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THE SPECIFICITY

OF HYDROGEN BONDS IN WATER

A specific manifestation of hydrogen bonding in the structural and thermodynamic properties
of liquid water has been analyzed. Based on a particular molecular structure of water, a novel
mechanism for water dimer formation and the concurrent emergence of hydrogen bonding has
been proposed. It was found that the characteristic angles of a water dimer are in good agree-
ment with experimental data. It was demonstrated that the discrepancy between the coexistence
curves of water and argon is caused by short-range hydrogen bonds available within the whole
interval of water existence in the liquid state. It has been proven that the absence of long-
range hydrogen bonds in water is associated with the instability of their transverse thermal
excitations. Characteristic temperature values for liquid water were examined.
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1. Introduction

Ice melting is accompanied by the breaking of hy-
drogen bonds; otherwise, it would be impossible to
reconcile the experimentally observed values of the
kinematic shear viscosity of water with the values
characteristic of other low-molecular-weight liquids
without hydrogen bonds. Thus, at a temperature of
1.2Tt(rw)7 where Tt(rw) = 273.16 K is the triple point
temperature of water, the kinematic shear viscosity
of water equals 1,(328 K) = 0.5 x 1072 cm?/s |1,
2], whereas for argon at a temperature of 1.2Tt(rA r),

where Tt(rAr) = 83.81 K is the triple point temper-
ature of argon, its kinematic shear viscosity equals
var(100 K) = 0.12 x 1072 cm?/s [3]. That is, their
kinematic shear viscosities are of the same order of
magnitude, which would be impossible if most water
molecules were connected to one another by hydrogen
bonds.

In order to understand the reasons for such behav-
ior of the shear viscosities of water and argon, we will
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1) use the hydrogen bonding model described in
works [4, 5] and

2) use intermolecular potentials of the Simple Point
Charge (SPC) type in calculations; the SPC model
is one of the most common models of the water
molecule, in which the molecule is considered as a
rigid three-center system with point charges located
at the hydrogen and oxygen atoms [6].

Thus, we assume that the water molecule is built on
the basis of a cubic framework. The oxygen ion 0%~
is located at the geometric center of the cell, two hy-
drogen atoms occupy diametrically opposite vertices
of the upper cube face, and effective negative charges
are located at diametrically opposite vertices of the
lower cube face, as described in Ref. [4]. The elec-
tron shell of the oxygen ion, which favors the forma-
tion of the spatial structure of the water molecule,
arises due to four outer electrons, which become
“stretched” along the cube diagonals, as is shown in
Fig. 1. Such a configuration of the electron shell min-
imizes the energy of the electric field formed by the
02~ ion. The formation of a hydrogen bond when
two water molecules oriented according to the dimer
configuration approach each other is demonstrated in
Figs 1 and 2.

The interaction energy between two molecules ori-
ented in the dimer configuration depends on the dis-
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tance ro,0, between the oxygen atoms (see Fig. 2) as
follows:

1) if 70,0, > 2lg, where lx is the hydrogen bond
length, then the interaction energy is determined pri-
marily by the Coulomb interaction between the effec-
tive positive and negative charges;

2) in the opposite case, 70,0, < 2ly, the electron
shells of both molecules cover the hydrogen, i.e., a
standard hydrogen bond is formed (Fig. 2, b).

The length and energy of hydrogen bonds sub-
stantially depend on their formation conditions. If
the hydrogen bond corresponds to an isolated dimer,
then Z%D) = 296 A (see Table 1). The hydrogen
bond length in hexagonal ice is somewhat smaller,
ll({l) — 2.76 A. However, in water, it is believed that

lg’) = 2.04 A. Such behavior of hydrogen bonds is
determined by the influence of strong electric fields
of neighboring molecules, as well as screening effects.

In this work, we will consider the following prob-
lems: 1) the parameters of dimers formed in wa-
ter; 2) the features of the thermal motion of water
molecules in a wide range of its existence from the
triple point to the critical point; we will consider
the emergence of characteristic temperature values;
3) conditions for the formation of hydrogen bonds in
liquid water; 4) longitudinal and transverse vibrations
of the hydrogen bond in the dimer; and 5) mecha-
nisms of hydrogen bond destruction.

