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Abstract

A general perturbative method on the basis of statistical thermodynamics is proposed
for a fluid-solid interfacial system in the canonical and grand canonical ensembles. This
method allows us to obtain local pressure components and interfacial tensions acting on
the fluid at a fluid-solid interface, which includes contributions of pressure components
tangential to the interface affected by interactions with solid atoms. Furthermore, an
instantaneous expression of the local pressure components and interfacial tensions,
which is based on a volume perturbation, is presented to investigate time-dependent
phenomena in molecular simulations.

Numerical analyses are conducted by the classical molecular dynamics method for a
liquid film on a flat solid surface and in the vicinity of a structured solid surface, where
all the interactions between particles are described by the 12-6 Lennard-Jones potential.
The purpose is to reveal local thermodynamic quantities: pressure components and
interfacial tensions, based on the proposed method, and the molecular transition
mechanism between the two states of the liquid film: (a) liquid film on the slit and (b)
liquid film in the slit, based on the local thermodynamic quantities.

Comparisons between the numerical results of the liquid film on a flat solid surface
obtained by the proposed perturbative method and by the alternative two methods,
indicate that the proposed perturbative method is applicable and suitable for practical
use in molecular simulations, to obtain the local pressure components and interfacial
tensions at a fluid-solid interface in equilibrium states.

The numerical results of the liquid film in the vicinity of a structured solid surface,
show that wetting phenomena of the slit pore, i.e., whether the inside of the slit pore is
filled with liquid molecules within a definite time, as well as the characteristic time of
the phenomena, are dependent on the intensity of the fluid molecule-solid atom
interaction. The time-averaged local pressure components and interfacial tensions in the
vicinity of the corner of the slit, are different from those obtained in other areas, for
cases where the fluid-solid interaction intensities are relatively strong. The difference
between the integrated vapor-solid and liquid-solid interfacial tensions acting on the
fluid outside the slit, predicts for the most part the occurrence of the liquid film in one
state or the other. However, it does not determine a definite threshold between the two
states on a molecular temporal-spatial scale, i.e., it does not predict fluctuations of the
liquid film and variations of the local quantities in the vicinity of the corner of the slit.
The local interfacial tensions, defined in this thesis, reveal that the minimum values of
the local interfacial tensions inside the slit, in the vicinity of the 2nd and 3rd layers of
solid atoms from the entrance of the slit respectively, act as a trigger to cause the
transition between the two states. These results reveal that there exist the phenomena on
a molecular temporal-spatial scale which are not comprehended through the
thermodynamic quantities based on the macroscopic concept, and which lead to the
transport of the condensed matter.
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Nomenclature

A Interfacial area
As Interfacial area
Ay, Interfacial area in local volume, Vi
Aso Interfacial area in system O
As1 Interfacial area in system 1
Aoy, Interfacial area in local volume, Vi in system O
Ay, Interfacial area in local volume, Vin system 1
A, Plane perpendicular to 7 coordinate
A, Plane perpendicular to 7 coordinate in local volume, Vi
Ao Plane perpendicular to 7 coordinate in system 0
Ay1 Plane perpendicular to 7 coordinate in system 1
A, oy, Plane perpendicular to 7 coordinate in local volume, Vy in system 0
A1y, Plane perpendicular to 7 coordinate in local volume, Vi in system 1
As Plane perpendicular to & coordinate
Acy, Plane perpendicular to & coordinate in local volume, Vi
Ao Plane perpendicular to £ coordinate in system 0
As1 Plane perpendicular to & coordinate in system 1
Ac oy, Plane perpendicular to & coordinate in local volume, Vi in system O
Ay, Plane perpendicular to & coordinate in local volume, Vi in system 1
dxx Length in the x direction of local volume, Vi
dyx Length in the y direction of local volume, Vi
dzk Length in the z direction of local volume, Vi
dzijo z component of distance between particles in local volume, Vi
in system O
dzjj1 z component of distance between particles in local volume, Vi
in system 1
dé Length in the & direction of local volume, Vi
déo Length in the & direction of local volume, Vi in system 0
dé1 Length in the & direction of local volume, Vi in system 1
fije ¢ component of the intermolecular force acting on ith fluid particle due
to jth fluid particle
fe Total & component of intermolecular force between fluid particles

through the local area A.,, in Vi
¢ component of the intermolecular force acting on ith fluid particle due

to jth solid particle
f. Total £ component of the intermolecular force acting on fluid particles

due to the interactions with solid atoms, through the local area A.,
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in V.

