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DIMERIZATION OF WATER MOLECULES.
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IN THE MULTIPOLE APPROXIMATION

The work presents the detailed analysis of the water dimer properties. Their parameters are
investigated on the basis of a multipole interaction potential extended up to the quadrupole—
quadrupole and dipole—octupole terms. All main equilibrium parameters of the dimer are ob-
tained: its geometry, ground-state energy, dipole and quadrupole moments, vibration frequen-
cies, etc. They are thoroughly compared with those obtained in quantum chemical calculations
and from spectroscopic data. The efficiency of the present model potentials is discussed. A
new viewpoint on the nature of the hydrogen bond is presented. The results of studies are
thoroughly compared with the spectroscopic and computer simulation data.
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1. Introduction

The main object of our research is the water dimer
properties, which parameters are very sensitive to the
type of intermolecular interaction. A water dimer
is a closed system of two water molecules connected
with the hydrogen bond. The equilibrium dimer con-
figuration that corresponds to the minimum of the
interaction energy is presented in Fig. 1. We will
briefly discuss the main dimer parameters presented
in Table 1 according to the quantum chemical calcu-
lations and experimental data. In [1], two types of
dimers are studied: a “frozen” dimer, which has the
distance between oxygen and hydrogen and the an-
gle between O—H bonds fixed, and a “relaxed” dimer,
where changes of the O-H length and the angle be-
tween bonds are allowed. In [2], a “frozen” dimer con-
figuration was used to determine the H-bond energy
and the dipole moment of a dimer (the intermolecu-
lar distance rg)o(z and the angle 6y were postulated).
From the comparison of the quantum chemical re-
sults and the experimental ones, it follows that the
optimum value of the ground-state energy of a water
dimer is &4 ~ —(9 + 10)kgT,,, where T;,, = 273 K
is the melting temperature of ice, and is observed at

r(()og = 2.98 A. The values of angle 6y and dimer dipole
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moment D, should be §; = 50° and Dy =~ 2.8D,
respectively.

This brief review of the dimer properties shows
that, nowadays, there is no consistent approach to the
problem of formation of dimers, as well as to the cal-
culation of their equilibrium parameters. The biggest
difficulty is related to the absence of a clear approach
to the magnitude of characteristic contributions to
the interaction energy.

In the present work, the water dimer properties are
studied on the basis of a strictly defined potential that
consists of: 1) literature-based dispersive and repul-
sive interaction and 2) multipole electrostatic inter-
action that is extrapolated to the overlapping region.
Under the sufficient proximity of water molecules that
leads to the overlap of the electron shells, it is nec-
essary to use the quantum chemical calculations to
determine the interaction energy. It was shown in [3]
that the energy of a hydrogen bond itself does not ex-
ceed ~ kpT,,. The last circumstance is in agreement
with the fact that the intramolecular distances in a
water molecule change not more than by (1 + 3)%
[4, 5]. This means that we can neglect the contri-
butions of hydrogen bonds to the interaction energy
of two water molecules. For the first time, this fact
had been understood in the works of Berendsen [6]
and Barnes [7]. A critical review of the modern po-
tentials, in which the existence of hydrogen bonds
is ignored, is presented in [2]. In the same work, the
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Table 1. Characteristics of the equilibrium state of a water dimer according to different approaches

Specification r(()(g,fg 0o, deg Ey Dy, D
1] Frozen dimer 2.954 19.3 -9.94
Relaxed dimer 2.896 20.5 -12.78
6-31G 2.98 60 -10.69 2.2
[2] STO-3G 2.98 60 -9.39 1.72
4-31G 2.98 60 —14.18 2.60
[9] 2.925 51.8 ~9.11
[10] ~10.32
HF G-311G 2.814 -15.06 4.37
HF G-311G++G(dp) 3.001 -8.85 3.45
HF G-311G++G(3df, 3pd) 3.026 —7.37 2.88
[11] MP2 G-311G 2.797 -16.82 4.24
MP2 G-311G++G(dp) 2.914 ~11.21 3.30
MP2 G-311G++G(3df, 3pd) 2.904 -9.79 2.68
BLYP G-311G++G(dp) 2.927 -10.03 3.09
BLYP G-311G++G(3df, 3pd) 2.944 -8.22 2.54
(12] 2.6
[13] 2.94 2.15
[4] Exper. 2.9764+0.004 57+10
[5] Exper. —9.96+0.4
[14] Exper. 2.60