The scientific novelty of the work lies in the study
of the specific features of the manifestation of hy-
drogen bonds in the structural and thermodynamic
properties of liquid water. The structure of the work
is determined by the following logic. The goal and
tasks of the work are formulated in the Introduc-
tion. In Section 2, the main properties of hydrogen
bonds are considered. In Section 3, the spatial struc-
ture of the water dimer is analyzed, which allows us
to establish, in Section 4, the prerequisites for the
formation of hydrogen bonds. In Section 5, on the
basis of the temperature dependence of the residence
time and dipole relaxation, the values of the char-
acteristic water temperatures are obtained, the co-
existence curves of water and argon are compared,
and a conclusion is drawn about the short-term ex-
istence of hydrogen bonds within the entire range of
water existence in the liquid state. Section 6 is de-
voted to an analysis of transverse and longitudinal
vibrations of the hydrogen bond, which can confirm
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Fig. 1. Structure of the dimer (H20)2 according to Ref. [4].
The following notations are used: (e) hydrogens in water
molecules; () oxygens, (o) effective negative charges that
arise due to the specificity of the electron shells of oxygen atoms

a (O ® © @)

» (O o O

Fig. 2. Model of a hydrogen bond described in Ref. [4].
Charge distributions:
the right molecule covered the hydrogen atom in the left
molecule, 70,0, > 2lg (a); and after the overlap occurred,
70,05 < 2l (b). Here, ly is the hydrogen bond length

before the extended electron shell of

the hypothesis about the absence of long-term hy-
drogen bonds in water, which is further discussed in
Section 7.

2. Basic Properties of Hydrogen Bonds

The basic properties of hydrogen bonds in water in-
clude their energy cp and length Iy, as well as the
lifetime 7. Note that the interaction energy will be
described in units of the thermal noise energy kgT;;,
where Ti, is the triple point temperature, and the
lifetime of hydrogen bonds in units of the time of
a complete molecular rotation, 70 = 2m/w,, where

wr = +/kpTy/I. is the cyclic frequency of rota-
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Fig. 3. Schematic diagram of a water dimer [18]

tional motion, and I, = 2mpurdy sin®(a/2) is the
moment of inertia of the water molecule. Assuming
that o = 104.5°, myg = 1.66 x 1072* g, and rog =
= 0.96 x 1078 cm, we find that 7p ~ 0.5 x 107'2 s
[7]. These values were determined by various methods
and are listed in Table 1. The first column contains
the designations of the most common potentials of
intermolecular interaction in water: B stands for the
Bernal potential, as a model of the interaction be-
tween water molecules [8]; BC stands for the Bernal-
Carrington potential, a modification of the Bernal
model with a refined description of intermolecular
interaction [9]; SPC (Simple Point Charge) stands
for the model of a water molecule with three point
charges located at the hydrogen and oxygen atoms
[6]; SPC/E (Extended Simple Point Charge) stands
for the modified SPC model, which takes into ac-
count a correction for the polarization energy [10];
TIPS (Transferable Intermolecular Potential) stands
for the transferable intermolecular potential param-
eterized to describe the properties of water over a
wide range of conditions [11]; and TIP3P (Transfer-

Table 1. Values of the parameters ey, I, and 1y

Method Iy x 108, | JksTe | ma/70
and source cm
B [8] 2.96 -85
BC [9] 2.89 -9.65
SPC [6] 2.72 ~12.49
SPC/E [10] 2.72 ~12.49
TIPS [11] 2.7 ~12.66
TIP3P [12] 2.69 ~12.90
Dimer base [13] 2.976
Ice base [14] 2.76 -12.38
Liquid water [14] 2.81 -13.27 2
MD (280 K) [15-17] ~10.08 27
MD (310 K) [15-17] -9.76 15
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able Intermolecular Potential with 3 Points) stands
for the three-center model of a water molecule, where
the charges are located at three atoms of the molecule
[12]. The corresponding values of ey and Iy were cal-
culated in Refs. [11, 12]. In addition, Table 1 shows
the values of the indicated hydrogen bond parameters
obtained for water dimers (Dimer base) by microwave
spectroscopy [13], for ice (Ice base) and liquid wa-
ter (Liquid water) by X-ray Raman spectroscopy [14],
and at temperatures of 280 and 310 K by the molec-
ular dynamics (MD) method [15-17].

