρ  we applied 
a model-independent approach proposed in 
[11], which is based on the extrapolation of  the 
asymptotic component of  reflectivity R into the 
range of  large angles (where qz > qmax). Unlike 
classical approaches which are based on the 
parametrical  optimization of  a theoretical model 
of  the object, the model-independent approach 
does not require any a priori assumptions about 
the structure under investigation, and allows us 
to directly calculate the permittivity distribution 
ε(z) (and, respectively, the volumetric electron 
concentration ( )zρ  = π(1 − ε(z))/(roλ

2), where ro 
is the classical electron radius) depth-wise in the 
direction normal to the interface plane. Features 
of  the approach, the problem of  uniqueness of  the 
solution of  inverse problem for the reflectometry 
case, and the calculation algorithm are described in 
detail in [12].

3. STRUCTURAL EFFECTS ON THE 
SURFACE OF SILICA HYDROZOL
The structure of  the transition layer on the surface 
of  a silica hydrosol — a colloidal solution of  
SiO2 nanoparticles in water stabilized by alkali 
(NaOH) — has been previously investigated by 
one of  the authors in [14, 15] only in frames of  an 
analytical model. The air-sol interface in that kind 
of  a system is strongly polarized in the direction 
normal to the surface, due to the difference in 
potentials of  the “electric image” effect between 
macro-nanoparticles that carry large charge (~ 
103 electrons) and alkaline Na+ ions. This leads to 
separation of  the planes of  closest approach for 
ions and nanoparticles.

In [16] we examined the structure of  surface 
layering for colloidal solutions of  Ludox SM-30 
(30% wt. SiO2 and 0.2% wt. Na+) and TM-50 
(50% wt. SiO2 and 0.3% wt. Na+), as well as the 
effect of  rearrangement of  the structure after 
the application of  a model lipid 1,2-distearoyl-
sn-glycero-3-phosphocholine (DSPC) on it. Note 
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Fig. 1. Reflectivity curves R(qz) measured on a DRS 
diffractometer (1) and an ID31 synchrotron station (2). 
The data are given from [21,22]. Insert: geometry of  X-ray 

scattering from a surface.
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that the characteristic diameter of  the silicon 
oxide particles, previously calculated from the 
small-angle X-ray scattering data, was ~12 nm for 
the SM-30 solution and ~27 nm for the TM-50 
solution. An example of  X-ray reflectivity curve 
R(qz), measured from the SM-30 solution, is shown 
in Fig. 2a (circles are the experimental points, solid 
line illustrates accuracy of  the reconstruction). 
The model-independent distribution of  electron 
concentration ( )zρ , calculated and normalized to 
the volumetric electron concentration in deionized 
water wρ  = 0.333Å-3 (solid line in Fig. 2b) is in 
good agreement with the analytical model from 
[14]: a “suspended” Na+ ions on the surface, a 
depleted layer of  water, and an “macroion wall” 
of  SiO2 nanoparticles (dashed lines in Fig. 2b is a 
water content in this layer`).

Note that the roughness of  the interface can 
have a significant effect on the dynamics of  surface 
processes. In [17], we carried out a comprehensive 
study of  the surface structure of  TM-50 silica 
sol accounting for surface roughness by the 
diffuse scattering. It was found that the statistical 
distribution function of  roughness heights C(ν) 
(the so-called power spectral density function [18]), 
calculated from the angular distribution of  scattered 
radiation, differs significantly from the theoretical 
predictions of  the capillary waves theory, which 
is widely used in the literature [19] (Fig. 3). We 
assume that this effect is due to the influence of  
viscosity of  colloidal solution in the near-surface 
region. This assumption is discussed in more detail 
in [20], where we carried out observations of  the 
whispering gallery effect on water and silica sols, 
and also analyzed the dynamics of  the efficiency 
of  intensity transfer along the liquid meniscus 
depending on the surface roughness.

4. MULTI-LAYERS OF PHOSPHOLIPIDS 
ON A LIQUID SURFACE
Kinetics of  the spontaneous ordering of  
phospholipid multilayers on the surface of  
silica sol was discussed in our works [21,22]. We 
used model lipids 1,2-distearoyl-sn-glycero-3-
phosphocholine (DSPC) and 1-stearoyl-2-oleoyl-
sn-glycero-3-phosphocholine (SOPC) deposited 
on the surface of  silica sols FM-16 (16% wt. 
SiO2 and 0.2% wt. Na+, characteristic diameter 
of  nanoparticles 5 nm) and SM-30 (see above). 
Note that DSPC and SOPC lipids have different 
temperatures  Tc of  a phase transition associated 
with chain melting [1]: at room temperature (295 
K) DSPC is in the gel phase, and SOPC is in the 
liquid phase. When the DSPC film has been kept 
in thermodynamic equilibrium for about 24 hours, 
a regular set of  diffraction peaks with a period ∆qz 
= 2π/d appears  on the angular dependence of  the 
reflection factor (curve 1 in Fig. 4a), where the 
characteristic thickness d of  a structural element 
in the multilayer corresponds to the thickness of  

Fig. 3. (a) Two-dimensional distribution of  diffuse scattering 
from the surface of  TM-50 silica sol. (b) Calculated function 
C(ν) (1) and the theoretical estimate in the frames of  capillary 
roughness model Ccap(ν) (2). The data are given from [17].

Fig. 2. (a) Reflectivity curve R(qz) from the SM-30 silica sol 
surface. (b) Normalized profile ( ) / wzρ ρ (solid line) and model 

decomposition (dashed line). The data are given from [16].
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DSPC bilayer in the crystalline phase L ≈ 68 Å 
known in literature.

According to the reconstructed electron 
concentration profile ( )zρ  normalized to the 
electron concentration in deionized water wρ  
= 0.333Å-3 (Fig. 4b), the total thickness of  the 
structure agrees well with the Debye screening 
length in the bulk hydrosol ΛD ~ 500 Å. At the 
same time, the electron concentration in each of  
the periodic layers exceeds the theoretical value 
for density distribution along the lipid molecule. 
A number of  authors previously assumed, 
according to the results of  molecular dynamics 
modeling, that an additional potential in the lipid 
membrane can arise due to the penetration of  
Na+ ions into it from the bulk of  substrate [23]. 
Assuming that DSPC molecules in the bilayers 
are in three-dimensional crystalline phase with 
the most dense packing corresponding to the 
area per molecule A = 41.6 Å2, the calculated 
value of  excess electron concentration in the 
multilayer corresponds to ~9 Na+ ions per 
each lipid molecule. However, according to 
the formation time of  the ordered structure, 
the estimated resistivity of  the multilayer per 
area unit is lower by 4–5 orders of  magnitude 

than the values known in the literature from 
measurements of  the ionic conductivity of  lipid 
films on water and solid substrates. We assumed 
in [22] that a more efficient transfer of  ions from 
the volume of  silica sol to the multilayer is caused 
by electroporation of  the lipid film under the 
influence of  an electric field on the sol surface, 
which significantly exceeds the theoretical limit 
for its electrical stability.