generalized Stillinger—David potential that eliminates
its weaknesses and retains its positive features is pre-
sented. Let us mention the attempt in [§] to model
the hydrogen bonds, but no results that deserve a sig-
nificant attention are obtained. Specifically, the fol-
lowing aspects are studied in the present work: 1) the
ground-state energy of a water dimer along with its
dipole moment as functions of the intermolecular dis-
tance and the angles that define a relative orientation
of molecules; 2) the influence of dimer’s rotation on
its ground-state energy and 3) vibration states of a
water dimer. The possibility to use the electrostatic
multipole potential for the description of attraction
between water molecules in liquid water and the re-
lations between the results obtained, computer simu-
lations, and experimental data are discussed.

2. Structure of the Interparticle Interaction
Potential Between Water Molecules

The interparticle interaction potential is modeled
with the expression

D(r, )=, (r, Q)+Pp (r, Q)+Dps (r, Q)+Pp (r, Q), (1)

where ®,.(r,Q) is the repulsive term, ®p(r,Q) de-
scribes the dispersive forces, ®/(r, ) is a part of
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the multipole expansion of the interaction energy be-
tween two water molecules, and ®g(r,2) is the irre-
ducible contribution caused by the overlap of the elec-
tron shells of the water molecules (€ is the set of an-
gles that describe the orientation of water molecules).
The reference to the multipole expansion for the in-
terparticle interaction is supported by the following
facts: 1) quantum chemical calculation of the multi-
pole moments is a well-posed problem; 2) comparison
of the different multipole contributions allows us to
control the applicability of the multipole approxima-
tion for the electrostatic interaction. Due to the wide
discussion of the parameters of dimers [4,5,9-13, 15—
17], the last fact becomes stronger.

In the present work, the multipole contributions
to the interparticle potential are considered up to the
three-moment terms, i.e. up to the octupole-octupole
effects:

D™ A pmmy . fntm L
Ppr(r) = Z ,W(Ql @)D e (2)
1<n,m<3
Here, QW is the k-th multipole moment,
whose components are defined as Q") =

= 21951\/ %5581)95((;2)555:2,

is the differential operator and (:) stands for the

Dk = 0

0T aq ...azak
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sum over the indexes. The symbol (Q(ln)ng)) is
used to determine the Kronecker product of the
matrices that correspond to the multipole moments,
and r is the distance between oxygens. After all the
necessary differentiations, we substitute: r = rgo
and T, = Tool24, Which corresponds to a selected
dimer configuration. Multipole contributions include
terms up to the dipole-octupole ones:

D(r) = Ppp + Ppo + P + Ppo + -y (3)
which take the form

1
®pp = ——(dMd® - 3dMdP),

(e]e)

2 1
Dpo = — 5 (64 Q3 + AP Q) ~
(e]@)

715(d( ) (2) +d(1)Q(2))),

1
(35Q55 Q%

3
00 = f5- —20Q8 Q% +205) Q).

Poo =~ 55~ (@00, + a0,

15O + O 5l OF

ple%e’

+dsP oS )+

pre%e’

2 1
+dNO, +dP05,).
The components of the dipole moment of a water
molecule in the laboratory coordinate system (LCS)
are given by the relations

d® = d(0, cos(8/2 + x),sin(8/2 + X)),

d® = d(0,cos 0, —sinb),

where d is the absolute value of dipole moment of a
water molecule, § is the angle in the molecular co-
ordinate system (MCS) that defines the positions of
hydrogens. It is stated that the water molecule is
oriented in MCS as in Fig. 2.

The values of components of the quadrupole and
octupole moments, calculated in computer experi-
ments or obtained experimentally are presented in
Tables 2 and 3. The orders of magnitude for the mul-
tipole moments are:

d~1D, Q~10%D-cm and O~ 1071 D.cm?.

