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A test-area molecular dynamics simulation method for the vapor-liquid interface of argon through a Lennard-
Jones intermolecular potential is presented in this paper as a primary study of interfacial systems. We found
that the calculated density profile along the z-direction normal to the interface is not changed with time after
equilibration and that the values of surface tension computed from this test-area method are fully consistent
with the experimental data. We compared the thermodynamic properties of vapor argon, liquid argon, and
argon in the vapor-liquid interface. Comparisons are made with kinetic and potential energies, diffusion

coefficient, and viscosity.
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Introduction

Interfacial systems are of considerable interest to both
nature and practical technologies. An understanding of inter-
faces and inhomogeneous systems is essential to all areas of
industrial processes. For example, the surface tension bet-
ween a liquid and its vapor or two coexisting liquids is of
central importance in understanding capillary rise and the
solubilization of immiscible fluids.

It is therefore natural that molecular theories of inhomo-
geneous systems are now well developed,'” with major
advance since the pioneering work of van der Waals.* Mole-
cular dynamics simulation techniques are also routinely used
to examine inhomogeneous systems. It is relatively straight
forward to simulate the interfacial profile between two
coexisting fluid' or a fluid in contact with a solid surface,’
and complex systems including surfactant solutions,® bio-
logical membranes,”® and nematic liquid-crystalline films,” '
and coexisting liquid-crystalline films phases which possess
orientational and translational order'* have now been
simulated.

There are three general types of simulation techniques to
determine the surface tension y of fluids. The first, and most
widespread, class of technique involves a mechanical rou-
tine which requires the calculation of the tensional compo-
nents of the pressure.! In the case of a planar interface
perpendicular to the z axis, the surface tension is given by,

y= [% delpu(2)-pr(2)] = L, [Px—Prl, (1)

where pn(z) are pr(z) the normal and tangential component
of the pressure tensor at position z, respectively. pn and pr
are the macroscopic components of the pressure tensor
defined in terms of the volume average of their local com-
ponents counterparts'’; pn(z) = p(z) and pr(z) = px(z) =
Pyy(z) = [Pxx(2) + pyy(2)])/2. The pressure tensor is given by
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with aff =xx, yy, and zz. Considering two vapor-liquid
interfaces in this test-area simulation method, y turns out to
be

2ol 3)

The second route to the surface tension involves a thermo-
dynamic perspective in which the free-energy difference
between two system with different interfacial area is deter-
mined to estimate the surface tension (the method of Bennet'®).
The third class of technique is based on the concepts of
finite-size scaling. In the case of the method developed by
Binder'” one estimates a Landau free-energy barrier between
coexisting phases from a simulation of the density of the
states, which in the limit of large system sizes can be related
to the surface tension.

In this study we present a test-area molecular dynamics
simulation method to determine the surface tension of liquid
argon as a first primary study for interfacial systems. This
approach will be applied to more complicated molecules
such as water in our future studies. The secondary purpose
of this study is to compare the thermodynamic properties of
vapor argon, liquid argon, and argon in the vapor-liquid
interface. Comparisons are made with kinetic and potential
energies, diffusion coefficient, and viscosity.

»\/:

Test-area Simulation Method

Two states of liquid argon are chosen as shown Table 1.
The usual Lennard-Jones (LJ) 12-6 potential for the inter-
action between argon molecules is used with LJ parameters,
o = 0.34 nm and e/kg = 120 K, where kg is the Boltzmann
constant. The inter-atomic potential is truncated at r. = 4c
and long-range corrections are applied to the energy, pre-
ssure, etc. due to the potential truncation.'® The time integ-
rations for the equation of translational motion is solved
using the velocity-Verlet algorithm'® with a time step of 5 x
10" second (5 fs). The temperature is kept constant by
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Table 1. Two chosen states of liquid argon. L is the length of initial cubic simulation box. Ek, Ep, and Er are the kinetic, potential, and total
energies, and D and n) are the diffusion coefficient and viscosity obtained from MD simulation. Uncertainties (standard deviation) in the last
reported digit(s) are given in the parenthesis. Some results are compared with the experimental data®

T (K) p (g/em®) L (nm) Ex (kJ/mol) -Ep (kJ/mol) -Er (kJ/mol) (exp.) D (107 cm%sec) n (mP)
94.4 1.374 4.8753 1.177 5.703 4.526 (4.3804) 2.489(47) 2.519(40)
119.8 1.176 5.1348 1.494 4.767 3.273 (3.1819) 6.067(65) 1.227(7)

using a Nose-Hoover’*?! thermostat. These systems of N =
2400 molecules of argon are fully equilibrated in cubic
boxes with the usual periodic boundary condition. The
kinetic and potential energies, diffusion coefficient (Eq. (4)),
and viscosity (Eq. (5)) of the two states of liquid argon are
computed and listed in Table 1.