Furthermore, in the dimer model of hydrogen bond-
ing, its energy is considered equal to

Iy =raq, (1)

where ®(rq,{q) is the interaction energy of water
molecules in the equilibrium configuration of the
dimer, 74 = r0,0,, {24 is a set of equilibrium angles
that determine the spatial structure of the dimer.
The intermolecular interaction potential was mod-
eled as the sum of several independent contributions:

O(r,Q) = &,.(r,Q) + Op(r, Q) +
+ Dy (1, Q) + P (r, Q), (2)

EH = q)(?”d, Qd),

where ®,.(r, ) is the repulsive component, ®p(r,2)
is the dispersion interaction component, ®(r, Q) is
the electrostatic interaction energy between two wa-
ter molecules, and @y (r, Q) is the irreducible hydro-
gen bond interaction energy |1, 2|.

3. Dimer as the Simplest
Manifestation of Hydrogen Bonding

If we retain only the images of the centers of mass of
the hydrogen and oxygen ions in water molecules in
Fig. 1, then the water dimer takes the form presented
in Fig. 3. The ions in Fig. 3 are depicted as centers of
mass without taking into account their van der Waals
sizes, so the figure does not exhibit the real diameter
of the water molecule.

To determine the parameters of the dimer, we will
proceed from the model shown in Fig. 3, where the
dimer can be considered as a combination of a hy-
droxonium ion (see Fig. 4, a) and a hydroxyl ion (see
Fig. 4, b). The unit vectors directed toward the ver-
tices of the cube, in which the water molecules are
located, are determined by the relationships

eOA=%(i+j—k)7 (3)
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e03=%<i—j+k>, (4)

1

eoczf—i—‘r.—l—k. 5
iR 6
The valence angle, i.e., the angle between the lines
connecting the oxygen atom and the hydrogen atoms,
is determined by the equation

Z(HOH) = arccos (epa - €op) =
= arccos (—1/3) = 109.5°. (6)

This angle is approximately 4° larger than the bond
angle in an isolated water molecule. The angle 6 in
Fig. 3 is equal to the angle between the directions
formed by the z-axis and the unit vector ep 4,

0 = arccos (k - epa) = arccos(1/v/3) ~ 52°. (7)

The experimental values of this angle are given in
Table 2.

As can be seen, the obtained value of the angle
0 agrees quite satisfactorily with the experimental
data. The discrepancies in the #-values in Refs. [19-
21] arise from differences in the molecular dynamics
simulation methodologies: the non-pair additive po-
tential method, implemented by introducing the po-
larizability into the model [19], the method of self-
consistent field of molecular orbitals, implemented
from first principles without empirical parameters (ab
initio SCF-MO) [20], and the method implemented at
the level of second-order Méller—Plesset perturbation
theory (MP2) [21].

In addition, the length of the cube side for an iso-
lated water molecule equals

2 .
a=—=roa~1.109 A, 8
5704 (8)

and, according to Fig. 1, the length of the hydrogen
bond is

ZH ~ 2TOA ~ 2 A, (9)

which also agrees quite satisfactorily with the exper-
imental data for water (see Table 1).

4. Preliminary Condition
for Hydrogen Bond Formation

In order to better understand the origins of the behav-
ior of the settling time 74 (¢) and the dipole relaxation
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Fig. 4. Models of hydroxonium ion (H2O)HT (a) and hy-
droxyl (b) in a Cartesian coordinate system. The following
notations are used here: (o) hydrogens, (O) oxygens, (o) ef-
fective negative charges that arise due to the specificity of the
electron shells of oxygen atoms

time 74(t), where t = T/T, is the relative tempera-
ture normalized to the critical temperature of water,
let us consider the ratio between the average hydrogen
bond length in ice, lg) =2.67 A, and the average dis-
tance between molecules in liquid water, a = n=/3. If
the dimensionless parameter (j(t) = ll({l)nl/?’(t) < 1,
then the formation of stable hydrogen bonds between
neighboring molecules is impossible. Hydrogen bonds
with the length lg’) = 204 A also arise in wa-
ter; they correspond to the dimensionless parameter
Cw(t) = lgv)nl/?’(t). As a result of the hydrogen bond
formation, dimers and higher-order multimers with
short lifetimes may arise. This parameter increases
significantly when approaching the critical point due
to a significant expansion of the system [22, 23| and
the increase in the volume per dimer, first of all.