ISSN 0372-400X. Yxp. ¢is. orcypn. 2013. T. 58, Ne 3

Fig. 2. Angles that define the orientation of molecules in LCS

Here, D equals 1 Debye — unit of dipole moments. In
our opinion, the optimal values of components of the
quadrupole moment of a water molecule are obtained
in the computer experiment [13]. These values are
in good accordance with the experimental data [18].
But the components of the quadrupole moment that
correspond to the charge distribution in model po-
tentials [1, 19-22] differ even by the sign (see Table
2). The same situation is also characteristic of the
octupole moments (see Table 3). The mutual coher-
ence of different works is only observed in the values
of dipole moment. This fact gives us the ground to
conclude that most of the model potentials are un-

Table 2. Components of the quadrupole
moment of a water molecule in MCS

Q% D Q) D Q). DA
[1] 2.57 0.37 -2.94
3] 2.34 0.43 -1.17
[13] -0.09 ~1.67 1.75
(18] -0.07 ~1.61 1.69
[23] -0.19 ~1.58 1.77
[24] -0.07 -1.61 1.69
[25] ~0.55 —0.84 1.39
[26] -0.07 ~1.74 1.81
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Fig. 3. Role of the corresponding contributions to the in-
terparticle potential: 1 — dipole-dipole interaction, 2 — dipole-
quadrupole, 3 — quadrupole-quadrupole, 4 — dipole-octupole,
5 — total multipole interaction
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Fig. 4. The behavior of the sum of repulsive and disper-
sive terms for the Buckingham (1), Buckingham—Corner (2),
SPC (3), SPC/E (4), TIPS (5), and TIP3P (6) potentials

able to reproduce fine details of the intermolecular
interaction. The transition between MCS and LCS is
standard:

d(Q) = Red,

QaB(Q) = RQQaﬁRga

Table 3. Components of the octupole
moment of a water molecule

0) 5 (0) i (0) 3
0%y, DA% | o0}, . DA2 | Oy, D A2
1] 1.91 0.30 —2.22
[13] ~1.29 -1.73 3.03
[18] ~1.33 ~1.82 3.16
282

Oy ap(Q) = ROy s Ry,

where Rq indicates the rotation matrix by the an-
gle Q: Q =a,0,¢ (a,0,¢ are the angles of rotation
around the LCS axes, as given in Fig. 3)

For example, the rotation around the Oy axis is
given by the direct and transposed matrices:

cosa 0 —sina
, RI={ 0 1 o

sina 0

cosa 0 sina
Ry= 0 1 0

—sina 0 cosq, Cos «

We note that the components of the quadrupole
moment of a water molecule in [5, 15-20] were

calculated with the use of the formula Qg}; =

%Zi(?)m&l)xg)f —128,p) that differs from our one
by the multiplier 3/2.

According to the selection of LCS (see Fig. 1),
we can use only Oy,g components of the octupole
moment. By the same reason, as we use traceless
quadrupole moments, we will use traceless octupole
moments:

1
OV = Ovas — 50xfas,

where Oy = 22:1 Oy ao is the trace of the matrix
Oy g. From our point of view, the most convenient
values of Oy, are obtained in [13] and [18], where
the values of components of the octupole moments
are almost the same.

The relative values of the multipole contributions
of different orders to the interparticle potential are
presented in Fig. 4. Here and below, we use the the
dimensionless values for interaction energy ®(r, Q) —
— &(r,Q)/kgT,, where T, is the crystallization
temperature for liquid water. The curves in Fig. 4
correspond to the fixed value of angle y, which is
supposed to equal 0.7° and does not depend on the
distance between water molecules. The angle 6 is a
function of the intermolecular distance and was ob-
tained from the minimum of the interaction energy
at each value of rop. The total value of multipole
contribution is shown by curve 5. As we see, at a dis-
tance of 3 A that is supposed to be the equilibrium
for a water dimer, the depth of the total multipole
interaction reaches —15.

We should consider the behavior of the ®po term
that describes the dipole-octupole interaction. From
Fig. 4, it follows that the curves of ®po and Pgg

ISSN 0372-400X. Yxp. ¢is. orcypn. 2013. T. 58, Ne 3
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cross at r ~ r,, where r, ~ 3.2 A. This fact indi-
cates the breaking of the multipole expansion. At the
smaller distances, the electron shells begin to overlap,
so it is the natural border for the usage of model elec-
trostatic potentials.

3. Repulsive and Dispersive Interaction
between Water Molecules

We will use the Buckingham—Corner [28], three-point
SPC [19, 20|, and TIPS [21, 22] potentials to de-
scribe the repulsion and dispersive effects between
water molecules. In the Buckingham—Corner poten-
tial, the effects of repulsion and dispersive forces are
described with the sum of pair contributions of the
hydrogen—hydrogen, hydrogen—oxygen, and oxygen—
oxygen types:

= ~ 5T AG AS _A(r_1)3
B =B (*) @

eprs,

where B = (—e + (1 +ﬂ)%)€_ﬁv A = FT5) 856

Ag = pr2Ag, B = 28:’32, € is the potential well
depth, and r,, is the intermolecular distance at the
minima of energy.