Force vector of ith particle
Helmholtz free energy
Planck constant
Hamiltonian

Impregnation parameter

Instantaneous expression of impregnation parameter

Boltzmann constant

Kinetic energy

Length in the x direction of volume

Length in the x direction of volume in system 0O
Length in the x direction of volume in system 1
Length in the y direction of volume

Length in the y direction of volume in system 0
Length in the y direction of volume in system 1
Length in the z direction of volume

Length in the z direction of volume in system O
Length in the z direction of volume in system 1
Length in the & direction of volume

Length in the & direction of volume in system 0
Length in the & direction of volume in system 1
Length in the direction(=¢) of volume

Length in the x direction of volume above the slit

Length in the y direction of volume above the slit

Length in the z direction of volume above the slit

Mass of a particle

Mass of ith particle

Number of particles

Number of fluid particles

Number of solid particles

Number of particles in local volume, Vi

Momentum vector of a particle
Momentum vector of ith particle

x component of momentum of ith particle
y component of momentum of ith particle
z component of momentum of ith particle
& component of momentum of ith particle
Pressure

Pressure component normal to interface
Pressure component tangential to interface

& component of pressure acting on a plane perpendicular to &

coordinate

& component of pressure acting on a plane perpendicular to 7

coordinate

x component of pressure acting on a plane perpendicular to x

X



coordinate at local volume, Vi
y component of pressure acting on a plane perpendicular to y

coordinate at local volume, Vi
z component of pressure acting on a plane perpendicular to z

coordinate at local volume, Vi
n component of pressure acting on a plane perpendicular to 7

coordinate at local volume, Vi
& component of pressure acting on a plane perpendicular to &

coordinate at local volume, Vi
& component of pressure acting on a plane perpendicular to 7

coordinate at local volume, Vi
Instantaneous expression of £ component of pressure acting on a plane

perpendicular to & coordinate at local volume, Vi
Instantaneous expression of 7 component of pressure acting on a plane

perpendicular to 7 coordinate at local volume, Vi
Canonical partition function

Canonical partition function of system 0
Canonical partition function of system 1
Distance between ith particle and jth particle
Positional vector of a particle

Positional vector of ith particle

Positional vector of jth particle

rij=r; -Tj

Positional vector of a particle in system 0
Positional vector of a particle in system 1
Time

Absolute temperature

Temperature in Vi

Instantaneous temperature in Vy

Potential energy between fluid particles

Potential energy between fluid particle and solid particle
External potential energy due to solid atoms

Potential energy, or Potential energy between fluid particles
Potential energy between Ar molecules and Pt atoms
Potential energy between fluid particles in local volume, Vi

Potential energy between fluid particles in system 0
Potential energy between fluid particles in local volume, V,

in system O
Potential energy between fluid particles in system 1
Potential energy between fluid particles in local volume, V,

in system 1
Velocity vector of ith particle
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V Volume

Vi kth local Volume

Vo \Volume of system 0

V1 \Volume of system 1

% Volume above the slit

X Coordinate in the direction of width in system

Xt0 x component of positional vector of a fluid particle in system 0

Xfs,0 x component of distance between fluid particle and solid particle in
system O

Xfs.1 x component of distance between fluid particle and solid particle in
system 1

Xs,0 x component of positional vector of a solid particle in system O

Xij x component of distance between ith particle and jth particle

y Coordinate in the direction of depth in system

Yt0 y component of positional vector of a fluid particle

Yts.0 y component of distance between fluid particle and solid particle in
system O