The behavior of (q(t), (i(¢), and (w(t) along
the vapor-liquid coexistence curve is presented in
Fig. 5. As can be seen, these parameters vary within
the following limits:

0.65 < Ca(t) < 0.96, (10)
0.61 < ¢i(t) < 0.9, (11)
0.61 < (w(t) < 0.9, (12)

where the lower limit corresponds to the vicinity of
the critical point, and the upper limit to the triple
point.

Table 2. Values of the angle 0 in the equilibrium state

Source [19] [20] [21]

Angle 0, deg. 51.8 60 57+£10
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Fig. 5. Dependences of the quantities (4, (1, and (w on the
relative temperature t = T'/T.
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Fig. 6. Comparison of the temperature dependences of the
water and ice densities near the triple point temperature

Inequalities (10)—(12) indicate that in the exis-
tence interval of liquid water, the formation of a sta-
ble hydrogen-bond network is impossible. Hydrogen
bonds arise only as a result of a random approach of
neighboring molecules to the distance r1o ~ ly. Si-
milarly, water dimers can arise, as well as tetramers
and more complex clusters.

4.1. Characteristic temperatures of water

The melting of hexagonal ice is accompanied by the
destruction of the hydrogen bond network and a
change in the system density. Within a short tem-
perature interval, the density of water increases in-
significantly and then, up to the critical point, de-
creases according to a law close to an argon-like one
(see Fig. 6).
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It is clear that the temperature T3, determined by
the equation

p1(Tir) = pw(Tw) (13)

allows us to estimate the temperature interval Ty, —
— Tiy within which multiparticle correlations van-
ish. From Fig. 6, it follows that

Ty = 0.6645 T, ~ 430 K. (14)

A surprising result is obtained if the density of water
between the triple and critical points is approximated
by a linear dependence on temperature,

t_ttr
1_ttr

Pw(t) = pw(te) + [pw (1) — pw(ter)]- (15)

In this case, the equation py(tr) = pp(ter), similar to
Eq. (13), yields the temperature: t;, a~ 0.485, which
coincides with the upper limit of the crystal-like mo-
tion of molecules in water (Ty ~ 315 K). However,
this approach to determining Ty is unrelated to the
features of the thermal motion of molecules.

It is clear that Eq. (13) can also be rewritten in
the form ny (tn) = np(tr), where n denotes the con-
centration of water or ice molecules, as well as in the

form Gy (tn) = Cu(ter).

5. Properties of the Hydrogen
Bond Network in Liquid Water

In this section, we will analyze the properties of a ran-
dom hydrogen bond network formed in liquid water.

5.1. Macroscopic manifestations
of hydrogen bonds in water

The character of the thermal motion of molecules in
water is determined by the features in the transla-
tional and rotational motion of its molecules. Impor-
tant characteristics of the former are the settling time
7o and the transition time 74 between temporary vi-
brational positions of the molecule. With satisfactory
accuracy, the time 7y can be approximated by the
expression: 7y ~ a/v,, where a is the average in-
terparticle distance, and v, is the average velocity of
thermal motion. The temperature dependence of the
ratio 7y = 79/7y was obtained in Refs. [24, 25] on the
basis of data on quasi-elastic incoherent scattering of
slow neutrons and is shown in Fig. 7.
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An analysis of dipole relaxation provides impor-
tant information about the rotational motion of wa-
ter molecules. The most important quantity here is
the ratio between the dipole relaxation time 7q and
the period of thermal rotation of a free molecule,
7. ~ 27 /wyp, where wp ~ /kgT/I is the charac-
teristic angular velocity, I ~ mH’I‘%H is the moment
of inertia of the water molecule (my is the mass of
the hydrogen atom, and rog is the distance between
the hydrogen atoms and the oxygen atom). With sat-
isfactory accuracy, we find that 7, ~ 5x 1073 s. The
temperature dependence of the ratio 7q = 74/7,, ac-
cording to several sources, was plotted in Ref. [27]
and is shown in Fig. 8.