In the SPC and TIPS potentials, the dispersive and
repulsive interactions inhere only in the electron shells
of the oxygen atoms and are determined in the form

similar to the Lennard-Jones potential:

B SPC A
o(SPO) = Z00 - ) — T;O (5)
[eJe) [ee)

The comparative behavior of the repulsive and dis-
persive contributions to the Buckingham, Bucking-
ham—-Corner, SPC, TIPS, and TIP3P potentials is
presented in Fig. 4.

As we can see, the minimum of the interaction en-
ergy is around 0.2 + 0.3, and its position is approxi-
mately at (3.5 <+ 3.6) A. Curve I that corresponds to
the Buckingham potential differs very much from the
latter potentials. Of course, the simple comparison of
the dispersive and repulsive curves is not enough to
select the appropriate potential.

4. Ground State of a Dimer

In this section, we will present the results of studies
of the ground state of a water dimer, based on po-
tential (1), where we will ignore the contribution of

ISSN 0372-400X. Yxp. ¢is. orcypn. 2013. T. 58, Ne 3

Fig. 5. Profile of the potential surface b = ®/kpTy, of the
interaction of two water molecules ( Ty, is the temperature of
melting for ice)

the short-range H-bond potential. We will consider
the positions of the oxygens and hydrogens in water
molecule remain still for the ease of calculations. Ac-
cording to [16], such requirement leads to the error
not more than (1.5 + 3)%. The ground state of a
water dimer is identified with the minimum of the in-
teraction energy of two water molecules oriented, as it
is shown in Fig. 1. More specifically, the equilibrium
distance 7“5)0(2 between the oxygens and the angle 6,
between the directions of unexcited dipole moments
are found from the condition

Téog,Ho < absolute min (7,0, = 0),

where ® is the intermolecular interaction potential.
It is considered to be a function of the dimensionless
distance 7 = 760 /Tom, Tox = 0.97 A is the length of
the O—H bond, and the angle « describes the rotation
around the H-bond (see Fig. 2).

The general view of the potential surface ®(7,0) is
presented in Fig. 5.

On the set of points of minimum for ®(7, §), the an-
gle 6,, is a function of 7. Its dependence is presented
in Fig. 6.

The radial dependence of the interaction energy at
the angle 6,,, corresponding to the absolute minimum
is presented in Fig. 7.

It follows from Figs. 5-7 that the parameters pre-
sented in Table 4 correspond to the absolute mini-
mum of the interaction energy.
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Fig. 6. Radial dependence of the angle 6y, (5). Angles a, 3,
and x remain fixed and correspond to the absolute minimum
configuration. Curves 1 — 4 describe the dependence of 0, in
DD, DQ, QQ, and DO approximations, respectively
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Fig. 7. Dependence of the interaction energy on the inter-
molecular distance in a dimer configuration

One can see that the equilibrium parameters of a
dimer are very sensitive to the selection of the form of
repulsive and dispersive interactions. More precisely,
these parameters depend on the law of decrease of

Table 4. Equilibrium parameters of a water
dimer for different interaction potentials

Too Ed7 kBTTVL 0 X Ddu D

B 2.96 -8.5 28.03 0.75 2.8435

BC 2.89 -9.65 28.70 0 2.8148

SPC 2.72 -12.49 27.69 1.03 2.8143

SPC/E | 2.72 -12.49 27.69 1.03 2.8143

TIPS 2.7 -12.66 27.61 1.14 2.8137

TIP3P | 2.69 -12.90 27.60 1.16 2.8136
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the repulsive interaction. The depth of the potential
well becomes bigger when the maximum of repulsion
moves to the left (see Fig. 4). The position of the
repulsive branch of the potential is a key factor that
defines the equilibrium parameters of a water dimer.
The value of the dipole moment of a water dimer is
given by the formula

Dy = 2dyy cos %(00 +(6/2— ). (6)

The values given should be compared to the equilib-
rium values obtained from the computer simulations
and experiments (see Table 1). As follows from Table
1, the intermolecular distance deviates from the lit-
erature data. Another important dependence is the
dependence on the angle « of rotation around the H-
bond (see Fig. 9). The variable « is an intradimer
characteristic, so it is responsive for the rotation of
molecules inside the dimer.