In order to simulate the liquid-vapor interface by using the
test-area method, the above equilibrated systems of liquid
argon are placed in between two empty regions. The initial
condition is a liquid cubic in the middle of the z direction in
the simulation domain and the vapor sides are set as a
vacuum (see Fig. 1(a)). Molecular dynamics (MD) simula-
tions are carried out at constant T and volume V in a
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Figure 1. Snapshots of argon molecules (a) in the initial cubic
simulation box, and (b) after equilibration at 94.4 K, and (c) at
119.8 K.

rectangular box of dimensions Ly= Ly~ 4.8-5.2 nm accord-
ing to the system density at a given temperature (see Table
1), and L,=10 nm with the usual periodic boundary
condition of the x-, y-, and z-directions. Figure 1(b) and (c)
are snapshots of the equilibrium states of the simulation
systems at 94.4 K and 119.8 K, respectively. The equili-
brium properties are averaged over 5 blocks of 200,000 time
steps after equilibration for 500,000 time steps and the
configuration of all the argon molecules is stored every 4
time steps for further analyses. The calculated density
profile of each block along the z-direction normal to the
interface is not changed with time after equilibration (see
Fig. 2).

The diffusion coefficient of particle i is obtained through
the Einstein formula from mean square displacements:

2
Di — llimedqri(t)_ri(ON > . (4)
6 dt
The viscosity contributed by particle i is given by
-V
ni = T _L dt {piap(t) Piap(0)) , (5
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Figure 2. Vapor-liquid density profile, p(z) in unit of g/cm?, along
the z-direction normal to the interface obtained from MD
simulation for two chosen states of liquid argon (solid line: 94.4 K
and dotted line: 119.8 K). The dashed and long-dashed lines
represent the density profiles in the initial cubic of liquid argon at
94.4 K and 119.8 K, respectively. Region A: vapor argon (|z| > 3.5
nm for 94.4 K and |z| > 4 nm for 119.8 K), B: liquid argon (|z| <
1.5 nm for 94.4 K, and |z| < 1 nm for 119.8 K), and C: argon in the
vapor-liquid interface (1.5 <|z| <3.5 nm for 94.4 K, and 1 <|z| <
4 nm for 119.8 K).
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where piqp is given in Eq. (2) with af = Xy, xz, and yz since
Piop = Piga. for LI system. The viscosity in a given region, R,
is equal to Nr=X; . Ni.7

Results and Discussion

The volume of a vapor side at 94.4 K shown in Figure 1 is
equal to (4.8753 nm)’ x (10 nm-4.8753 nm)=60.9 nm’.
How many air molecules in this volume at 94.4 K? At room
temperature (298.15 K) the density of air is equal to 1.1839
kg/m® which correspond to the number density of 0.0246
nm~. There exist 1.5 air molecules in the vapor side at
298.15 K. Assuming 5 air molecules at 94.4 K, the assump-
tion for the vapor sides as a vacuum is verified when com-
pared with 2400 Argon molecules in the volume of (4.8753
nm)® = 115.9 nm®.

The values of the surface tension [Eq. (3)] as obtained
from MD simulation are reported in Table 2 for the two
states of liquid argon. The vapor and liquid densities (py and
pi) at coexistence, the average portion (N(%)) of argon
molecules in each phase, the thickness (t) of the vapor-liquid
interface, and the macroscopic values of the normal and
tangential components (py and pp) of the pressure tensor
are also included in this table. For a planar interface, py
does not depend on z. The calculated value of py is constant
throughout the system and equal to the equilibrium pressure,
p- The values of py for T = 94.4 and 119.8 K are in good
agreement with the experimental data.”> Comparison of
surface tensions for both temperatures with the experimental
data® is also in excellent agreement. The previous test-area
Monte-Carlo simulation study'® reported y = 9.80 mN/m at
90 K and 8.54 mN/m at 96 K, and y = 3.51 mN/m at 120 K
for a LJ system with r. = 2.5c which are too low compared
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to the experimental data.® With r. = 5.5c, y = 13.86 mN/m
at 90 K and 12.47 mN/m at 96 K, and y = 6.53 mN/m at 120
K which are too high compared to the experimental data.”
Most recently, a weighted density functional theory and MD
simulation** study for liquid argon systems with two-body
and three-body interactions® predicted much better agree-
ment of surface tension with the experimental data® than
with only two-body interactions.®

In Figure 2 we present the density profile, p(z) in unit of g/
cm®, along the z-direction normal to the interface obtained
from MD simulation for argon at the two states of liquid
argon. The profile is averaged over 5 blocks of 200,000 time
steps and 5 block-averaged profiles are completely indistin-
guishable each other. This indicates that vaporization and
condensation occur simultaneously and at equal rates-
dynamic equilibrium. The fact that the profile is essentially
symmetric about the midpoint z=0 (see Fig. 2) provides
additional evidence that the inhomogeneous system is
properly equilibrated. Figure 1(b) and (c) show roughly how
many argon molecules are in the vapor at 94.4 K and 119.8
K, respectively. Regions of vapor argon, liquid argon, and
argon in the vapor-liquid interface are defined as A, B, and C
as described in Figure 2. The thicknesses of the vapor-liquid
interface are equal to the lengths of region C in Figure 2
which are found to be 2.0 and 3.0 nm for T =94.4 and 119.8
K as shown in Table 2.