As can be seen, substantial deviations of 7 and
74(t) from unity are observed at ¢t < 0.5. It is in this
temperature range that the behavior of 74(¢) can be
approximated by an exponential function (the dashed
curve in Fig. 8)

Fa =730

exp(en/t), (16)
where ey = Eu/ (kgTi), 7:0(10) = 5.1 x 1074, and
eg = 11.2. It is important that the value of the acti-
vation energy ey practically coincides with the hy-
drogen bond energy for most of the model poten-
tials listed in Table 1. During the settled lifetime
To ~ T4, the dipole moment of the water molecule
oscillates around the direction imposed by the exter-
nal alternating field, and afterward the ordering of the
dipole-moment orientations is lost. The deviation of
the dashed curve from the experimental values of the
dipole relaxation time occurs near tq ~ 0.48--0.49,
which corresponds to the upper limit of the crystal-
like vibrations of water molecules determined from
the analysis of translational motion.

Thus, the analysis of translational and rotational
motions leads to the self-consistent conclusion that
the crystal-like character of the motion of liquid water
molecules occurs within the temperature interval

Ty =273 K < T < Ty ~ 315 K. (17)

At the same time, the behaviors of 7o(t) and 74(t)
at higher temperatures, although remaining close to
unity, differ substantially. The values of 7y approach
unity and become even smaller, whereas the values of
74(t) are 2 to 3 times larger than unity in the tem-
perature interval 0.48 < ¢t < 1 and approach it very
slowly.

ISSN 2071-0194. Ukr. J. Phys. 2026. Vol. 71, No. 7

5.2. Optimal fitting
of the water coexistence
curve to the argon one

In Refs. [31, 32|, it was found that the water coexis-
(e)

tence curve Oy (t) = vy (t) /vy’ and the argon coexis-
tence curve a,(t) = vAr(t)/vxg, both normalized to
the corresponding critical values of the specific vol-
umes, do not coincide, but up to ¢t ~ 0.9, they ex-
hibit similar behavior. They look like quasi-parallel
curves shifted with respect to each other by a fac-
tor of 1.54. The character of their behavior changes
significantly only in the vicinity of the Ginzburg tem-
perature tg = 0.97. Upon approaching it, the water
and argon coexistence curves intersect and lose their
similar behavior.

In order to optimally fit the water coexistence curve
to the argon one, let us consider the temperature de-
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Fig. 7. Temperature dependence of the ratio 7o/7¢ (the tran-
sition time is practically independent of temperature and is
close to 75 &~ 5 x 10712 5)
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Fig. 8. Temperature dependence for the ratio 74(t)/7, where
T4 was taken from Refs. [28] (+), [29] (O, x), and [30] (¢). The
extrapolated values of 74(t) are shown by dots. t = T/T.
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Fig. 9. Behavior of the function R(¢,t,) for water and argon

at the normalized temperatures ¢, = 0.66 (solid curve) and
0.98 (dashed curve)
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pendence of the function

Uy (t)

Rtatn =\ )
(t,tn) o)

where
_ VAr (tn)
n 'UW (tn) Y
t= T/TC(W) for water, and t = T/Tc(Ar) for argon, as it
should be. At the point t = ¢,,, the ratio R(t,t,) = 1,

slightly deviating from unity on the left- and right-
hand sides, but increasing noticeably in the vicinity
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of the critical point, tg < ¢t < 1. The behavior of the
ratio R(t,t,) for the values ¢,, = 0.66 and ¢,, = 0.98
is shown in Fig. 9.