Another important characteristic of a dimer, which
should be compared with other results [11,12,17], is
the dependence on the angle 6 corresponding to the
transversal vibrations of H-bonds (see Chapter 4). It
is presented in Fig. 8. We see that, in the region
of the minimum, the dependence of the interaction
potential has a slope. As a consequence, in different
models of water, the deviations of the equilibrium
value of 6 can be huge. Moreover, the heat vibrations
of the H-bond can influence the experimental values
of the angle 6.

It is necessary to mention that the most convenient
dimer parameters to compare are: 1) the value of its
dipole moment; 2) the values of components of the
quadrupole moment and it average value, which is
defined as Q = %(QXX + Qvy + Qzz) (here, we
use the components of the non-traceless quadrupole
moment), and 3) the vibration frequencies of water
dimer. According to (6), the experimental value of
the dimer dipole moment allows us to control the
equilibrium values of the angle §. The components
of the quadrupole moment of a water dimer are con-
nected with the components of the quadrupole mo-
ment of an isolated water molecule by the relation

1 w w
Qus = Qup + Quj + 5 (Ra(dg” —di")s +

+Rs(ad” —a").), (7)
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Fig. 8. Comparative behavior of the interaction potentials.
(1) - B, (2) - BC, (3) — SPC, (4) — TIPS

where R = rgg. The average value of quadrupole

moment is
= = ~ 1
Qi=0Q1+ Q2+ gdwréog(cosﬂ —cos0/2). (8)

It is worth to mention that the components of the
dipole and quadrupole moments can be easily cal-
culated with the help of the methods of quantum
chemistry. Another surprising fact is the possibility
of the existence of metastable states of water dimers.
With the fixed angle 6 that corresponds to a min-
imum, there is a possibility of the turn of another
water molecule on a specific angle, that can be cal-
culated studying the dependence of the interaction
energy on angle x.

As follows from Fig. 11, there are two local min-
ima separated by the potential barrier. The depth
of the second minimum is approximately 5kg7T;,, and
its position corresponds to the reflection of a molecule
relative to the zy plane.

5. Rotation of a Dimer

If a dimer is formed in the gas phase, its thermal
motion consists of the translational, rotational, and
vibration modes. It is clear that only rotations and
vibrations influence the equilibrium parameters of a
dimer. Let us mention that the experimental val-
ues of intermolecular distance [4,5, 14| correspond to
the rotating dimers. This circumstance is ignored in
the computer experiments. In this section, we will
consider only the rotational influence on the param-
eters of a dimer. The rotation of a dimer is followed
by the emergence of centrifugal forces, which lead to

ISSN 0372-400X. Vxp. ¢is. orcypn. 2013. T. 58, Ne 3
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Fig. 9. Dependence of the dimer energy on the angle of rela-
tive rotation around the H-bond
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Fig. 10. Dependence of the interaction energy on the angle 0
at roo = 2.9757 A
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Fig. 11. Dependence of the interaction energy on the angle x
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Table 5. Frequencies of small oscillations

B BC
SPC TIPS
“Frozen dimer”’ Rotating dimer “Frozen dimer” Rotating dimer
w1, cm~1! 175.12 166.23 182.51 164.20 63.14 68.91
wa, cm~1 196.82 194.44 198.14 194.43 244.63 212.63
w3, cm~ 1 391.83 385.63 400.87 386.73 246.00 247.64
wyq, cm~ ! 521.64 513.29 529.97 511.42 307.93 313.00

the growth of the equilibrium distance between oxy-
gens. Rotation takes place around two axes that are
perpendicular to the OX axis. Both axes lie in the
molecular planes. The growth of the distance between
oxygens is determined by the equation

k(r—r) = mo(w% + w%)r, (9)

where the average frequencies of rotation can be esti-
mated from the relations

W2 — kT W2 — kgT
1 Il ) 2 12 °

The inertia moments I; and I are equal to: [I; =

=1332x 1073 g-cm?, I, = 1.219 x 10732 g - cm?.

