Influence of the Intermolecular Interaction Potential Anisotropy

https://doi.org/10.15407 /ujpe70.5.339

Y.O. BEREZOVSKA,'! A.N. GRIGORIEV,? D.A. GAVRYUSHENKO *?

I Centre de Biologie Structurale-INSERM-U1054

(1054 29 Rue de Navacelles, 34090 Montpellier, France; e-mail: lisa.berezovska@gmail.com,)
2 Taras Shevchenko National University of Kyiv

(60, Volodymyrs’ka Str., Kyiv 01033, Ukraine; e-mail: andgrigoriev@knu.ua)
3 Institute for Safety Problems of Nuclear Power Plants, Nat. Acad. of Sci. of Ukraine

(12, Lysogirska Str., Kyiv 03028, Ukraine; e-mail: d.g.gavryushenko@Qknu.ua)

INFLUENCE OF THE INTERMOLECULAR

INTERACTION POTENTIAL ANISOTROPY
ON THE SURFACE TENSION OF MODEL FLUIDS

1. Introduction

The thermodynamic and kinetic behavior of liquids even with essentially different types of
intermolecular interactions, such as water and argon, exhibits certain similarities. In particu-
lar, the kinematic viscosity and the density along the liquid-vapor equilibrium curve in reduced
coordinates are similar for those substances. This similarity is explained by the orientation av-
eraging of the intermolecular interaction potential. There arises the question “How universal
1s the observed regularity?” The aim of this work is to study such thermophysical parameters
of a system of diatomic molecules as the surface tension coefficient and the phase densities
along the liquid-vapor equilibrium curve, as well as the impact of particle asphericity on these
properties. Using the Wang—Landau method in the framework of the grand canonical ensemble,
we will calculate the temperature dependences of the densities of the gas and liquid phases at
their equilibrium curve, as well as the surface tension coefficient for systems of particles with
a non-central interaction. Specifically, the systems of diatomic particles whose atoms interact
via the Lennard-Jones potential are examined. The atomic diameters are varied in such a way
that the molecular volume remained constant. The influence of the molecular asphericity on the
thermophysical properties of the studied liquids are analyzed. It is shown that the anisotropy
of the intermolecular interaction potential has almost no effect on the densities of the liquid
and gas phases at their equilibrium curve, in contrast to the surface tension coefficient, which
substantially depends on the intermolecular interaction potential anisotropy, especially at low
temperatures.

Keywords: Wang—Landau method, intermolecular interaction potential anisotropy, surface
tension, liquid-vapor equilibrium curve.

ence forms a basis for understanding molecular pro-
cesses that govern a considerable number of surface

Finding a relation between the parameters of inter-
molecular interactions and the macroscopic proper-
ties of liquids is one of the tasks of the modern sta-
tistical physics of liquids. In turn, this domain of sci-

Citation: Berezovska Y.O., Grigoriev A.N., Gavrushen-
ko D.A. Influence of the intermolecular interaction poten-
tial anisotropy on the surface tension of model fluids. Ukr.
J. Phys. 70, No. 5, 339 (2025). https://doi.org/10.15407/
ujpe70.5.339.

© Publisher PH “Akademperiodyka” of the NAS of Ukraine,
2025. This is an open access article under the CC BY-NC-ND li-
cense (https://creativecommons.org/licenses/by-nc-nd/4.0/)

ISSN 2071-0186. Ukr. J. Phys. 2025. Vol. 70, No. 5

phenomena, the study of which is the subject of mod-
ern molecular physics and non-metallic materials sci-
ence [1,2].

One of the fundamental characteristics that gov-
ern the course of such processes as the aerosol forma-
tion, emulsion stability, wetting, capillary movement,
and so forth is the surface tension coefficient. Un-
derstanding the indicated processes is of crucial im-
portance, in particular, when developing capillary
pumping systems. Capillary pumps use the capillar-
ity effect for passive movement of liquids on the
micro- and mesoscopic scales and find their applica-
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Fig. 1. Models of diatomic molecules with different degrees of
non-sphericity, but the same volume: a spherically symmetric
molecule (I/o = 0.0, top panel), a a non-spherical molecule
with /o = 0.5 (middle panel), a non-spherical molecule with
l/o = 1.0 (bottom panel)

tion in microfluidic devices, electronics cooling sys-
tems, biomedical sensors, and so on [3].