The influence of  chemical composition of  a 
silica substrate on the structure and properties 
of  the lipid membrane has been also considered 
in [21]. In particular, the enrichment of  SM-
30 substrate with alkaline ions (up to 1.3% 
wt. NaOH) before applying a lipid film onto it 
leads to the disappearance of  diffraction peaks 
on the specular reflectivity R(qz) (curve 2 in 
Fig. 4a), which corresponds to the collapse of  
a lipid structure (to the monolayer state) and to 
condensation of  nanoparticles on it from the bulk 
(profile 1 in Fig. 4c). In this case, excess lipid on 
the surface forms macroscopic bulk aggregates 
that persist in equilibrium with the lipid film and 
are condensed on the edge of  meniscus. The 
decrease in thickness of  the lipid layer is also 
consistent with the calculated decrease in the 
Debye screening length ΛD (up to ~ 100 Å) in an 
alkaline-enriched solution. The estimated area per 
lipid molecule A calculated from the integrated 
electron density is 45 ± 2 Å2, which corresponds 
to the value for Langmuir monolayers in two-
dimensional liquid crystal phase [9,24]. Thus, the 
possibility of  controlling the thickness and phase 
state of  a lipid film by changing the concentration 
of  alkaline ions in a liquid substrate was shown 
in [21].

It should be noted that the films of  saturated 
phospholipids exhibit a first-order phase transition 
between the states of  “liquid expanded” (LE) 
and “two-dimensional liquid crystal” (LC) under 
changes in surface conditions, in particular, 
lateral pressure [24]. As a result, for the correct 
interpretation of  the structure of  mono- 
and bilayers, it is necessary to apply various 
research methods, including those providing a 
qualitative model of  the structure. In [25, 26] we 
investigated the LE-LC phase transition in the 
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Fig. 4. (a) Reflectivity curves R(qz) from DSPC film on the 
surface of  pure SM-30 silica sol (1) and enriched in NaOH (2). 
(b) Normalized profile ( ) / wzρ ρ  for DSPC film on the pure 
silica sol SM-30. Insert: lipid multilayer structure. (c) Normalized 
profile ( ) / wzρ ρ  for DSPC film on the silica sol enriched with 
NaOH (1), and theoretical profile for the Langmuir monolayer 

of  DSPC (2). The data are given from [21,22].
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1,2-dimyristoyl-sn-glycero-3-phospho-L-serine 
monolayer (DMPS) on the surface of  a KCl 
solution in deionized water (~10 mmol/L) using an 
integrated approach which included methods of  
X-ray reflectometry (XR) and molecular dynamics 
simulations (MD).

As an example Fig. 5a shows the angular 
dependence of  the reflection factor for a compressed 
DMPS monolayer in the liquid crystal phase with 
an estimated area per molecule A ≈ 45 Å2. Fig. 
5b shows the electron concentration profile ( )zρ  
calculated by the model-independent approach 
(solid line) and the decomposition profiles of  the 
structural elements from a theoretical monolayer 
model (dashed lines). In the region of  molecular 
lipid “tails” adjacent directly to the surface, the 
distribution ( )zρ  corresponds with good accuracy 
to the highly ordered structure of  hydrocarbon 
chains with an angle of  deviation from the normal 
to the surface θ ≈ 26°. However, in the region of  
the polar groups of  phosphatidylserine (peak of  

( )zρ  in Fig. 5b) the integral electron concentration 
for model-independent calculation exceeds the 
theoretical value by almost 30%. This effect is 
supposedly caused by hydration of  the polar 
groups; the calculation of  the excess number of  
electrons corresponds to ~5 H2O molecules per 
each lipid molecule. Note that this estimate almost 
coincides with the modeling of  water distribution 
in the structure of  lipid membrane according to 
MD calculations. In [26], the effects of  hydration 
of  a lipid film for various values of  area per 
molecule A during compression are discussed in 
more detail.

5. CONCLUSION
Thus, in a series of  publications 
[13,16,17,21,22,25,26] we systematically 
demonstrated the possibilities of  studying the 
structure of  macroscopically flat phospholipid 
films at the air-liquid interfaces by X-ray 
reflectometry performed on a laboratory source. 
A key feature of  these works is the analysis 
of  experimental data within the frames of  the 
model-independent approach, which allows us 
to obtain information on the transverse structure 
of  films directly without involving any a priori 
models. The formation of  a multilayer lipid 
membrane on the surface of  colloidal solutions 
(silica sol) was reproduced repeatedly; the time-
wise dynamics of  the spontaneous ordering of  
multilayer, as well as the possibility of  influencing 
the electrical properties of  air-silica sol interface 
and the structure of  the formed membrane by 
enriching the substrate with alkali metal ions, are 
investigated. For the first time we demonstrated 
the whispering gallery effect at the liquid samples. 
In addition to, we considered the deviation of  the 
experimental statistical parameters of  the surface 
roughness from the theoretical predictions of  the 
standard theory of  capillary waves.
As it is shown, the application of  the model-
independent method for reconstruction of  the 
structure can serve as an independent confirmation 
of  the correctness of  the mathematical modeling 
of  such films, including molecular dynamics 
simulations. With a comparable range of  both 
the ratio of  the incident beam to the measured 
signal intensity (Rmax/Rmin ~ 108) and scattering 
vectors (qmax ≈ 0.5 Å-1), the non-destructive nature 
of  laboratory measurements using reflectometry 
is a promising method for studying the in situ 
structure of  organic films on the surface of  liquid 
substrates.
We also believe that it is useful to apply our 
approach in combination with other experimental 
and theoretical methods simultaneously, for 
example, to study the processes of  adsorption 
of  macromolecules (proteins or polymers) on 
a phospholipid monolayer, which can be an 
important step in understanding the mechanisms 
of  functioning of  biological membranes.

Fig. 5. (a) Reflectivity curve R(qz) from the DMPS monolayer 
in the LC phase on the surface of  the water. (b) Normalized 
profile ( ) / wzρ ρ  (1) and decomposition of  the theoretical 
model of  MD: a layer of  hydrocarbon “tails” (2), a layer of  
lipid polar groups (3), water (4). The data are given from [26].
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1. INTRODUCTION
Titanium dioxide is one of  the most studied 
materials. However, it still attracts great 
attention of  researchers [1, 2]. Due to its 
low toxicity, high stability, low cost, and 
stable photoactivity, TiO2 is considered as a 
promising photocatalytic material, which is 
already widely used in the development of  
solar cells [3], and photocatalysts for water 
[4] and air [5] purification.

There is high interest in titanium 
dioxide as photocatalyst. It exists in several 

crystalline modifications (rutile, anatase, 
brookite) and various forms (nanoparticles, 
nanotubes [6], nanofibers [7] and nanosheets 
[8]) and photocatalytic characteristics are 
highly dependent on crystallinity [9], phase 
composition, and method of  the material 
obtaining [10]. The photoelectrochemical 
behavior can also be changed by doping 
[11] and surface modification [12, 
13]. Establish a relationship between 
photocatalyst morphology, elemental, and 
phase composition is a task of  fundamental 
importance.

In this paper, we consider highly ordered 
arrays of  titanium dioxide nanotubes obtained 
by anodic oxidation of  titanium plate [14]. 
When Ti/TiO2 is irradiated, an electron-
hole pair formation occurs. Ordered tubular 
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nanostructures are characterized by large 
active areas and low recombination rates 
[5]. Therefore, anodized TiO2 nanotubular 
arrays are more photocatalytic efficient 
compared to disordered forms of  titanium 
dioxide [14].