The values of force constant k are calculated in the

next chapter. But, regardless the calculations, the

3.06 ]
3.04 o ]

302t s ]

,A

3.00 A :
298 ]

296 ]

0 100 200 300 400 500 600
TK

Fig. 12. Temperature dependence of the equilibrium distance
between oxygen atoms in a water dimer

0 (0}
Fig. 13. Vibration modes of an H-bond
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equilibrium distance grows linearly with the temper-
ature. The rise of the equilibrium distance between
oxygens is presented in Fig. 12.

As we can see, the distance between oxygens at
the melting temperature increases approximately by
0.04 A: from 2.96 A to 3.00 A. The ground-state en-
ergy decreases by 0.04. In a vicinity of the critical
point, the equilibrium distance reaches 3.06 A.

6. Small Oscillations of a Dimer

From the configuration of a dimer, it follows that

the most characteristic types of small oscillations are:

1) longitudinal one connected with a change of the
(0)

. ~ T -
Too distance between the oxygens: 7 = —22—00;

2) two transversal oscillations of the H-bond that are
connected with small rotations around the x (by angle
0) and z (by angle ¢ ) axes and 3) intradimer oscil-
lations connected with a change of the relative orien-
tation of water molecules during the rotation around
H-bonds. Here, it is necessary to mention that the
variables 7 and # are not independent and form a
new pair of normal (hybrid) coordinates. Longitudi-
nal and two transversal vibrations can also be inter-
preted as the oscillations of the H-bond (Fig. 13).
We have to remember that dimers rotate; therefore,
the spectra of small oscillations will change.

According to this, the Lagrange function for small
oscillations of the dimer takes the form

1 .. 1
L = 5 Z mi’jximj — 5 Z Ki,jxixj, (10)
1<4,5<4 1<i,j<4
where z; = (7,0,¢,a) are the generalized coordi-
nates, and #; = (7,0,¢,&) are the generalized ve-

locities. It is easy to see that the mass tensor has a
diagonal structure:

miy = I, mog=1Ig, maz =1y, mys=1,,

ISSN 0372-400X. Yxp. ¢is. orcypn. 2013. T. 58, Ne 3
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2

2y b= 1/2myy is the reduced mass of

- @

I
a water molecule, I = —4—5 are the components of
1P 41!

where I, = ur

the reduced inertia moments, 7 = #, a;, and the super-
scripts number water molecules. In accordance with
Fig. 1, the components of the inertia moment are:

I = 2myr2 (1 — cos® §/2 cos? )
and are equal to

I, ~14.14 x 10746 g . cm,
Ip~0.83x 107 g cm,
f¢ ~ 0.61 x 10746 g . cm,
I, ~0.95x107% g.cm.

The force constants k;; are determined in a standard
way: ki; = %\M:O. All the derivatives are cal-
culated at a fixed value of angle x. The frequencies
of small oscillations are calculated in a standard way
and are presented in Table 5 for the potential with
repulsive and dispersive parts from the Buckingham
and Buckingham—-Corner potentials. Two first fre-
quencies correspond to hybrid oscillations of the 7, 6-
type. Their normal coordinates are (at x = 0):

(k11 — Lw2)7 + k126
I (Wi — w3) (ka2 — Tow?)
k1o + (koo — Igu}%)@
I (w} — w3) (kg — Tgw?)

up = Cy exp(iwit), (11)

ug = C5 exp(iwat). (12)
Coefficients C7 and Csy are determined from the initial
conditions. Thus, we can only speak about a single
transversal oscillation of an H-bond, while the other

one mixes with its longitudinal oscillation.
7. Discussion

From the qualitative point of view, the formation
of dimers is related to the formation of a hydrogen
bond between two water molecules. In this case, the
ground-state energy of a dimer is identified with the
energy of the H-bond. In our dimensionless units, it
should be equal to —10. This estimate is confirmed
by the quantum chemical calculations [9,10,16]. The
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close value of bonding energy (E; = —9.19) is ob-
tained, by using a generalized Stillinger—-David po-
tential [16]. However, the different approach is con-
sidered in the present work. It is supposed that the
dimers are formed due to three well-defined types
of interaction: repulsive, dispersive, and multipole
electrostatic interactions. In our calculation, we re-
strict ourselves to all contributions up to the dipole-
octupole ones. The extrapolation of the interaction
to the overlapping region does not lead to any anoma-
lous increase of the dipole-octupole interaction rela-
tive to other terms. This is the evidence of the legit-
imacy of using the described procedure of extrapola-
tion on the distances up to 7o, = 3 A. The reliability
of the results is confirmed by the fact that the val-
ues of quadrupole and octupole moments calculated
in the computer experiments coincide with the ex-
perimental data. The optimal value of ground-state
energy of a stationary dimer according to our calcu-
lations is E; = —9.65 and is reached at the distance
réog = 2.89 A. It is shown that the rotation of a dimer,
which is quite natural in the gas phase, leads to an
increase of the equilibrium distance by 0.04 A. One
more circumstance that can influence the experimen-
tal value of distance between oxygens is the excitation
of longitudinal oscillations that correspond to the fre-
quency wi. By the order of magnitude, the amplitude
of oscillations of dimers is