The surface tension coefficient is defined as the ra-
tio between a change in the corresponding thermody-
namic potential and the change in the interfacial sur-
face area. This parameter is a result of the intermolec-
ular force action, including indirectly through the in-
terface layer structure [4,5]. The relation between the
thermodynamic behavior of the surface tension coef-
ficient and the interaction potential is the subject of
intensive research, which is reduced to the analysis of
the results of computer simulation of many-particle
systems with a given functional dependence of inter-
action forces on the intermolecular distance and the
relative orientation of the molecules [6].

One of the common approaches to such a simula-
tion consists in the adjustment (fitting) of the model
potential parameters by comparing the contact angle
of a nanodroplet, which is calculated using molecu-
lar dynamics simulations, and the “macroscopic” an-
gle measured experimentally [7]. However, this pro-
cedure is affected by various factors that violate the
isotropy and homogeneity of the system, such as the
contact angle hysteresis [8], surface nanotexturing [9],
adsorption and selection of the “interface” [10], and
the size dependence of surface tension [11], which can
differ for bubbles and drops. All those factors can give
rise to considerable errors, if the attention is focused
only on the “average” contact angle considerring the
structural and thermodynamic features of nanodrop-
lets. Therefore, the issues concerning the way through
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which the potential anisotropy affects the interfacial
energy and the significance of the role of the molec-
ular “shape” in comparison with other accompanying
effects become even more challenging.

The researchers attempt to study the influence of
the features of a particular potential model on the
calculation results [12,13]. In particular, these are the
influence of long-range correction [14], the choice of
the truncation radius [15], the presence of triple inter-
actions, and others. For instance, the influence of the
molecular “shape” or the anisotropy of the interaction
potential between the molecules is studied. Namely,
the surface tension coefficient is calculated for the sys-
tems of particles each of which consists of two force
centers (“atoms”) located at a certain fixed distance
from each other [16]. Different distances between the
atoms in such diatomic particles result in their dif-
ferent shapes. However, no attention was paid to the
fact that, with such a change of the particle’s shape,
the particle’s own volume also varies.

The purpose of this work is to clarify the “pure”
effect of molecular shape on the surface tension coef-
ficient. The idea arose under the influence, on the one
hand, of the works, where the influence of the molec-
ular shape on various thermophysical properties of
bulk liquids was analyzed [17] and, on the other hand,
of the works, where a certain similarity of the thermo-
dynamic behavior of liquids with essentially different
nature of intermolecular interaction — for example,
water and argon — was detected [18-20]. In particular,
the kinematic viscosities and the densities of the in-
dicated substances along the liquid-vapor equilibrium
curve are close in reduced coordinates. This similar-
ity is explained by the effect of the interparticle in-
teraction potential averaging over the orientation of
molecules. In our opinion, the comparison of the av-
eraged anisotropic potential and the corresponding
isotropic potential makes sense if the molecules have
identical volumes.

2. Model of Intermolecular
Interaction Potential

We chose diatomic molecules (see Fig. 1) as a model of
liquid molecules. The potential of interaction between
the atoms in them was described by the fourfold-
reduced Lennard-Jones potential
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where o is the effective diameter of the atom, € is an
energy parameter, and r is the distance between the
centers of interacting atoms.

The distance [ between the atoms in a molecule
was rigidly fixed and taken equal to 0, 0.4190, or
0.794¢0. The parameter € was the same in all cases, so
that when passing to spherically symmetric molecules
(I = 0), the interaction potential between such
molecules (it is equal to the sum of four atomic poten-
tials) was equal to the Lennard-Jones potential. The
parameters o and [ were chosen so that the “vol-
ume” of a diatomic molecule was equal to the “vol-
ume” of a monoatomic liquid molecule of the first
type. Such a choice of the atom-atom interaction po-
tential parameters allowed us, in our opinion, to cor-
rectly determine the influence of the interaction po-
tential anisotropy.

3. Method of Calculation of the Surface
Tension Coefficient and the Densities
of the Liquid and Gaseous Phases

on the Equilibrium Curve

The vast majority of studies concerning thermophysi-
cal phenomena occurring at the liquid-vapor or liquid-
liquid interface are performed using the molecular
dynamics method, which is due to the availability
of software packages such as LAMMPS and Gro-
macs. During such a computer experiment, it is neces-
sary to create an interface between homogeneous me-
dia. As a result, the number of particles in the main
cell can reach tens and hundreds of thousands. To-
gether with the large existence times of metastable
states, this circumstance leads to the necessity of ap-
plying high-power computer resources.

An alternative approach is the determination of the
surface tension coeflicient as the difference between
the free energies of the gaseous and liquid phases us-
ing the Monte Carlo method. Those quantities can
be determined through the distribution function of
particles over the system. The standard Monte Carlo
method does not allow this to be done because of the
large difference between the probabilities of the most
and least probable states [21]. To overcome this diffi-
culty, several methods have been developed, including
the Wang-Landau one [22, 23].