It was recently demonstrated that 
significant pH-gradient could be obtained 
by local irradiation of  the surface of  the 
TiO2 nanotubes. Local radiation of  the 
planar photoelectrode surface creates a 
“conductive point” serving as a photoanode. 
The bending of  the semiconductor zones 
and the Schottky junction at the Ti-TiO2 
interface cause spatial separation of  charges: 
photoexcited holes (h+) reach the interface 
between titanium tubes and an aqueous 
solution. Holes, which are active oxidizing 
agents, cause the photolysis of  water and 
hence trigger the flow of  protons from the 
illuminated region. Thus, titanium dioxide 
nanotubes can be used to trigger local proton 
fluxes [15]. At the same time, electrons are 
transferred to the Ti-TiO2 interface and then 
through the metal substrate to the external 
circuit. As a result, the anodic photocurrent 
is observed.

Thus, the use of  photoconductive 
substrates makes it possible to create a 
flexible and customizable electrode system 
for generating the desired pH gradients. 
Changing the polarization allows switching 
the activity of  the photoconductive electrode 
from the photocathodic at negative applied 
voltage to the photoanodic at a positive one. 
As a result, hydroxide ions or protons may be 
produced respectively locally inside irradiated 
spots [16].

The effect of  the photocurrent 
switching [17] when switching illumination 
from ultraviolet to blue was observed in 

nanostructured anodized titanium dioxide 
at a fixed potential. This effect has been 
previously described for a limited number 
of  materials, such as bismuth orthovanadate, 
lead molybdate, V-VI-VII semiconductors, 
and, for example, photoelectrodes made 
of  nanocrystalline TiO2 modified by 
cyanoferrate [14, 18] and ruthenium [19] 
complexes, thiamine, folic [20] and carminic 
[21] acids. For unmodified nanostructured 
anodized, this effect is described for the first 
time in this work.

Layer-by-layer (LbL) polyelectrolyte 
assembly is a convenient and straightforward 
way to modify and functionalize the 
surface. This approach is widespread in 
the development of  functional coatings, 
such as anticorrosive and antimicrobial [22, 
23]. Recently, it was also shown that LbL 
assemblies on the surface of  photoelectrodes 
could affect their photocatalytic properties 
[11]. In particular, it was demonstrated that 
photoelectrodes fabricated from a suspension 
of  TiO2 particles coated with sodium 
polystyrene sulfonate (PSS) show a higher 
efficiency of  photocatalytic decomposition 
of  organic dyes compared to unmodified 
particles [24].

2. MATERIALS AND METHODS
Titanium plates with a thickness of  1 mm 
and a purity of  99.6% were used. The plates 
were etched in a mixture of  concentrated 
hydrofluoric and nitric acids in a ratio of  
1:2. Highly ordered photoactive arrays of  
titanium dioxide nanotubes were obtained 
by two-stage anodizing of  titanium plates 
with a platinum counter electrode of  the 
same area. Ethylene glycol containing 0.75% 
NH4F and 2% distilled water was used as an 
electrolyte for anodizing. At the first stage, 
the titanium anode was polarized in a linear 
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sweep mode with a voltage from 0 to 40 V 
and a potential sweep speed of  0.2 V/s. At 
the second stage, the same titanium plate was 
polarized by applying a constant voltage of  
40 V for an hour. The obtained nanotubes 
are then treated with ultrasound in ethanol 
for 0.5-1 min and annealed at 450°C for 3 
hours.

The phase composition of  the samples 
was studied by X-ray diffraction (XRD) 
using CuKα irradiation (λ = 1.5405 Å). 
Diffractograms were obtained in the range 
of  2Θ from 2 to 60, with a scan rate of  5°/
min.

The morphology of  TiO2 coatings 
was investigated by Scanning Electron 
Microscopy (SEM) using a Hitachi S-4800 
microscope (Hitachi High-Technologies Inc., 
Japan). Previously, a carbon layer was sprayed 
onto the samples to improve contrast.

Chronoamperometry measurements were 
performed in a standard three-electrode cell 
filled with 0.05 M NaCl with a photoactive 
plate of  anodized nanostructured TiO2 as 
a working electrode, a platinum counter 
electrode, and Ag/AgCl reference electrode 
using PalmSens4 potentiostat (Netherlands). 
Ultraviolet (365 nm) and blue (405 nm) 5 
mV/cm2 light-emitting diodes were used as 
radiation sources. The working surface of  
the electrode was 0.2 cm2. The dark current 
was first recorded at the applied potential, 
then the light source was turned on, and the 
photocurrent was recorded for 10 minutes. 
The data were presented as the dependence 
of  the current density on time.

Polyelectrolyte layers were deposited 
using the classical LbL approach. Solutions 
of  polycation - polyethyleneimine (PEI) and 
polyanion - polystyrene sulfonate (PSS) were 

dissolved in 0.5 M NaCl solution to obtain 
2 mg/ml polymer solutions. Branched PEI 
(Mw 70000), 30% aqueous solution, and 
PSS (Mw 500000), both Sigma Aldrich, were 
used.

Each polyelectrolyte layer was deposited 
by immersion of  titanium nanotubes 
substrate in a solution of  the corresponding 
polyelectrolyte. After each immersion, the 
sample was rinsed with distilled water. As 
a result, the LbL assembly of  (PSS/PEI)3 
architecture was deposited on top of  the Ti/
TiO2 substrate.

The photocatalytic activity of  
nanostructured anodized titanium dioxide 
was also studied using a Scanning Vibrating 
Electrode Technique (SVET) using a system 
from Applicable Electronics (USA) under 
the control of  ASET software (Sciencewares, 
USA). The SVET method allows one to 
visualize the distribution of  anodic and 
cathodic activity regions by measuring the 
electric field in a solution near the surface of  
the sample. The potential, ΔV between two 
points at a distance Δr from each other was 
measured for these purposes. It is realized 
using a vibrating electrode scanning the 
surface in SVET.

Pt-Ir microprobe (Microprobe Inc., 
USA) coated with an insulating polymer 
and with a spherical platinum black tip 
with a diameter of  30 μm was used as a 
vibration probe. A piezoelectric generator 
set the vibration, the probe oscillation 
frequency was 136 Hz, and the amplitude 
was 30 μm. The probe was located at 
the height of  150 μm above the sample. 
The measured potential ΔV was then 
recalculated to the local current density 
following a preliminary calibration.
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3. RESULTS AND DISCUSSION
The XRD pattern of  anodized titanium 
dioxide contains peaks at 25, 38, 48, 54, and 
55° 2Θ, which indicates the formation of  
an anatase TiO2 phase (Fig. 1a). Electron 
microscopy demonstrates the formation 
of  highly ordered and vertically arranged 
nanotubes with a pore diameter of  
approximately 60-80 nm (Fig. 1b).

Highly ordered TiO2 nanotubes are 
characterized by short charge transfer distance 
and small losses during the recombination of  
an excited electron-hole pair [14]. Therefore, 
titanium nanotubes obtained by titanium 
anodization demonstrate greater efficiency 
of  photoelectrochemical processes in 
comparison with nonoriented and disordered 
forms of  TiO2.