kT,

mwﬁ

|Ar| ~ ~0.1.

We see that the rotation and oscillations can change
the distance between oxygens by 0.1 A. This fact can-
not be ignored. Another parameter of a dimer that
can be controlled is the angle 6y, which defines the
equilibrium mutual orientation of the dipole moments
of water molecules that form the dimer. This angle
is directly connected with the values of dipole and
quadrupole moments of a dimer, which can be cal-
culated with the help of quantum chemical methods
or be obtained experimentally. In our work, the fol-
lowing values of the angle and dipole moment of a
dimer correspond to the above interaction energy and
the equilibrium distance: 6y = 28.7°, D; = 2.81 D.
These values slightly differ from those obtained exper-
imentally or calculated within the quantum chemical
methods (see Table 1). In [11,17], it was shown that
quantum chemical calculations result in the dipole
moment of a dimer Dy = 2.6 D. According to (6),
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this value corresponds to the angle 8y ~ 36°. The
value of 6y was also studied in [7, 8]. It was shown
that, at roo = 2.976 A, the angle 6, equals 57° +10°.
From the spectroscopic experiments, it follows that
the angle should be 51° 4+ 20°. Such a difference in
the values of 6 is related to the sloping character of
the dependence ®(6) in a vicinity of the minimum, as
it follows from Fig. 8. Vibrations and the rotation of
a dimer also influence the value of 6y:

kT,
I@Wz

The influence of the interaction of water molecules
on the parameters of water molecules will affect, in
some way, the equilibrium parameters of a dimer. It
was demonstrated in [5] that the dipole moment of a
water molecule increases by 1+1.5%, when molecules
approach it to a distance of 3 A. So the growth of the
dipole-dipole interaction will result in changes of the
intermolecular distance and the interaction energy.
The overlapping effects that manifest themselves at
the distances smaller than 3 A should not be consid-
ered because the relative shift of valence vibrations of
a proton at the condensation does not exceed 1 + 3%
[14]. But the existence of hydrogen bonds should not
be neglected because they influence the value of heat
capacity [29]. The weak overlapping of the electron
shells shows itself in the tunneling of protons from
one molecule to the other one along the hydrogen
bond. But these effects are characteristic only at the
superlow frequencies (~30 cm™!). All these quali-
tative arguments allow us to state that the energy
of the hydrogen bond itself does not exceed kgT,,.
The relatively small contribution of hydrogen bonds
to the interaction potential was stated in the works
by Dolgushin [30,31]. He showed that the sharing in-
dices of the electron density between water molecules
under the influence of a neighbor molecule are less
than 3%. These results were confirmed by the later
work by Fulton [32]. We mention that, in [6, 7], hy-
drogen bonds were ignored without any justification.
In those works, it was shown that the interaction en-
ergy calculated with the potential consisting only of
the classical electrostatic and repulsive interactions
matches the quantum chemical result with sufficient
accuracy. The multipole approximation allows us to
easily build the averaged interaction potential be-
tween water molecules. It should be noted that cer-
tain limitations of the rigid multipole interaction will
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manifest themselves in the description of multimer
properties, where multipartical effects take place. In
particular, the equilibrium distance between oxygens
reduces to roo = 2.78 A in liquid water. The denial
of the model of hydrogen bond as the specific donor-
acceptor type of interaction finds its confirmation in
another fact. The values of self-diffusion coefficients
and shear viscosity for water have the same order of
magnitude as those for the liquids that do not form
hydrogen bonds. This fact indicates that the char-
acter of translational and rotational motions in these
liquids is similar. It cannot be agreed with the ex-
istence of sharply directed hydrogen bonds with the
interaction energy of ~10kgT,,. Our approach does
not have such complexity. The electrostatic multi-
pole interaction satisfies the superposition principle,
so the total electric field formed by the randomly po-
sitioned and orientated water molecules is relatively
small and does not affect critically the movement of
water molecules.
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JIMMEPI3AIIS MOJIEKYJI BOJI.
MOJJEJIFOBAHHSA MIXKMOJIEKYJISIPHOI B3AEMO/IIT
HA OCHOBI MYJIBTUIIOJIBHOI'O ITOTEHIIIAJIY