In this work, the surface tension coefficient and
the densities of the liquid and gaseous phases on the
equilibrium curve were determined using the Wang—
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Landau method in the framework of the grand canon-
ical ensemble. The corresponding calculations were
performed using dimensionless variables. The diam-
eter of hard sphere ¢ was taken as the length unit,
the particle mass m as the mass unit, and € as the
energy unit. The normalized density p*, temperature
T*, and surface tension coefficient v* in terms of those
units are as follows:

_ No? . ksT . 7o® 5
- V ) - € ) ’}/ - € ? ( )
where kp is the Boltzmann constant, V is the cell
volume, and N is the number of particles. The calcu-
lations were performed for the reduced temperatures
T* = 0.90; 0.95; 1.00; 1.05; and 1.10, which cover
most of the equilibrium curve.

For the simulation, four generation types of new
configurations were used: the displacement of a ran-
dom particle as a whole, the addition and annihilation
of a particle, and the rotation of a particle by a ran-
dom angle around its center of mass. The maximum
rotation angle and the maximum displacement were
chosen so that the corresponding fraction of accepted
configurations was 30%. The radius of the atom-atom
potential the cut-off was selected to be 2.50. The vis-
itation histogram was considered uniform if the num-
ber of visits to a state with a certain value of N did
not exceed 80% of the average visitation for other
states [23]. The initial value of the free energy update
factor f was 1. After every cycle, a uniform visitation
histogram was achieved; as a result, the latter was ze-
roed, and the factor f was put equal to one-half of the
previous value. This process was repeated until the
factor f reached a limit value of 107, For generat-
ing random numbers, the Mersenne vortex algorithm
was applied, which is implemented in the <random>
library of the C++ programming language.

The region of liquid and vapor coexistence was de-
termined by selecting the appropriate value for the
chemical potential, so that the particle distribution
function in the system, p(/N), had two peaks with
identical areas. Then the vapor, p}, and liquid, p;,
densities were determined using the formulas [23]:

y N . N
po= D PN pi= Y ) ()
N < Nmnin N> Nnin

*

p

where Ny, is the number of particles at which the
distribution function p(N) has a minimum in between
two maxima corresponding to the coexisting phases.
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Fig. 2. Dependences of the reduced liquid (upper points) and
gas (lower points) densities p* on the reduced temperature T
for various degrees of the intermolecular interaction potential
anisotropy l/o
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Fig. 3. Dependences of the reduced surface tension coefficient
~* on the reduced temperature T for various degrees of the
intermolecular interaction potential anisotropy I/o. See Fig. 2

The surface tension coefficient was determined by
the formula [23]:

_AF
2L’

*

g (4)
where L is the cell edge length, and AF is the free en-
ergy difference between the liquid and gaseous phases.
The latter was calculated using the formula

max

1 max 1 .
npl + npv _ lnpmm’ (5)

2

max max

where p;®* and p;"** are the distribution function val-
ues corresponding to the gaseous and liquid phases,
respectively, and p™" is the distribution function
value at N = Npip.

AF =

4. Calculation Results

In Fig. 2, the dependences of the reduced liquid
and gas phase densities as functions of the reduced
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temperature are plotted. For the liquid phase, the
function p*(T*) is decreasing and nonlinear. For the
gaseous phase, p* increases with the temperature, and
its growth rate also increases. This means that the
anisotropy of the intermolecular interaction potential
has almost no influence on the densities of the liquid
and gaseous phases on their equilibrium curve. The-
refore, we may assume that, for systems with non-
spherical particles, the densities of the liquid and
gaseous phases are determined by the averaged in-
teraction potential, and this assumption is consistent
with the explanations presented in works [18-20].

In Fig. 3, the dependences of the reduced surface
tension coefficient on the reduced temperature for the
examined model liquids are shown. As we can see,
the values of the surface tension coefficient +* de-
crease with the increasing temperature T both for
systems with spherically symmetric particles and sys-
tems, where the particle shape is not spherical. In
the interval of reduced temperatures from 0.9 to 1,0,
the values of the reduced surface tension coefficient
for the liquid with non-spherical particles are lower
than the corresponding values for the system with
spherically symmetric particles. With the increasing
temperature, the difference between the surface ten-
sion coefficients of the considered liquids becomes
insignificant.