The vapor and liquid densities at coexistence, py and p,
are obtained from the running average of the corresponding
density profile and are in good agreement with the experi-
mental data.”® The liquid densities (py) are reduced by 3.0
and 2.7% from the bulk densities (p) and the average den-
sities (py-1) of argon in the vapor-liquid interface are nearly
halves of the liquid densities (p1) for T=94.4 K and 119.8 K.

Table 2. Values of the surface tension (y) obtained from MD simulation. py and p; are the vapor and liquid densities at coexistence, py.i is the
average density of argon in the vapor-liquid interface, N (%) is the average portion of argon molecules in each phase, # is the thickness of the
vapor-liquid interface, and Pn and Pr are the macroscopic values of the normal and tangential components of the pressure tensor.
Uncertainties (standard deviation) in the last reported digit(s) are given in the parenthesis. Some results are compared with the experimental

data®
b (@em ) Ny (%) pr(gem) Ni(%)  pur : B (bar) _ 7 (mN/m)
TE (exp) (exp) (om’) () (exp.) Pr (bar) (exp)
94.4 0.0122(5), 0.537 1333(4), 59.7 0.6655 2.0 222(12) ~19.53(36) 10.88(20)
(0.01089) (1.3507) (2.0198) (10.767)
119.8 0.0649(15), 2.05 1.145(4), 38.0 0.6030 3.0 13.10(31) 2.68(82) 5.21(28)
(0.05947) (1.1645) (11.997) (5.000)

Table 3. Comparison of thermodynamic properties for vapor argon (A), liquid argon (B), and argon in the vapor-liquid interface (C) at the
two states of liquid argon. Some results are compared with the experimental data®

Ex (kJ/mol) —Ep (kJ/mol) D (107° cm*/sec) n (mP)
T(K
®) B C A B C A B C A B C
(exp.) (exp.)
94.4 1.248 1.176 1.179 0.083 5.541 5.088 110.7 2.823 6.335 0.0585 2.149 0.606
0.0780)  (2.1612)
1198 1513 1492 1495 0341 4654 3743 9222 5831 1225  0.0875 1156 0471
(0.1060)  (1.0946)
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The Gibbs dividing surfaces (GDS) are estimated as at 2.52
and 2.58 nm for T = 94.4 and 119.8 K. The values of GDS
are almost coincided to halves of lengths of initial cubic
simulation boxes (2.44 and 2.57 nm) as seen in Figure 2. The
average portion, N(%), of argon molecules in each phase is
related to the thickness of each phase. The thicknesses of
liquid argon for T = 94.4 and 119.8 K are estimated as 3.0
and 2.0 nm, respectively. Ignoring numbers of vapor argon
molecules and considering half numbers of argon molecules
in the vapor-liquid interface, Ng(%) [= Ni(%)] and Nc(%)
are almost 60 and 40 for T = 94.4 K and vice versa for T =
119.8 K.

We have computed a number of thermodynamics proper-
ties of each phase and listed in Tables 1 and 3. First, the
calculated total energies of the two systems are within 3.2
and 2.8%, respectively, compared with the experimental
internal energies” as shown in Table 1. While the kinetic
energies of liquid argon and argon in the vapor-liquid
interface are almost the same as that of bulk argon for both
temperatures, Ex of vapor argon is slightly increased as
expected from the change of density. On the other hand, the
potential energies of all the phases for both temperatures are
decreased due to the low densities. Ep of liquid argon is
slightly decreased but that of vapor argon is much less than
that of bulk argon due to the negligible density of vapor
argon.

Dramatic change in diffusion coefficient of vapor argon
represents the gas state of argon. The typical diffusion
coefficient of argon gas at 1 bar and 298.15 K is about 10"
cm?*/sec. D of liquid argon is slightly increased at T = 94.4 K
and decreased at T = 119.8 K when compared with that of
bulk argon. D of argon in the vapor-liquid interface is more
than twice that of bulk argon which indicates the argon
molecules are not in the gas state. Finally, the calculated
viscosities of vapor argon and liquid argon are in good
agreement with the experimental data.” n of liquid argon is
slightly decreased and that of vapor argon is much decreased
as in the gas state when compared with that of bulk argon.
The typical viscosity of argon gas at 1 bar and 298.15 K is
about 0.2 mP. 1 of argon in the vapor-liquid interface is less
than one-third that of bulk argon, which also indicates the
argon molecules are not in the gas state.

Conclusion

We have carried out molecular dynamics (MD) simula-
tions of vapor-liquid interface of argon at T = 94.4 K and
119.8 K using a test-area simulation method to calculate the
surface tension of liquid argon. Five different block-averag-
ed density profiles along the z-direction normal to the inter-
face are completely indistinguishable each other. The cal-
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culated values of the surface tension, the vapor and liquid
densities at coexistence, the macroscopic normal component
of the pressure tensor, the viscosity of vapor argon and liquid
argon obtained from MD simulations are good agreement
with the experimental data® for both temperatures. The
kinetic and potential energies, diffusion coefficients, and
viscosities of vapor argon, liquid argon, and argon in the
vapor-liquid interface for both temperatures are compared
and represent the state of each phase properly.
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