Peszmowme

Pobora mpucBaUyeThCsa AETAJbHOMY aHAII3y BIACTHBOCTEH
numepiB Boau. Bcei nuTaHHsi, 1OB’s3aHI 3 Ii€l0 1pobJie-
MOIO, JOCJIPKYIOThCSI Ha OCHOBI MYJIBTHIIOJIBHOIO IIOTEHIia-
JIy, TIOJOBKEHOTO JI0 KBAJAPYIIOIb-KBaIPYIIOJIBHOIO Ta JIAIIOJIb-
OKTYIOJIbHOIO BHECKiIB. OTpHMaHO 3HA4YEHHsI BCIX OCHOBHHUX
PIBHOBa>KHHMX I[apaMeTpPiB AUMepy BOAM: HOrO MeOMETPUYHUX
XapaKTEePUCTHUK, €HEPril OCHOBHOI'O CTAaHy, JUIIOJBHOrO 1 KBa-
APYTIOJIBHOIO MOMEHTIB, YaCTOT KOJIMBAJIBHUX CTaHIB TOIIO.
JleTabHO OBrOBOPIOETHCS AJEKBATHICTH MOJE/IBHUX MTOTEHITIa~
JIIB Mi2KMOJIEKYJIsIpHOT B3aemozil y Bosi. [Ipononyerbest HOBHit
[IOTVISAZ Ha IPHUPOLY BOAHEBOrO 3B’sA3Ky. PedynbraTu mocsimxe-
HH$l PETEJILHO 3ICTABJICHO 3 JAHUMHU CIEKTPOCKONIYHUX HOCIIi-

JPKEHD 1 KOMIT'IOTEPHUX CHMYJISII.

I1.B. Mazaativyx, H.II. Manomyorc, U.B. 2Kueamnox

JUMEPU3ALINA MOJIEKYJI BOHBI.
MOAEJIMPOBAHUE ME>KMOJIEKYJIAPHOI'O
B3AUMOJIEMCTBUS HA OCHOBE
MVYJIBTUIIOJIbBHOT'O ITIOTEHIIMAJIA

Pezmowme

Pabora nocssinena JileTaJbHOMY aHAJIM3Y CBOMCTB JUMepa BO-
nel. Bece Bonpocel, cBsi3aHHBIE C 3TOM TPOBJIEMOI, UCCIIETYFOTCS
Ha OCHOBE MYJIBTHUIIOJIBHOI'O IIOTEHIHAJIA C yIETOM BKJIAJIOB 1O
KBa/IPYyTOJIb-KBaJJIPYTOJIBHOIO U JUIIOJIb-OKTYIIOJIBHOI'O ITOPS -
Ka BKJIIOYUTEIHHO. 1101y YeHbl 3HaUeHsT BCEX OCHOBHBIX PABHO-
BECHBIX I1apaMeTPOB JUMepPa BOJbI: €r0 NreOMeTPUYECKHUX Xapa-
KTEPUCTUK, SHEPIUN OCHOBHOI'O COCTOSIHHUS, JUIIOJIBHOI'O U KBa-
JPYIOJIBHOIO MOMEHTOB, & TaKKe 4acTOT KOoJieDaTe/bHbIX CO-
crosinmii. [leTasbHO 06CYKIA0TCS BOIIPOCHI aIeKBATHOCTUA MO-
JIeJIbHBIX ITOTEHINAJIOB ME2KMOJIEKYIAPHOTO B3aUMOAEUCTBULA B
Bogzie. Ilpenyiaraercss HOBBIN B3IVISLZ Ha HIPUPOJY BOJOPOJIHOMN
cBsa3u. PesynbpraTel mccaemoBaHUs TINATEIBHO COIOCTABIISIIO-
TCH C JAHHBIMH, ITOJIyYEHHBIMH B CIIEKTPOCKOIIMYECKUX dKCIIe-
PUMEHTaX U B KOMIIBIOTEDHOM MOJIEJITHPOBAHUH.
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