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Analyzing the behavior of the shear viscosity and the average

number of H-bonds per molecule, a similarity of molecular thermal

motions in water and argon is discussed. It is shown that the

shear viscosity of water demonstrates the argon-like temperature

dependence on the coexistence line at T > T� , T� � 320 K.

Since the average number of H-bonds per molecule is less than

two in the same region, it is concluded that the contribution to

the shear viscosity caused by the H-bond network is noticeably

different from zero only at T < T� . The temperature dependence

of this contribution is exponential with good accuracy, and the

corresponding activation energy is equal to the energy of formation

or disruption of an H-bond. These and other facts allows us to

conclude that the crystal-like type of the thermal motion in water

takes place only at T < T� .

1. Introduction

The anomalous behavior of many thermodynamic and

kinetic properties of water is generally recognized [1�

3]. It is supposed that, unlike simple liquids, the

temperature dependences of the density of water,

its isothermal compressibility, thermoconductivity, and

several other values are non-monotonous. The density

and thermal conductivity of water reach their maximum

values at Tn = 277 K and T� = 404:5 K, respectively,

and the isothermal compressibility reaches its minimum

at T� = 314 K. The origin of peculiarities of this type

is connected with the existence of the H-bond network

and is caused by the specific local structure of water

[1�3]. To take into account the influence of H-bonds,

numerous theoretical approaches have been developed

(see [4�10]). However, a clear interpretation of all the

facts remains absent. In this case, an important role is

played by the fact that the properties of water do not

remain unchanged throughout the whole interval of its

existence: from the crystallization point to the critical

point, and in the supercooled metastable region. Since

the number of H-bonds per molecule should diminish

with increase in temperature, one should expect that the

temperature dependences of different characteristics of

water approach asymptotically those of argon and other

simple liquids.

Such kinetic characteristics as the shear viscosity,

relaxation time of shear tension, self-diffusion coefficient,

and others are also worthy of a more detailed attention.

In the behavior of these characteristics, the existence

of H-bonds manifests itself slightly differently: the

effective activation energy exceed those for simple liquids

and one-component liquids without H-bonds almost by a

factor of 10 [11�13]. However, here it is very important

to exclude accurately the effects of thermal expansion

which make a considerable contribution to the effective

activation energy (see [14�16]).

From this point of view, a thorough comparison

of the temperature dependences of different values for

water and argon seems to be especially important.

According to the principle of corresponding states, these

characteristics should be normalized with respect to

their values at the critical point, and temperature should

be measured in reduced units t = T=Tc, where Tc is the

critical temperature.
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Fig. 1. Temperature dependences of the normalized shear

viscosities for: 1 � water, according to [12], and 2 � argon ([12])

Fig. 2. Temperature dependence of the average number of H-bonds

per molecule according to [10]

The choice of argon as a reference liquid was made

for the following reasons. From the point of view of

the molecular structure, the water homologues, in the

first instance its nearest homologue H2S, are more

suitable. In comparison with water, the H-bonds in

H2S are weaker. Their bond energy has the same

order of magnitude as the dispersive (van der Waals)

forces. A molecule H2S, like a water molecule, has a

comparatively small moment of inertia (see its estimate

below). Therefore, the characteristic value of its rotation

period is less than the time �t � a=VT (a is the

interparticle distance, and VT is the velocity of thermal

motion), which characterizes a variation of the position

of its center of mass. Because of this, the averaging

over rotational degrees of freedom can be performed

and we expect that the equation of state of H2S

will be similar to that of argon. The strong H-bonds

in water hinder the free rotation of its molecules.

However, the average number of H-bonds per molecule

decreases as the temperature grows [10,17,18], and the

conditions for the almost free rotation of water molecules

are created in a wide temperature range adjacent to

the critical point. Thus in this case, one can also

speak of argon as a reference liquid which allows the

separation of the van der Waals contribution to the

intermolecular interaction, as well as the effects of

thermal expansion.

In the present paper, our attention will be focused

on the comparative analysis of the temperature

dependences of the shear viscosities and the isothermal

compressibilities of water and argon, and also on their

comparison with the temperature dependence of the

average number of H-bonds per molecule. In this way,

it is possible to obtain an answer to the question of to

what degree water is like to argon.