These curves appear almost identical, although be-
ing shifted parallel to each other, and provide no ad-
vantage in choosing the fractional volume with re-
spect to which the normalization is performed. In this
regard, let us define the function

S(tn) - Z [R(tiatn) - 1]27

1<i<440

(19)

which describes the root-mean-square deviation of
the water coexistence curve from the argon coexis-
tence curve, provided that t; = 0.56 + 0.0014. Let
the values of t,, run through the same t¢;-values. The
character of the dependence S(t,) is presented in
Fig. 10. One can see that the smallest relative de-
viation between the water and argon coexistence
curves is observed at ¢, =0.975; at this point, A\, =
= VA (tn)/Vw (tn)]t, =0.975 = 1.000, i.e., the indicated
curves intersect or touch each other.

Furthermore, at the first stage of the calculation,
in the ratio vy (t)/var(t), which is obtained on the ba-
sis of experimental data for fractional volumes, each
term is approximated by eleventh-order polynomi-
als. As a result, vy (t)/vac(t) = PV ()P (#). In
what follows, only polynomial approximations were
used at each step. The behavior of S(¢,) depending
on the choice of the normalization point ¢, is shown
in Fig. 10.

As follows from Fig. 10, the function S(¢,)

1) demonstrates that the deviation of the ratio
R(t,t,) from unity is less than 3%, namely,

R(t,ty) <1+ /S(ty) = 1£0.1,

within almost the entire interval of liquid argon exis-
tence;

2) the minimum deviation of the ratio R(¢,¢,) from
unity is observed at ¢, &~ 0.97, which numerically
coincides with the Ginzburg temperature.

In the zeroth approximation, the coexistence curves
of water and argon should coincide, since they are de-
scribed by the same interaction potentials, which are
of the Lennard-Jones form. A small deviation of the
water coexistence curve from the argon-like depen-
dence is caused by the influence of hydrogen bonds,
and from Fig. 10 it follows that their manifestation
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is observed within the whole interval of water exis-
tence, including the critical point. As the tempera-
ture increases, the influence of hydrogen bonds grad-
ually decreases, but does not vanish completely.

This conclusion

1) is fully consistent with the analysis of the behav-
ior of the dielectric permittivity (see the next subsec-
tion), according to which, close to the temperature
T. =~ 0.85T,, a cluster structure is preserved in water,
which owes its origin to short-term hydrogen bonds;

2) raises the issue of the need for a thorough exper-
imental study of the temperature dependence of the
ratio between the dipole relaxation time and the free
rotation time of a water molecule, 74 = 74/7;.

5.3. Thermal excitations of clusters

In order to better understand the character of the
thermal motion of water molecules at temperatures
0.48 < t < 1, let us recall the conclusions drawn
in Ref. [33] after analyzing the behavior of the di-
electric permittivity. According to Refs. [7, 33], in
the temperature range 0.42 < t < 0.85, the po-
larization properties of water are formed by ther-
mal vibrational excitations of water clusters, mainly
tetramers. In this case, 74(t) can be interpreted as the
lifetime of tetramers, and the inequality 74(t) > 1 is
naturally explained. As the temperature approaches
t ~ 0.48, the tetramers combine into larger clusters,
and the translational motion of the molecules acquires
a vibrational character. Here, the unifying element is
hydrogen bonds. As the temperature increases away
from t ~ 0.48 toward higher temperatures, the vibra-
tions of water molecules disappear, and their trans-
lational motion resembles the motion of atoms in
argon. In the latter, the continuous chaotic drift of
molecules is a consequence of the fact that the energy
of thermal motion of molecules is comparable to the
depth of the potential energy of interaction between
the nearest neighbors, kg7 ~ 120 K [2].

6. Longitudinal and Transverse
Vibrations of Hydrogen Bond

The potential of intermolecular interaction in a water
dimer can be approximated by the following averaged
potential, which has the Lennard-Jones form:

o= [ - (O]

ISSN 2071-0194. Ukr. J. Phys. 2026. Vol. 71, No. 7

(20)

where the dimensional parameters obtained using the
SPC/E potential are

e~ 2kpThe, o~ 2.7 A. (21)
In the vicinity of the potential minimum U (rg) = —e,
which takes place at rq = 2!/6¢, the potential can be

described by the series expansion

36e 9

U(T) = 21/30_2 (7‘ - TO)

—+ + ... (22)

As a result, the elastic constant equals

_9*U(r)

T2e
krr -
or?