The anatase band gap is 3.2 eV. Thus, 
anatase optical absorption is limited by the 
ultraviolet region, and this phase of  TiO2 
exhibits photocatalytic activity only when 
irradiated with ultraviolet light (λ < 390 nm). 
Ultraviolet radiation (λ = 365 nm) excites an 
electron from the valence band (VB) directly 
to the conduction band (CB) of  TiO2. Under 
conditions of  thermodynamic equilibrium 
with the electrolyte solution, semiconductor 
zones bending occurs. This phenomenon 
prevents the injection of  electrons into the 
solution and forces the electron transfer to 

conducting titanium substrate and then to 
the external circuit (Fig. 2a).

Weak current flows during anodic 
polarization (+0.3 V) of  TiO2 photoelectrode. 
When ultraviolet (365 nm) irradiation is 
switched on, a sharp increase in current 
and reaching a stable value is observed. A 
fast and steady increase/decrease of  the 
photocurrent value upon switching on/off  
irradiation indicates an effective separation 
of  charges and their low recombination rate 
(Fig. 2c).

During the anatase phase forming 
annealing of  titanium nanotubes in a non-
oxidizing atmosphere, partial titanium 
reduction occurs. As a result, intermediate 
Ti3+ energy levels are formed in the bandgap 
of  titanium dioxide. These levels create 
additional electron transfer pathways [25] 
and make titanium nanotubes photoactive in 
the visible part of  the spectrum, in particular, 
when irradiated with blue light (λ = 405 nm) 
(Fig. 2b). Compared to UV light, the blue one 
(λ = 405 nm) is characterized by lower energy 
and is not able to excite electrons directly to 
the conduction band, because the bandgap 
is higher than the energy of  blue irradiation. 

Fig. 2. Schemes of  energy levels (VB - valence band, CB 
- conduction band) and electronic transitions in anodized 
nanostructured TiO2 at a potential of  +0.3 V and when 
irradiated a) with ultraviolet light (λ = 365 nm), b) with 
visible blue light (λ = 405 nm), c) chronoamperometric 
measurements at a potential of  +0.3 V and chopped 

irradiation.

Fig. 1. a) XRD pattern of  titanium dioxide obtained by 
double anodic oxidation of  titanium, b) SEM micrographs 
of  the TiO2 nanotubes surface obtained by double anodic 

oxidation of  titanium.

                       a                                    b
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However, an electron excited by blue light 
can be trapped by Ti3+ levels and transferred 
to a conducting titanium substrate (Fig. 2b). 
When exposed to visible light, the initial 
current spike is followed by an exponential 
photocurrent decay, suggesting a fast 
recombination process (Fig. 2c).

The effect of  photocurrent switching 
depending on irradiation wavelength is 
observed at negative polarization (-0.3 V) in 
nanostructured anodized titanium nanotubes. 
Depending on the wavelength of  irradiation, 
an anodic or cathodic photocurrent was 
registered in an external circuit. In the case 
of  negative polarization and ultraviolet 
radiation, the excited electron passes into the 
conduction band and hence to the conductive 
substrate and the external circuit (Fig. 3a). As 
a result, a positive photocurrent is recorded 
(Fig. 3c).

The energy levels of  Ti3+ located in the 
bandgap of  TiO2 capture electrons excited 
by visible light with an energy less than the 
bandgap. With negative polarization, electron 
transfer from this level to the oxidizing agent 
in solution (water) is more advantageous. In 

this case, a negative photocurrent is observed 
(Fig. 3c).

Thus, with the same polarization, the 
photoactivity of  anodized nanostructured 
titanium dioxide can be changed from 
cathodic to anodic and vice versa using 
radiation with different wavelengths, for 
example, ultraviolet and visible blue.

The possibility to control the 
photocatalytic properties of  nanostructured 
anodized titanium dioxide by modifying its 
surface with polyelectrolyte assemblies was 
also investigated. The photoanodic activity 
of  titanium nanotubes upon irradiation with 
a focused light spot (~ 500 μm) of  ultraviolet 
radiation was studied. Then, a polyelectrolyte 
multilayer of  (PSS/PEI)3 (Fig. 4a) was 
deposited on top of  TiO2, and measurements 
were repeated under the same conditions.

Fig. 3. Schemes of  energy levels (VB - valence band, CB 
- conduction band) and electronic transitions in anodized 
nanostructured TiO2 at a potential of  -0.3 V and when 
irradiated a) with ultraviolet radiation (λ = 365 nm), b) visible 
blue light (λ = 405 nm), c) chronoamperometric measurements 

at a potential of  -0.3 V and chopped irradiation.

Fig. 4. a) Schematic image of  titanium dioxide surface 
coated with a polyelectrolyte multilayer of  (PSS/PEI)3, 
b) chronoamperometric measurements of  unmodified 
nanostructured anodized titanium dioxide and the same sample 
coated with (PSS/PEI)3 polyelectrolyte multilayer under and 
chopped irradiation, c) map of  photoelectrochemical activity 
obtained by SVET method in solution over a TiO2 sample 
irradiated with a focused UV (365 nm, 5 mW/cm2), d) map 
of  photoelectrochemical activity obtained by  SVET method 
in solution over a TiO2/(PSS/PEI)3 sample irradiated with 

a focused UV (365 nm, 5 mW/cm2).
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An anodized titanium dioxide 
photoelectrode modified by polyelectrolytes 
generates approximately 2.5 times higher 
anodic photocurrent under ultraviolet 
irradiation than unmodified one (Fig. 4b).

The anodic and cathodic activity was 
mapped in solution over the surface of  locally 
irradiated TiO2 samples using the SVET 
technique. It was found that a region of  anodic 
activity is localized inside irradiated spot 
on the surface of  anodized nanostructured 
TiO2. The emerging electric field creates 
an ion flux of  the order of  100 μA/cm2 
(Fig. 4c). For TiO2/(PSS/PEI)3, an increase 
in photoanode activity by approximately 
three times is observed, whereas localization 
is approximately the same (Fig. 4d).

4. CONCLUSION
In this paper, we demonstrated the effect 
of  photoelectrochemical photocurrent 
switching in nanostructured anodized 
titanium dioxide. Highly ordered arrays 
of  titanium nanotubes were obtained by 
double anodizing of  titanium plates. The 
morphology and phase composition of  the 
Ti/TiO2 composites were characterized, 
and their photocatalytic activity was 
studied. When photoelectrode negatively 
polarized, photocurrent direction changes 
depending on the wavelength excitation 
light: under UV irradiation (λ = 365 nm), 
the photocurrent is positive, and under 
visible blue light (λ = 405 nm) it is negative. 
Thus, it was shown that unmodified 
titanium dioxide shows the effect of  
photoelectrochemical photocurrent 
switching. The possibility of  increasing the 
photoanodic activity of  anodized TiO2 by 
depositing polyelectrolyte assemblies on 
top of  was also demonstrated.
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1. INTRODUCTION
Glass transition is one of  the most intriguing 
problems which does not find a solution already 
for about a century. One of  the difficulties in 
investigation  of  glass transition is complex nature 
of  glass-forming systems [1]. Experimentally one 
often uses some organic glass-formers (molecular 
liquids), metallic alloys (metallic glasses), 
network-forming liquid etc., i.e. rather complex 
systems.  Importantly, these systems are typically 
multicomponent. One component systems usually 
demonstrate strong ability to crystallization which 
prevents their transformation to glass. However, 
glass transition can be observed in some model 
systems in frames of  computer simulation 
methods [2-4]. Since one component systems 

are much simpler then the multicomponent 
ones their investigation allows to reveal some 
general features of  glass forming systems which 
is important for the general understanding of  the 
problem.