2. Behavior of the Shear Viscosities of Water

and Argon on the Liquid�Gas Coexistence

Line

Let us compare the temperature dependences of the

shear viscosities for water and argon normalized with

respect to their regular values at the critical point: �
(Ar)
R

and �
(W )
R . The behavior of the functions ~�(Ar)

�
T

T
(Ar)
c

�
=

�(Ar)(T )

�
(Ar)

R

and ~�(W )
�

T

T
(W )
c

�
=

�(W )(T )

�
(W )

R

, where T
(Ar)
c =

150:8 K and T
(W )
c = 647:15 K are the critical

temperatures for argon and water, respectively, is

represented in Fig. 1. From here, it follows that the

normalized shear viscosity of water has the argon-like

character above the temperature T� � 320 K. This

indicates that, at T > T� , the integrity of the H-bond

network is broken and it does not play the essential

role in the formation of shear viscosity. From Fig. 2, it

follows that the average number of H-bonds per molecule

is lesser than two at T > T� : nH(T�) � 2. At a further

increase of the temperature t > t� , where t = T=T
(W )
c ,

nH(T ) decreases practically linearly. This means that, in

the temperature interval (t� ; 1), the translational motion

of molecules in water is in many respects analogous to

that in argon. More exactly, in the interval (t� ; 1), the

formation of H-bonds results in the formation of linear

chains: dimers, trimers, and so on, thus influencing the

density and local structure of water. At the same time,

the argon-like behavior of the shear viscosity indicates

that it is less sensitive to the formation of small clusters.

It is very important that the temperature dependence

of the shear viscosity for liquid argon everywhere on the

coexistence line, from the crystallization point Tm to the
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critical one Tc, has the same character and is described

by the polynomial

�(Ar)(T ) = �
(Ar)
R g (T ) ; g (T ) =

mX
n=1

a(m)
n

�
T

T
(Ar)
c

�n
:(1)

The coefficients a
(m)
n depend on m = 5 � 10 (see

Table 1).

We should note that the specific form of a function

g (t) for argon has nothing in common with the

exponential dependence

�(Ar) = �0 exp

�
Ea

kBT

�
(2)

that corresponds to the activation theory of shear

viscosity [14]. Indeed, the activation energy Ea

determined along isochoric lines [20] is lesser than the

thermal noise energy kBTm at the melting point (see

Table 2).

This fact allows us to conclude that the character of

the thermal motion in argon is barrier-free. At the same

time, the application of formula (2) to the description of

the shear viscosity on the coexistence line leads, on the

one hand, to the inequality Ea=kBT > 1 consistent with

the initial assumptions of the activation theory, and,

on the other hand, to the dependence of the activation

energy on temperature, Ea = Ea (T ), that contradicts

this theory. A similar situation arises due to the influence

of thermal expansion effects (see [14,15]) and is also

observed in liquid nitrogen [16] and other liquids.

A similar character of the temperature dependences

of the shear viscosities for water and argon in the

temperature interval (t� ; 1) indicates that the molecular

motion in water does not have the activation nature. In

other words, the model of crystal-like thermal motion in

water is inapplicable in the temperature interval (t� ; 1).

The specific mechanism of the formation of viscosity

in water caused by the H-bond network can be

considered only at t < t� .

T a b l e 1

a
(5)

n n 1 2 3 4 5

an 255.45 1114 1885 �1445 419.775

a
(10)

n n 1 2 3 4 5

an 272.1 �1193 1974.94 �1449 418.3

n 6 7 8 9 10

an 1253 �5153 7838 �5315 1359

T a b l e 2

�, g/sm3
1.192 1.240 1.340 1.384

Ea=kbT 0.812 0.89 0.913 0.967

As noted in Introduction, for a more adequate

separation of different contributions to the shear

viscosity, the comparison of values of �(W ) (T ) with

those for water homologues H2S, H2Se, and so on, in

which the H-bonds are noticeably weaker, would be

more expedient. However, the destruction of the H-

bond network integrity at t > t� leads to the quasi-

free rotation of molecules, so that the averaging over the

rotational degrees of freedom can be performed. Indeed,

the ratio of the characteristic times of the rotational �r
and translational �tr motions of a molecule, determined

as

�r �

r
I

kBT
and �r �

a

vr
; vr �

r
kBT

m
;

where m and I are the molecular mass and the moment

of inertia, is equal to

�tr

�r
� 10: (3)