Yis,1 y component of distance between fluid particle and solid particle in
system 1

Ys.0 y component of positional vector of a solid particle

Yij y component of distance between ith particle and jth particle

z Coordinate in the direction of height in system

Zt o z component of positional vector of a fluid particle in system 0

Zts.0 z component of distance between fluid particle and solid particle in
system O

Zts 1 z component of distance between fluid particle and solid particle in
system 1

Zs0 z component of positional vector of a solid particle in system 0

Zij z component of distance between ith particle and jth particle

Zijo z component of distance between ith particle and jth particle
in system O

Zij1 z component of distance between ith particle and jth particle
in system 1

a Fluid-solid interaction intensity

B B=1(keT)

v Interfacial tension

s Liquid-solid interfacial tension

Kis Vapor-solid interfacial tension

Vs Instantaneous expression of liquid-solid interfacial tension

Vs Instantaneous expression of vapor-solid interfacial tension

, Local interfacial tension at local volume, V

Vo Instantaneous expression of interfacial tension at local volume, Vi,
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defined by difference of the pressure components between normal(&)
and tangential(#) to an interface

A AS AS,l-AS,O

Ap%,vk &,wk - As,o,vk

AA7ka A7~1’Vk - A’?xOka

AAé A A§,1,Vk - Ag,o,vk

A(d&) di1-ddio

AF Fi- Fo

AL Lei- Leo

At Time step interval

AU Ui- Ug

Aka Ul,vk _Uo,vk

AV Vi- Vo

AD D1- O

AD,, ®,,, — Dy,

£ Lennard-Jones parameter

EAr Lennard-Jones parameter between Ar molecules

EAr-pt Lennard-Jones parameter between Ar molecules and Pt atoms
& Lennard-Jones parameter between fluid particles

& Lennard-Jones parameter between fluid and solid particles,

fluid-solid interaction intensity

Ept Lennard-Jones parameter between Pt atoms

Ess Lennard-Jones parameter between solid particles
n Coordinate(=x, y, or z)

©] Heaviside step function

A Perturbation parameter

A de Broglie thermal wavelength

yri Chemical potential

& Coordinate(=x, y, or z)

EwNT Grand canonical partition function

EwNT0 Grand canonical partition function in system 0
BT Grand canonical partition function in system 1

/4 Circular constant(=3.14)

yo) Density of fluid

o Lennard-Jones parameter

OAr Lennard-Jones parameter between Ar molecules
OAr-pt Lennard-Jones parameter between Ar molecules and Pt atoms
Ot Lennard-Jones parameter between fluid particles
Ots Lennard-Jones parameter between fluid and solid particles
Opt Lennard-Jones parameter between Pt atoms

Oss Lennard-Jones parameter between solid particles
) Potential energy between fluid and solid particles
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Potential energy between fluid and solid particles in local volume, Vi

D, Potential energy between fluid and solid particles in local volume, Vi
in system O

@, Potential energy between fluid and solid particles in local volume, Vi
in system 1

O Potential energy between fluid and solid particles in system 0

(0J)] Potential energy between fluid and solid particles in system 1

Qur Grand canonical potential

Qo Grand canonical potential in system 0

Qi Grand canonical potential in system 1

U Total potential energy in system
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1. Introduction

Liquid-solid interface where the solid surface has nanometer-scale structures, allows
room to study, not only complicated molecular systems, for instance, which consist of
polymer molecules interacting with solid surfaces having terminations under quantum
effects, but also simple systems consisting of spherical particles interacting by the
Lennard-Jones potential. However, phenomena at the structured liquid-solid interface
such as evaporation, condensation, diffusion, and wetting, are related to complex
physics and chemistry over a wide range of temporal-spatial scale, and hence it is
difficult to obtain a complete picture of the phenomena (e.g. Schoch et al. 2008;
Plawsky et al. 2014).