5. Conclusions

The temperature dependences of the surface ten-
sion coefficient for model liquids with various “non-
sphericities” of their molecules can be explained by as-
suming that, among other factors, these dependences
are determined by the presence of short-range ori-
entational order. As the temperature increases, this
order is destroyed, which leads to a reduction in the
difference between the thermodynamic characteristics
of liquids consisting of spherical and non-spherical
particles. Thus, the surface tension coefficient, unlike
the density, is not the thermodynamic characteris-
tic which behavior for liquids with central and non-
central particle interactions is similar. In general, the
results of the presented study also testify that the
surface tension coefficient is a physical quantity that
is sensitive to the details of the intermolecular inter-
action potential.
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€.0. Bepesoscoka, A.M. I'pueop’es, /1. A. [asprowerro
BIIJIB AHI3OTPOIIII IIOTEHIIAJIY
MI?KMOJIEKYJISIPHOI B3AEMOIT HA KOEDIIIEHT
TIOBEPXHEBOI'O HATAT'Y MOJEJIBHUX (I)J'[IOTZLIB

Tepmonunamiyna Ta KiHeTHYHA [TOBEIIHKA PiJIUH i3 CyTTEBO pi-
3HUM XapaKTePOM MiKMOJIEKYJISIPHOI B3a€MO/Iil, TAKUX sIK BOJA
Ta aproH, JEeMOHCTPYE IeBHY MOAiOHICTH. 30Kpema, KiHeMaTu-
49Ha B’SI3KICTh Ta TI'yCTHMHA Ha JIiHII piBHOBarum pijuHa—mapa y
3BeJEHNX KOOPAWHATAX € OJM3bKUMU IS aproHy Ta Bogu. Lls
MOAIOHICTh ITOSICHIOETHCSI YCEPEIHEHHSIM 3a OPI€HTAI[isIMHU II0-
TEHIlaJIy MiXKMOJIEKYJISIPHOI B3aeMoil MoJsiekysl. Bunukae mu-
TaHHS, HACKIJIbKU YHIBEPCAJIBHOIO € BUABJIEHA 3AKOHOMIPHICTb.
MeToro poGoTH € JOCiIPKEHHSI TAKUX TEIIOMI3UIHNAX IapaMe-
TPiB CHCTEMHU OBOATOMHHUX MOJIEKYJ, SIK KOediIleHT moBepx-
HEBOI'O HATSATY Ta TI'yCTUHA Ha JIiHil piBHOBaru piauHa-Iapa,
a TaKOX BILUIMB HeC(EPUIHOCTI YACTUHOK Ha BiAmosimui Bia-
cruBocti. Meronom Yamura—Jlanmay y BeIUKOMY KaHOHIIHOMY
aHCaMOJIl pO3paxOBaHO TEMIIEPATYPHI 3aJI€?KHOCT] I'yCTHHHU a-
30BOI Ta pimuHHOI (ba3u Ha JiHil IX piBHOBaru Ta KoedimieH-
Ta IIOBEPXHEBOI'O HATATY CUCTEM YAaCTHHOK 3 HEIEHTPAJIbHOIO
B3a€EMOJi€I0. A came, PO3IVISIHYTO CUCTEMH JBOATOMHUX TaCTHU-
HOK, B3a€MO/Iisl ATOMIB SIKMX OIMCYETHCS 3a JOIIOMOIOIO ITOTEH-
miany Jlennappa-/Ixxouca. [liameTp aromiB BapitoBaBcsi TaKUM
q9uHOM, 1100 06’eM MoJIeKyu 3asuiiascs craauM. [Ipoanamnizo-
BaHO BILUIUNB HECEPUIHOCTI MOJIEKYJI HA TEIJIOMI3UYIHI BIACTH-
BocTi mocmimxenoro dumoiny. Ilokasamo, mo amizorpomis mo-
TeHIaJly MiXKMOJIEKYJIAPHOI B3a€MOZil Maii>ke He BILJINBA€ Ha
rycTuHy pizuHHOI Ta rasosol ¢a3 Ha JiHil IX piBHOBaru Ha Bif-
MiHy BiJ KoedilieHTa IOBEPXHEBOTO HATATY, JJIsi SKOI'O BILINB
aHI30TpOIIi] MOTEHIiay MiXKMOJIEKYJISIPHOI B3a€MOJil € ITOMi-
THHUM, OCOOJIMBO IIPU HU3BKUX TEMIIEPATypax.

Kawwosi caoea: Meron Yanra—Jlanpay, anisorpomist mo-
TEeHIiaJIy Mi2KMOJIEKYJIAPHOI B3a€MO/Iil, HIOBEPXHEBUM HATAT, JIi-
Hisl piIBHOBAru pijuHa—Iapa.
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