The situation becomes even more complex 
in the case of  two-dimensional (2D) systems. It 
is well known that 2D systems can demonstrate 
long time tails of  the velocity autocorrelation 
functions, which makes the diffusion coefficient 
to be finite even at low temperatures [5]. It makes 
them much worse glass-formers comparing to 
the three dimensional (3D) ones [6]. However, 
some models do demonstrate glass transition 
even in monatomic 2D system [7-9]. Refs. [7–
9] studies the so-called Lennard-Jones-Gauss 
system (LJG). This is the system of  particles 
interacting via the pair potential which consists 
of  two parts: Lennard-Jones one and a Gaussian 
step. As a result the potential becomes a core-
softened one. This system was widely studied 
in 3D [10-14]. However, its phase diagram has 
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not been calculated. Most of  the calculations 
focused on the properties of  LJG liquid [10-14]. 
In 3D this system demonstrates numerous liquid-
state anomalies, including density anomaly [13], 
diffusion anomaly [14], structural one [13] and 
the anomalous behavior of  viscosity [10, 11]. At 
some values of  parameters of  the potential LJG 
system can form quasicrystalline phases both in 
2D and 3D [15, 16]. It also demonstrates high 
glass-forming ability [17].

The LJG potential belongs to a family of  so-
called core-softened potentials. It is well known 
that many core-softened systems demonstrate 
complex behavior [18]. Moreover, the behavior 
of  these systems strongly depends not only on 
the functional form of  the potential, but on 
the parameters of  the potential too: even tiny 
changes of  the parameters can lead to dramatic 
change in the behavior. A particular core-
softened model introduced in our previous 
works is so called Repulsive Shoulder System 
(RSS) [3]. This is the system of  particles 
interacting via a potential:

14

1( ) / 0.5(1 tanh( ( ))).U r k r
r
σε σ = + − − 
 

The parameters ε and σ give the energy and 
the length scales in the system. Below we will 
use them as the units of  energy and length 
respectively: U' = U/ε, l' = l/σ. Since only 
these units will be used we will omit the prime 
marks. The parameter k is fixed to be k = 10.0. 
The parameter σ1 determines the width of  the 
repulsive shoulder. Fig. 1 shows the potential for 
σ1 = 1.35.

The behavior of  this system was studied in 
a number of  papers in both 3D [3, 19–22] and 
2D [23–27]. It was shown that at σ1 = 1.35 the 
3D system has complex phase diagram with 
several crystalline phases. Glass transition was 
also indicated in the system [3, 4]. Interestingly, 
a tiny change to σ1 = 1.37 suppresses the 
glass transition and leads to formation of  a 
dodecagonal quasicrystal [28, 29]. This system 
also demonstrates numerous liquid state 
anomalies, which also strongly depend on the 
parameters of  the potential [20-22].

In Refs. [23-27] the phase diagram of  RSS 
with σ1 = 1.35 in 2D was studied. It was shown 
that this system forms three crystalline regions 
(low density triangular crystal, square crystal 
and high density triangular one). A dodecagonal 
quasicrystal phase appears in between of  the 
square phase and the high density triangular one 
[27]. No stable ordered phase was identified in 
the region between the low density triangular 
phase and the square crystal.

In the present work we study the 2D RSS 
in the region of  densities between the low 
density triangular phase and the square one. 
We show that the system does not demonstrate 
any ordered structure in this region within 
the simulation time. At the same time when 
the temperature is lowered the dynamics of  
the system becomes slower. Basing on this we 
conclude that the system undergoes a transition 
into a glassy state.

2. SYSTEM AND METHODS
In the present paper we study a 2D system of  
20000 particles in a rectangular box with size 
ratio Ly/Lx = 31/2/2 by means of  molecular 
dynamics method. Periodic boundary conditions 
are applied in both directions. The system is 
simulated in canonical ensemble (constant 
number of  particles N, square of  the system 
A and temperature T) by means of  molecular 
dynamics method. The time step is dt = 0.001. 
Firstly 5·107 steps are made for equilibration of  
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the system. After that more 2·107  are performed 
for calculation of  properties.

We calculate the equation of  state of  the 
system and its internal energy. The structure 
of  the system is characterized by the radial 
distribution functions (RDFs) and the diffraction 
patterns. The dynamical properties of  the system 
are probed by the mean square displacements. 
The diffusion coefficient is obtained by Einstein 
method.

3. RESULTS AND DISCUSSION
We start the discussion from the equation of  
state of  the system in the region of  interest. 
Fig. 2 shows the equation of  state along 
several isotherms and the isochore ρ  = 0.7. 
One can see that the isotherms demonstrate 
two peculiar regions: at the densities about 
ρ  = 0.6 and ρ  = 0.77. The nature of  these 

peculiarities is well studied in our previous 
publications: the former region corresponds 
to the melting of  triangular crystal with low 
density, while the later one is the melting 
region of  the square crystal.

At the same time one can see that the 
isochor of  the system experiences a bend at 
the temperature about T = 0.06. Apparently 
the high temperature phase of  the system is 
liquid. Therefore, the liquid also experiences 
some transformation being cooled along this 
isochore. These observations mean that in the 
region between the triangular and square crystal 
another phase which has not been recognized 
in the previous works takes place. The goal of  
the present paper is to identify this phase and to 
describe its properties.

In order to characterise the structure of  
the system in the gap between the triangular 
and the square phases we calculate the Radial 
Distribution Functions (RDFs) at very low 
temperature T = 0.001 and several densities. 
The results are shown in Fig. 3a. The RDFs 

Fig. 2. Equation of  state of  the system (a) along a set 
ofisotherms and (b) along the isochore ρ  – 0.7. The arrows in 
panel (а) mark the peculiarities due to the melting of  triangular 

and square crystals.
Fig. 3. (a) Radial distribution function at several densities at T 
= 0.001. (b) Diffraction pattern at T = 0.001 and ρ = 0.66.
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of  crystalline phases at such low temperature 
look like a set of  δ-peaks, which is exactly what 
we expect for the low temperature crystals. 
However, at intermediate densities the RDF of  
the system experiences a qualitative change (see 
the inset of  Fig. 3a). Two relatively high peaks 
(however, much lower then the first peaks of  the 
crystalline structures) are observed.  However, 
at large distance the RDF looks liquid-like.  
We conclude that the system demonstrates a 
pronounced short-range ordering, but not the 
quasi-long-range, as it should be for a 2D crystal. 
Further evidence of  this assumption is obtained 
from the diffraction pattern of  the system given 
in Fig. 3b. No clear structure is observed, i.e. 
the system remains disordered. Basing on this 
we assume that the phase between the triangular 
and square crystals is glass.