Such a ratio between �tr and �r allows us to introduce

the effective pair potential which depends only on the

interparticle distance. One can show that the averaging

of multipole-multipole interactions over the rotational

degrees of freedom leads to contributions of the same

type as the van der Waals contributions for spherically

symmetric molecules [21]. In particular, the long-range

behavior of the effective potential is represented by the

asymptotic expansion

Ue�(r) = �
"6

r6
+

"8

r8
+ :::; r > r

�
: (4)

3. Temperature Dependence of the Shear

Viscosity in Water

It follows from the comparative analysis of the shear

viscosities in argon and water undertaken in the previous

section that

�(W ) = �I (T ) + �H (T ) ; (5)

where

�I (T ) = �
(W )
R g (T ) ; (6)

is the term with the argon-like temperature dependence

and �H (T ) is the term caused by H-bonds (Fig. 3). It

was shown in [10] that such a representation can be also

used for the specific volume occupied by water molecules.

In the interval t < t� , the role of the H-bond network

grows with decrease in temperature. In accordance with
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Fig. 3. Temperature dependences of the normalized contribution

~�H (T ) to the shear viscosity of water: 1 corresponds to ~�H (t) =

~�W
H

(t)� ~�Ar
H

(t), and 2 is calculated according to (10)

[10], its equilibrium properties are described by the

so-called structural functions Si (P; T ) which are the

structural characteristics of the H-bond network. The

most important structural functions S1 and S2 are

identified with the average number of H-bonds per

molecule and the tetrahedricity parameter [22,23]:

S1 (P; T ) = nH (P; T )

S2 (P; T ) = �H (P; T ) : (7)

Under non-equilibrium conditions, their role passes,

seemingly, to the corresponding relaxation times. It is

natural to suppose that the disruptions of H-bonds and

the displacements of molecules caused by them play the

main role in the formation of the contribution �H(T ).

Therefore, we can restrict ourselves to �H only, which

is the characteristic time for the variations of nH : Then

the application of the Hilbert�Curie's principle (see [24])

leads to the relation

�H (T ) = c2t �H (T ) + :::; (8)

where the parameter

c2t =
�H (T )

�H (T )
(9)

has the dimensionality of sound velocity and should

be practically constant in the temperature interval, in

which �H(T ) is noticeably different from zero. From the

physical point of view, c2t is the contribution of H-bonds

to the transversal sound velocity. Note that the relation

between �H(T ) and �H(T ) of type (20) also arises in

the phenomenological relaxation theories [25]. Although,

in the narrow temperature interval t 2 (0:38; 0:5), the

values of �H(T ) and �H(T ) (see Figs. 1 and 4) change by

Fig. 4. Temperature dependence of the relaxation time �H

corresponds to the data [26,27] obtained by computer simulations

one order of magnitude, their ratio, as seen from Fig. 4,

remains almost constant.

At t < t� , the displacements and rotations of

molecules are closely related to the break of H-bonds.

The character of these processes is naturally described

by the activation theory which becomes more adequate

to the picture of the thermal motion with decrease in

temperature. In this case,

�H (T ) = �
(l)
H e

EH

kBT ; (10)

where it is expedient to determine the values of the

amplitude �
(l)
H and the activation energy EH from the

values of the shear viscosity in the supercooled region,

in which 2 < nH � 3. In such a way, we obtain

�
(l)
H = 1:79� 10�5; EH = 2723 K: (11)

It follows from physical considerations, that the value

of EH should be a multiple of the break energy "
(1)
H of

an H-bond. The value EH

kBTm
� 10 is, actually, in the

interval of permissible values of the ratio
"
(1)

H

kBTm
2 (7; 10)

[1�3, 28]. The activation energy E� = 2812K for the

relaxation time �H , in accordance with our reasons,

appears to be close to EHand "
(1)
H .

This circumstance can be interpreted in the following

way. In the temperature interval 0:38 < t < 0:42 or,

equivalently, 245 K < T < 273 K, the majority of

molecules form three H-bonds, as follows from Fig. 2.