~ 51/3,2°
—y 230

(23)

The root-mean-square value of the longitudinal fluc-
tuations of the hydrogen bond length is

21/3kp Ty
{(Ar)?) = Ta% (24)
(an)?) ~ (.1t. (25)

o2

Since the gap between the nearest neighbors in water
also has a value of about 0.10 [18], we see that its
value is of the same order of magnitude as the longi-
tudinal fluctuations of the hydrogen bond length.

Note that formula (20) can actually be written on
the basis of dimensional considerations.

The interaction potential of water molecules in an
isolated dimer as a function of the distance between
oxygens is presented in Fig. 11, which is taken from
Ref. [18].

The elastic constant of longitudinal vibrations is
determined by the relationship

0%®(r, Q
krr = (T; d) ) (26)
or r=rq
and, according to Fig. 11, we obtain
Epp = 4.23 x 107kp Ty, cm ™2, (27)

Let us compare this value with the numerical value
of the elastic constant (23), which corresponds to the
average potential (20),

Epp = 1.56 x 10"k T},, cm™2. (28)
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Fig. 11. Dependence of the interaction potential between wa-
ter molecules in the dimer configuration on the distance be-
tween the oxygen atoms
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Fig. 12. Dependence of the dimer energy on the angle 6 [18]

As one can see, the elastic constant corresponding to
the average potential is three times smaller, i.e., this
result agrees with qualitative considerations.

The longitudinal deviation of hydrogen from its
equilibrium value at the triple point temperature
equals

@
’ATH ’ V kBTtr/krr ~ 0.05

Tqd Td

(29)

6.1. Transverse vibrations of hydrogen bond

Transverse vibrations of the hydrogen bond are re-
duced to angular vibrations around the y- and z-
axes. When analyzing these vibrations rigorously, one
must also take into account the restrictions imposed
by the immobility of the dimer’s center of mass. Ho-
wever, we will consider only angular motions that sat-
isfy the conditions of conservation of angular momen-
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tum projections onto the corresponding axes: M, =0
and M, = 0.

6.1.1. Vibrations around y-axis

Let the angular deviations of the left and right
molecules in the dimer (see Fig. 3) be described by
the angles #; and 65, respectively. The law of conser-
vation of angular momentum yields the equation
150601 + 120, = 0, (30)
where IZSZ), i = 1,2, are the moments of inertia of
the left and right water molecules, respectively. From
Fig. 3, we find

I5) = 2murdy, (31)

Izgzz;) = 2myrdy cos? (g). (32)

2

The hydrogen bond vibrations are directly related to
the angle 6. From the above equations, it follows that

. aN - 3.
01 = —COS2 (5) 02 ~ —192. (33)

Since the variations of the angles 6> and 6, coincide,
we obtain

< 2> ~ 9kpT
! 16kgs’

(34)

where the elastic constant k.. is related to the angular
dependence of the dimer energy in Fig. 12 by the
standard relationship

0?®(rq,0)

062 (35)

koo = .
0=0cq

Let us compare this value with that associated with
the averaged potential. To an order of magnitude, the
elastic longitudinal constant satisfies the equation

1
kY = = (b + koo + o).

3 (36)

Assuming that kg, =~ kgg, we obtain
1
koo ~ 5(3k§f:.> — k) = 0.23 x 101 kg T, em™2. (37)

As one can see, the value of this elastic constant is ap-
proximately 20 times smaller than that corresponding
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to longitudinal vibrations. Direct calculations of this
elastic constant lead to an even smaller value,

keo ~ 0.15 x 10" kpT;, cm™2. (38)
As a result, the amplitude of azimuthal vibrations
increases by 4 to 5 times as compared to longitudinal
vibrations. In other words, hydrogen-bond breaking
becomes quite possible.