In order to characterize the dynamical 
properties of  the system we study the mean 
square displacement of  the system. Fig. 4 
shows the mean square displacement at the 
isochor ρ  = 0.7 and different temperatures. 
One can see that al high temperatures is 
looks liquid-like, while when the temperature 
is lowered it becomes shoulder-like in the 
whole range of  measured times. In order to 

estimate the glass transition temperature we 
fit the inverse diffusion coefficient 1/D to a 
well known Vogel-Fulcher-Tammann (VFT) 
law:

0

1 1 exp ,
g

A
D D T T

 
=   − 

where Tg is the glass transition temperature, and 
А and D0 are fitting coefficients. Fig. 5ab the 
obtained diffusion coefficients and fitting of  
1/D by the VVT law. From the fitting we obtain 
that Tg = 0.0328.

From the results above we conclude that in the 
region of  the phase diagram between the low-
density triangular crystal and the square one the 
system experiences the glass transition. This 
result fills the gap of  unrecognized phase in 
the phase diagram of  the system. The complete 
phase diagram is shown in Fig. 6.

NANOSYSTEMSYURI D. FOMIN, ELENA N. TSIOK, VALENTIN N. 
RYZHOV

Fig. 5. (a) Diffusion coefficient of  the system at ρ = 0.7 and a 
set of  temperatures. (b) Inverse diffusion coefficient and fitting to the 

VVT law.

Fig. 4. Mean square displacement of  the particles at  ρ  = 
0.7 and a set of  temperatures.
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4. CONCLUSIONS
A simulation study of  structural and dynamic 
properties of  a 2d core-softened systems was 
performed. Previous studies of  this system failed 
to recognize a phase between the low-density 
triangular crystal and the square one. The results of  
this work demonstrate that in this region the system 
experiences the glass transition..
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In one way or another, it is clear to everyone that at 
the heart of  the possibility of  the world development 
lies its unifying property, acting at all its levels, a kind 
of  world-forming principle. This thought passes 
through the whole history of  European thought, 
from the mythical Eros through the pantheism 
of  Xenophanes (the oldest contemporary of  
Pythagoras), through God, understood as activity, by 
Aristotle and the world tension by Cleanthes (early 
Stoic). The idea that the world exists and develops 
due to its own craving for movement and change, 
in the 20th century yielded to mechanism (its few 
supporters were branded as mystics) and only now is 
returning to the understanding of  the world and the 
causes of  world crisis.

You cannot give a definition of  an effective start, 
since it is a primary concept, the same as space and 
time. But it can and should be discussed, expressed 
through other basic concepts (how words are 
explained in the explanatory dictionary), which all 
are given to us intuitively. Since it cannot be inferred 
logically, it should be introduced as a postulate that 
intuitively generalizes a single impression of  nature 
and society. It was convenient for me to take for it a 
neutral word – activity1.

1From lat. activus - effective, active (from lat. actio - movement, 
action, action). Rus the word activity (like the English aciiv-
ity, and the French. activité) is ambiguous, meaning not only 
the abstract effective beginning, but also the working activ-
ity of people. Therefore, we need an explanation of the term 
introduced here, and the best I see the meaning of the German 
Wirksamkeit. It is formed from the adjective wirksam (effective) 
and (unlike the German Aktivität and Tätigkeit) means, first of 
all, activity as an acting force and active property (and not as 
activity itself). In this sense, the word activity is further used.

The neutral term emphasizes the generality of  
the phenomenon, its dominance at all levels of  
organization – from elementary particles, through 
physics and chemistry, through life and culture, to 
space.

But is there any benefit  from such a general 
concept? Yes, in my opinion, the introduction of  
activity as a primary property allows us to represent 
any appearance of  novelty as the appearance of  a 
new form of  activity, which is inevitable with any 
complications of  the forms of  matter and their 
interactions.

To begin with, physics as a science of  inanimate 
nature took its classical form in the 18th century 
precisely when it recognized its own types of  activity 
(force, field, energy), separating them from the 
phenomenon of  living activity (from the future vis 
vitalis2). Chemistry also introduced its own types of  
activity (valency, chemical potential, etc.) although it 
seems that they can be deduced from physical types 
of  activity. But the fact is that in fact the problem of  
such a conclusion can be solved only for the simplest 
examples, and in the general case it remains a good 
wish. It is easier to accept that with the cooling of  
matter to planetary temperatures, chemical types of  
activity arose. This is a special case of  the so-called 
anti-anthropic principle: the conjugacy of  the 

2The concept vis vitalis (lat. Life force) was introduced into 
scientific circulation in 1802, taking the long-standing term, 
the German anatomist, physiologist and natural philosopher 
Gottfried Trevira-nus. He saw her as a “barrier against which 
the waves of the universe are breaking, so that wildlife does 
not get involved in a general whirlpool” [1, S. 51]. He be-
longs (as, at the same time, to Lamarck) the term biology.
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properties of  objects is not set initially, but is formed 
as the objects themselves appear [2; 3; 4].

The further is stated from the position of  this 
principle. In our time, physics is based on the fact 
that all power is the result of  the action of  the 
corresponding field. So, gravity is the result of  
the action of  the gravitational field, and the most 
noticeable mechanical force in everyday life is the 
total result of  the action of  electromagnetic fields. 
This force arose with macro-objects.

It is the same with the activity of  living matter: 
the task of  its derivation from physicochemical 
activity can be posed, however, in fact, almost all the 
properties of  living activity have to be considered 
as independent. The belief  that life was just a very 
complex physics and chemistry reigning in the 
twentieth century, is losing popularity, because 
for a hundred years the main questions (how the 
action of  genes leads to the formation of  three-
dimensional working organs; how the chemical and 
electrical activity of  nerves leads to the emergence 
of  consciousness; etc.) did not move a single step. 
Moreover, the situation is the same for the idealist 
and materialist, for the believer and atheist.

 Further activity is considered to be gravity, and 
the attraction of  a magnet, and a chemical reaction, 
and the movement of  bacteria to light, and human 
thinking. Such general concept is necessary for 
understanding global problems, but it will not be of  
any use if  one does not distinguish between different 
activities. The distinction can be made in different 
ways, and for evolutionary tasks it is necessary to 
distinguish between activity levels.

As far as I know, the theme of  activity levels 
was posed in general terms by the Dutch-American 
physicist and natural philosopher Jan Burgers, aka 
Johannes Burgers (Burgers, 1895-1981), and he posed 
immediately for all types of  activity of  inanimate and 
living nature [5; 6].

The initial type of  activity, common at all levels 
of  being, he called conceptual activity - cognitive activity 
(CA) and considered it to be the primary reality. 
(Even matter and the field are secondary for him 
[6, p. 197].) He understood CA very broadly, and 
expressed himself  not everywhere clearly, but 
nevertheless one can reveal its basic properties in his 
understanding.