Due to the break of one of them and the bending of two

other H bonds a molecule can move by the distance of

the order of (0:3 � 0:5) �A. At that, the broken H-bond

can be restored, or a new H-bond with one of the nearest

neighbors can be formed. The second case corresponds

to the transport of the center of mass of a molecule and

its momentum. Thus, a new mechanism of the formation

of the self-diffusion coefficient and the shear viscosity is

realized in such a way. This mechanism is applicable

only to water in the supercooled or normal state that is
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Fig. 5. Temperature dependence of the square of the transversal

sound velocity in water estimated by (9) Fig. 6. Temperature dependences of the normalized: 1 � thermo-

conductivity coefficient ~� (t) = � (t)/�max [12] and 2 � isothermal

compressibility ~� (t) = � (t)/�min [13, 30]

too far from the crystallization point, where there is the

developed H-bond network.

This mechanism will be described in a separate paper

in more details.

4. Conclusion

Let us review the results presented above and obtained

in other works: 1) the temperature dependences of the

shear viscosities of water and argon are the same at

T > T� ; where T� � 320 K, 2) the temperature T�
is also characteristic of the isothermal compressibility

�T of water; near it, �T reaches its minimum and

increases after that as in simple liquids. A very flat

maximum of the thermo-conductivity, as seen from

Fig. 5, is situated a bit more to the right, 3) the

applicability of the inequality �0 > �s, where �0 is the

residence time for water molecules determined from the

incoherent neutron scattering [29] and �s = a
VT

is the

characteristic time of a soft binary collision, is limited

by the temperatures T < T� , 4) at T > T� , each

water molecule forms, on the average, less than two

H-bonds with its nearest neighbors. These and other

results allow us to conclude the following: 1) water

can be considered as a liquid with crystal-like thermal

motion [14, 31] only for T < T� , 2) the developed H-

bond network in water also exists at the temperatures

lesser than T� . In the opposite case, there can exist

only linear molecular chains, dimers, trimers and so on;

3) the kinetic properties of water are less sensitive to

the integrity of the H-bond network compared to its

structural and thermodynamic properties.

A more detailed comparative analysis of the

properties of water and other liquids will be carried out

in the separate paper.
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ÍÀÑÊIËÜÊÈ ÂÀÆËÈÂÀ ÐÎËÜ

ÂÎÄÍÅÂÈÕ ÇÂ'ßÇÊIÂ Ó ÂÎÄI?

Ë.À. Áóëàâií, Ì.Ï. Ìàëîìóæ, Ê.Ñ. Øàêóí

Ð å ç þ ì å

Ïðîâåäåíî ïîðiâíÿëüíèé àíàëiç òåìïåðàòóðíèõ çàëåæíîñòåé

çñóâíî¨ â'ÿçêîñòi âîäè é àðãîíó. Ïîêàçàíî, ùî ïðè T > T� ;

äå T� � 320 K, â'ÿçêiñòü âîäè ìà¹ àðãîíîïîäiáíèé õàðàê-

òåð. Öå äîçâîëÿ¹ â'ÿçêiñòü âîäè çàïèñàòè ó âèãëÿäi �(W )(T ) =
�W (t) + �H (t), äå ïåðøèé äîäàíîê çàëåæèòü âiä t = T=Tc (Tc

� êðèòè÷íà òåìïåðàòóðà) ïîëiíîìiàëüíèì ÷èíîì, ÿê i â ðiä-

êîìó àðãîíi, à �H (t) ìà¹ åêñïîíåíöiàëüíó çàëåæíiñòü, õàðàê-

òåðíó äëÿ àêòèâàöiéíèõ òåîðié. Îñêiëüêè ïðè T > T� ñåðåäí¹

÷èñëî nH(t) âîäíåâèõ çâ'ÿçêiâ, ùî ïðèïàäàþòü íà îäíó ìîëåêó-
ëó, çàäîâîëüíÿ¹ íåðiâíiñòü nH(t) < 2, çðîáëåíî âèñíîâîê, ùî â

öié îáëàñòi òåìïåðàòóð öiëiñíiñòü ñiòêè âîäíåâèõ çâ'ÿçêiâ ïîðó-

øó¹òüñÿ. Ç öüîãî, à òàêîæ ç àíàëiçó åêñïåðèìåíòàëüíèõ ðåçóëü-

òàòiâ íåêîãåðåíòíîãî ðîçñiÿííÿ òåïëîâèõ íåéòðîíiâ âèïëèâà¹,

ùî êâàçiêðèñòàëi÷íà ìîäåëü òåïëîâîãî ðóõó ó âîäi ¹ ïðèäàòíîþ

òiëüêè â îáëàñòi òåìïåðàòóð T < T� .
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