7. Discussion of Obtained Results

The clarification of the role of hydrogen bonds in the
formation of water properties remains one of the is-
sues that has not yet been fully resolved. This prob-
lem is analyzed in the presented article as well. Our
approach is based on modeling hydrogen bonding
in close connection with the structure of the water
molecule, which takes into account the specific dis-
tribution of electron density generated by the oxy-
gen. In particular, the appearance of hydrogen bonds
in water is naturally associated with the formation of
dimers. It was shown that the parameters of dimers
in water, constructed on the basis of geometric con-
siderations for individual water molecules, are in rea-
sonably good agreement with experimental data. At
the same time, it was found that transverse vibra-
tions of hydrogen bonds are significantly less stable
than their longitudinal components. As a result:

1) hydrogen bonds formed in water are short-term,

2) the magnitude of shear viscosity in water does
not differ by an order of magnitude from that of argon
and other low-molecular liquids.

Conditions for the formation of hydrogen bonds
in water have been considered in detail, and it has
been shown that they play a certain role throughout
the entire liquid-state region, from the triple point to
the critical point. The data obtained in this work are
qualitatively consistent with those reported in works
devoted to the dielectric permittivity and the heat
capacity [7, 33|. Namely, our analysis supports the
conclusions of those works, as well as the works on
dipole relaxation [27-30], on the formation of molec-
ular clusters; first of all, tetramers and dimers.

In this work, the physical nature of the characteris-
tic temperature Ty, which was established in Ref. [24]
and plays an important role in determining the ex-
istence limits for living matter [25], has also been
considered.
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8. Conclusions

It was shown in this work that there are several im-
portant factors responsible for the emergence of short-
term hydrogen bonds in liquid water. Among them,
we note:

1) the geometric incompatibility of hydrogen bond
formation with the density of water,

2) the instability of transverse vibrations of hydro-
gen bonds leading to dimerization and, in the more
general case, to the clustering of water molecules.

The short-term existence of hydrogen bonds

1) forms the basis for the similarity of temperature
dependences of the specific volume for water and ar-
gon, and

2) is responsible for the close values of viscosity in
water and other low-molecular liquids.

In future research, we hope to expand and deepen
the issues considered here; first of all, to develop the
theory of the pH of pure water and aqueous salt so-
lutions with dissolved carbon dioxide [34].
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O./1. Cmoaspux, O.B. Xopoavcokuti
CIIEHU®IKA BOJHEBUX 3B’S13KIB YV BO/II

Y pobori anasizyernbcs crienudika MposiBy BOJIHEBUX 3B’sI3KiB
Y CTPYKTYPHHUX 1 TEPMOJMHAMIYHUX BJIACTHBOCTSAX BOAu. Bu-
XOZAYHN 3 IIEBHOI CTPYKTYPH MOJIEKYJIN BOJH, 3aIPOIIOHOBAHO
HOBHIl MeXaHi3M yTBODEHHs JUMEDIB BOJU I BUHUKHEHHS BO-
JHEBOIrO 3B’I3Ky BogHOYAC. BCTaHOBIIEHO, IO XapaKTEpHI Ky-
TA JIUMEPY BOIH I[IJIKOM 3aJI0BiJIbHO y3TOJXKYIOTbCH 3 €KCIIe-
pUMeHTaJbHUMH JaHUMHU. [okazaHo, IO B3a€MHE BiJXHUJIEHHH
KPUBHX CIIBICHYBaHHsI BOJU i aproHy 3yMOBJIEHO KOPOTKOYa-
CHHMU BOJHEBUMH 3B’SI3KaMH B yCBOMY iHTepBaJli iCHyBaHHH
pimuaHOrO cTaHy Bozu. JloBeaeHo, 1110 BiACYy THICTH JOBrOTPHBA-
JIMX BOJHEBUX 3B’s13KiB y BOJ 3yMOBJIEHa HeCcTabiIbHICTIO TXHIX
[IOIIEPEYHHX TEIIJIOBUX 30y KeHb. Po3riisiHyTO XapakTepHi 3Ha-
YeHHSI TeMIIePaTypPH BOAU Y PIAUHHOMY CTaHi.

Katwoei caoea: BOma, BOIHEBI 3B’s13KH, TePMOAMHAMIYHI
BJIACTUBOCTi, KIHETHYIHI BJIACTUBOCTI.

ISSN 2071-0194. Ukr. J. Phys. 2026. Vol. 71, No. 7