Firstly, about the term itself. English dictionaries 
give conceptual meanings that are not quite suitable 
for understanding Burgers' thoughts (conceptual, 
speculative, conceptual), and his reasoning in the 
introduction3 to understanding does not approximate 
enough. We have to come from other dictionaries. 
His native Dutch dictionary did not give anything, 
and of  the dictionaries available to me, only French 
gives, among others, something suitable (conceptuel 
- cognitive), which I Secondly, according to 
Burgers, the CA begins and conducts any process 
that generates novelty, and I see this clearly in the 
following way, requiring starting with a retreat. 
Biologist and philosopher A.A. Lyubishchev, master 
of  the paradox, clearly explained the difference 
between the main concepts of  bioevolution in the 
language of  buildings. For him, Darwinism is “a 
theoretical pigsty: ... everything in nature is moved 
by pure swine, the struggle for existence and 
reproduction”. Lamarckism – “the palace of  physical 
education”, in which there is an “active evolution 
of  organisms”; nomogenesis – “the temple of  truth, 
beauty and law” (letter to B.S. Kuzin, 1949).

In such terms, the process of  any evolution (not 
only biological) seems to me like climbing a ladder 
(possibly a Lyubischevsky palace or temple), each 
step (level) of  which is overcome by a certain effort, 
and on many of  them it also requires a choice –
whether to climb further or choose one of  the doors 
of  this level. The presence of  an active choice and 
symbolizes any CA.

Thirdly, shortly before Burgers, the virologist 
and geneticist Gerard Schramm (Germany) threw 
an aphorism into the everyday life of  science: “Life 
3For example: «In order to make the philosophical picture 
consistent and fruitful, we need the basic doctrine that 
conceptual activity is a fundamental feature of the Universe. 
Living matter is not just ordinary matter plus conceptual 
activity added to it. The functioning of the entire Universe 
is the outcome of conceptual activity; the presence of mat-
ter, the division between life and nonlife, and the emergence 
of material structures carrying life are results of its mode of 
operanion» [5, p. V].
(To make the philosophical picture sound and fruitful, we 
need a basic doctrine according to which conceptual activity 
is a fundamental feature of the Universe. Living matter is 
not just ordinary matter plus conceptual activity added to it. 
The functioning of the whole Universe is the result of con-
ceptual activity. Presence of matter, separation between life 
and non-life, as well as the emergence of material structures 
that carry life, are the result of its mode of action”.)
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begins at the moment when nature manages to start 
thinking” [7, S. 13]. This was already unexpected 
and heretical: it was supposed to be said that only a 
person thinks (and, in part, higher animals). However, 
Burgers seemed to answer Schramm across the 
ocean, he said something completely unthinkable 
for those years that nature “thinks” always, at all 
levels. For Burgers, the combination of  nucleons 
and electrons into an atom is just as reasonable as 
logical reasoning. This is the so-called panpsychism, an 
old idea revived by Burgers.

The question is inevitable: if  so, then how 
to fundamentally distinguish between living and 
nonliving? Here Burgers showed an enviable 
understanding of  genetics for the physicist-
hydrodynamics of  the advanced years:

“Information or a multitude of  instructions 
encoded in the DNA of  a cell nucleus can be 
considered as a multitude of  strategies rather than 
a multitude of  fixed programs ... When they are 
implemented, discriminative or cognitive activity 
comes into play ... Strategies can come into play 
simultaneously or separately under the influence of  
senior (master) strategies. Therefore, there should be 
forms of  cognitive activity at different levels ”[5, p. 
175-176]4.

Thus, for him, the living CA is discriminating 
(now they say – informational) and multi-level. This 
is the fourth.

Now that it has become known that there are 
hopelessly few genes to record building an organism, 
we have to admit that Burgers was right: only very 
general directions of  development, or rather strategy 
codes (more precisely, see the book [8]) can be written 
in DNA. The first, as far as I know, understood the 
Burgers case. This is the fifth.

Where and how everything else is written, we 
do not know, but there is a clue for searches - the 
vastness of  information reproduced where there 
should be no heredity. This, first of  all, is the variety 
of  snowflakes, almost endless and at the same time 
regular: each snowflake has all 6 rays the same, they 
reproduce the same unique structure, and there is 
no explanation for this in science. The choice of  

4There, Burgers predicted gene conversion (self-assembly 
of genes), which was soon discovered by geneticists in the 
experiment.

option is the result of  some obscure activity, which 
can also be considered cognitive, like any path to 
novelty. CA is most easily seen on living objects, but 
occurs everywhere, leading Burgers and many other 
scientists to panpsychism. This is the sixth.

Burgers himself  saw an explanation of  
incomprehensible phenomena in violation of  the 
principle of  causality: “Each event includes both the 
effects of  past situations and the prediction of  future 
opportunities” [6, p. 197]. Such an assumption, 
albeit bold, does not explain everything (the appeal 
to the future does not explain the symmetry of  
snowflakes). Thus, Burgers (far from the only one) 
made an application for some new picture of  the 
world, where the past and the future are in some 
sense equal. This is the seventh.

***

The first example of  the fact that not everything 
is written in genes, that much in life creates itself  
(autopoiesis), like a snowflake, was self-assembly of  
macromolecules. In the protein, only the primary 
sequence of  the chain of  amino acid residues is 
inherited, for the rest it creates itself  by fitting into 
the native structure in much the same way that atoms 
lie in a molecule, and electrons and nucleons - in an 
atom.

Beginning with compounds of  atoms, we observe 
two rows of  levels of  complication – inanimate and 
living. They are somewhat parallel.

Self-assembly is also crystal growth. Here the 
most surprising example is the mentioned snowflake: 
self-assembly is the same in every ray, i.e. exactly 6 
times, and more in this form is almost never repeated 
in nature. Six is given by the property of  a water 
molecule, but what determines the sameness and its 
non-repeatability? What prevents other snowflakes 
from growing in the same way? Or, looking from the 
other side, which makes 6 rays grow the same, if  this 
is not necessary for growth?

The answer suggests itself: there is a program, 
a burgers strategy. It, apparently, has not been 
recorded anywhere, it simply begins to be realized 
immediately in all the rays of  the growing snowflake 
in the form of  fractal growth, one in all the rays. (This 
simultaneity of  self-assembly radically distinguishes 
it from a biological hereditary program, which is 

ACTIVITY LEVELS IN NATURE
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implemented sequentially.) There are infinitely many 
options for a fractal growth program, and there are 
no restrictions in the form of  genes, so the options 
are not repeated.

Is that simple? Not at all.

Two identical snowflakes do not exist, but 
occasionally it is possible to see two very similar ones 
nearby, as shown in the Fig. 1. Their author writes: 
“They fell next to the difference of  several minutes 
and, quite obviously, traveled together in the clouds” 
[9, p. 13], but writes, unfortunately, nothing more.

A small difference while maintaining extremely 
complex symmetry clearly indicates a small change in 
the fractal-forming self-assembly rule. Involuntarily 
you think about biology, about the common origin 
and small variability. However, the snowflake 
inheritance apparatus is not visible, and if  it is not 
there, then where is such a striking but inaccurate 
similarity? And if  so, where is he?

I can only answer by asking: where is he alive, 
if  the genes (and DNA in general) are negligible? 
The tentative answer to this question is precisely the 
main idea of  the book [8]: the ontogenesis of  the 
living (the formation of  an individual, one of  the 
forms of  autopoiesis, during which genes serve only 
as suppliers of  materials and limiters of  options, but 
not engines) also includes self-assembly. Snowflakes, 

as said, have no limiters, and the variety of  options 
for their self-assembly is unlimited.

Little is understood so far, but already it allows 
you to move on, after centuries of  stomping on the 
spot, and closer look at self-assembly.

Self-assembly is a property of  the activity of  nature 
at all its levels. We saw this on the way down, deep 
into the microworld, but the same thing can be seen 
when moving upward, to higher levels of  activity, into 
the expanses of  the biosphere: just as molecules 
themselves fall into cellular structures, and cells 
assemble into tissues and organs, and they assemble 
into macroorganisms, so do organisms assemble 
into ecosystems, and those-  into the biosphere. It 
is structured no less obvious (although less clearly) 
than the periodic table.

The structure and operation of  each level of  
being is generally accepted to describe, without 
trying to derive its properties from the properties 
of  the underlying levels – in natural science such 
are physics, chemistry, geology, biology, astronomy, 
etc. In the twentieth century, many intermediate 
disciplines were born (biophysics, geochemistry, 
etc.), which gave rise to confidence among many in 
the deduction of  the laws of  nature of  the highest 
levels of  complexity (later) from the lowest (that 
had arisen in the history of  the world before). This 
confidence is not practically justified, and it remains 
for us, for the purposes of  this article, to only trace 
the main levels of  activity, not trying to derive one 
of  the others, but noting their connections and, most 
importantly, common features.

Elementary particles already have their own 
activity (charge, spin, etc.), which seems to prevent 
them from connecting, but they are connected 
under the action of  activity of  a higher level (such, 
for example, the repulsion of  protons, which, 
however, fit into an atom). Atoms are combined into 
a molecule both by virtue of  their own activity (polar 
bond) and by virtue of  the activity of  the next level 
(covalent bond).

These are two levels of  self-assembly, and the 
third is the self-assembly of  macromolecules (in 
biology) and rocks (in geology) mentioned above.

The result of  self-assembly at all the mentioned 
levels is ambiguous (there are isotopes, isomers, Fig. 1. Two snowflakes [9].
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conformations), i.e. diversity is already essential 
here at one level of  complexity, and such diversity 
is rapidly growing in the future (at further levels 
of  complexity). This circumstance would lead 
the Universe to complete chaos if  it were not for 
the distinguishing (according to Burgers) role of  
cognitive activity.

At each level of  complexity, the diversity of  
objects is arranged in rows of  similarities, and they 
are in second-order rows (rows of  rows), which S.V. 
Meyen, a paleobotanist and natural philosopher, 
called refrains in 1978. The refrained structure is 
found everywhere, both in material objects (objects 
and processes) and in ideal ones (judgments, 
language structures, and social phenomena). They 
are described in detail in the book [8].

A refrain can be a pair of  rows (alkaline and 
alkaline earth metals in chemistry; Eurasian and 
American carnivores in zoology; contours of  leaf  
blades of  ferns and flowering in botany), or a larger 
number of  rows: an independently formed nuclear 
structure of  the cell in plants, fungi, and animals; case 
structure in languages with declension of  nouns; laws 
of  development of  various societies from primitive 
to present statehood; and much more.

Understanding the ordering of  the world as a 
result of  the CA and, as I understand it, Burgers led 
to his idea of  a unified CA with increasing levels of  its 
complexity. The book [5], long conceived by Burgers 
and discussed with colleagues in his homeland in 
the Netherlands, was published much later in the 
USA. She did not have (and could not have) serious 
discussion (there were only a few brief  lightweight 
responses), which, as his relatives recalled, became 
one of  the main disappointments of  his life.

Burgers' thoughts are gradually becoming 
relevant now, after half  a century, in connection 
with the identification of  new forms of  CA. One 
of  them permeates all levels of  complexity of  the 
living, and even on the verge of  inanimate. If  dark 
energy is mysterious for physics, the pure activity of  
the cosmos, which seems to be not related to matter, 
then zombie parasitism is also charged to biology.

In 1961-1962 in Germany and England, evidence 
has appeared that the larvae of  some flatworms 
cause the insects (flies and ants) infected by them 
to behave in such a way that they are eaten by 

animals, inside which the larvae develop. Soon this 
was confirmed by scientists from the USSR and 
other countries at various sites. It turned out that the 
parasite can induce the victim to take care not of  
his own, but of  his offspring – see [8, p. 512]. In 
1983, a parasitologist Simon Ellui (France, Canada) 
in the survey "Manipulation of  the behavior of  an 
intermediate host" [10] named 20 such examples.

This phenomenon is often more complicated 
than the hunting for higher animals (the parasite 
finds the exact ganglion of  the victim, etc.), but is 
not related to the complexity of  the parasite: it may 
not be an animal or even a larva, but a bacterium and 
even a virus. (A virus is not an organism, has neither 
behavior, nor nutrition, nor reproduction; he breeds 
by victim of  the virus.)

Article [10] is surprising: the phenomenon is 
called “of  course, the most impressive”, the first 
chapter of  Elli called “Insanity” (La tête a l'envers, 
literally: Head inside out), correctly assessing the 
action of  brainless parasites as a loss of  mind for their 
victims, but she ended article in the usual Lamarck-
Darwinian move: it considered the explanation not 
the cause and mechanism of  action, but the goal –
the nutritional benefits of  the parasite's behavior.

The error is hardly noticeable in the French text 
or in the English Summary, since in these languages 
the words why and what for are expressed in one word 
(pourquoi; why), in contrast, for example, from the 
German warum and wozu. Although every thought can 
be expressed in any language, the difference between 
the reason and the goal for the German or Russian is 
clear from the meaning of  the words-questions, and 
the Englishman and Frenchman need clarification, 
which is rarely taken into account by the speaker or 
writer. This is partly why, I think, the Anglo-French 
debates about evolution traditionally revolve in the 
old-fashioned Lamarck-Darwin circle of  concepts, 
with complete disregard for German-Russian ideas 
(nomogenesis, etc.).

The Russian language also has its own flaws: for 
example, there is no noun to the adjective bad (no 
word badness), which is in English (adj. Ill - n. The 
ill), French (adj. Mal - n. Le mal) and others. In 
particular, the exact translation of  the title of  Charles 
Baudelaire's book Les Fleurs du Mal is impossible, 
and they write inaccurate: Flowers of  Evil.

ACTIVITY LEVELS IN NATURE
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There is a mixture of  bad and evil in science: 
zombie parasitism has attracted some attention from 
society as a sophisticated evil, but there is no more evil 
in it than with any kind of  eating. More importantly, 
the parasite searches for the right path, often complex 
and unique, without an organ of  thought and even 
memory. But these are many instincts, and no one 
has an explanation (except for the wretched “so the 
Lord (Selection) wisely decided”).

To Elli’s honor, I’ll say that then she devoted a 
quarter of  a century to the search for the “la tête 
a l’envers” mechanism. But she didn’t succeed: in a 
recent article, she called the violation of  the victim’s 
immunity by a parasite. Those. instead of  the current 
mechanism, a symptom is indicated, and nothing 
more. A particular immune fact did not clarify the 
search mechanism, and the mountain gave birth to 
a mouse.

For a future explanation of  the essence of  
zombie parasitism, it is necessary to proceed from 
its universality, to seek a general explanation for 
this activity. It is natural to consider it as one of  the 
forms of  CA, and hardly the desired mechanism 
will be found before understanding the CA as such, 
before a new picture of  the world.
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