In the semiconductor industry, with the help of the photolithographic technique which
enable us to produce structures of a few nanometers (e.g. Ito et al. 2006), controlling
those phenomena in the vicinity of the liquid-solid interface with the nanometer-scale
structures is a crucial issue especially in the wet cleaning process used to manufacture
semiconductor devices (see Fig. 1.1) as reported by the recent paper of Choi (2014), and
a precise understanding of those phenomena is also beneficial in the engineering fields
such as the thermal engineering and chemical engineering, to design surfaces to control
the mass, momentum, and energy transport phenomena which occur at and through the
interface.

Such non-equilibrium transport phenomena including the liquid-solid interface with the
nanostructures are difficult to understand on the basis of the common non-equilibrium
thermodynamics (e.g. de Groot & Mazur 1984), because the concept of the local
equilibrium assumption (Prigogine 1955) is difficult to accept, particularly in nanoscale.
As a promising theory, there is the statistical mechanics which explains the relationship
between the macroscopic thermodynamics and microscopic pictures of matter in an
equilibrium state (e.g. Hill 1986), but the extension to a generalized description which is
not based on the local equilibrium assumption in non-equilibrium systems, has yet to be
established (Zubarev 1974; Evans & Morriss 2008). Hence, elucidations of those
molecular temporal-spatial phenomena at the nano-structured liquid-solid interface and
of connections with the macroscopic transport phenomena, are still beyond rigorous
theoretical frameworks.



Flat substrate

L

\ Wafer

Cleaning

Film deposition
Post-deposition cleaning
Resist coating

Exposure Nanoscale processes
Development

Etching

Implantation of impurities
Activation

Resist stripping

l Nanoscale structures

Fig. 1.1 Semiconductor manufacturing processes.

One way of accessing the microscopic physics and chemistry in relation to states of
atoms and molecules is to use numerical analyses by molecular simulations such as
Monte Carlo and molecular dynamics methods (e.g. Allen & Tildesley 1987), which
have been developed with the progress of the semiconductor devices, and widely used
in equilibrium and non-equilibrium systems. These techniques in the framework of the
classical mechanics assume that the atoms and molecules interact with each other



through implicitly-defined potential functions. Of the two methods, the molecular
dynamics method allows us to obtain information on instantaneous positions and
velocities of atoms or molecules, therefore the method has been also applied to
non-equilibrium systems, for instance, to elucidate the momentum and energy transport
mechanism in a liquid phase and through a liquid-solid interface (e.g. Ohara 1999; Torii
& Ohara 2007). Shibahara et al. (2008, 2011) conducted molecular dynamics
simulations to elucidate energy transfer mechanism through a liquid-solid interfacial
system with structures, and showed possibilities of energy transfer enhancements by the
structures at the liquid-solid interface. However, through those studies, the local
thermodynamics quantities in the vicinity of the liquid-solid interface, and its relations
to the imposed momentum and energy fluxes, have yet to be elucidated.

The state of a structured liquid-solid interface can be classified into the two situations
shown in Fig. 1.2, where we consider an ideal model of a liquid film in the vicinity of a
solid surface with a slit pore. One is the state of (a) liquid film on the slit pore, and the
other is (b) liquid film in the slit pore. These two states are historically called
Cassie-Baxter (Cassie & Baxter 1944) and Wenzel (Wenzel 1936) states respectively if
the shape of the liquid on the solid surface is a droplet, and the difference of the states
has a potential to control the macroscopic phenomena at and through the structured
liquid-solid interface in relation to the wetting (e.g. Choi & Kim 2011). As a result, from
macro- to nano-scale, numerous studies related to the two states have been devoted for
many years using theories, numerical analyses, and experiments (e.g. Mickel et al.
2011; Bohlen et al. 2008; Kumar et al. 2011; Verplanck et al. 2007; Ma et al. 2012).

Liquid Liquid

(a) Liquid film on the slit pore. (b) Liquid film in the slit pore.

Fig. 1.2 Schematic illustration of the two states of the liquid-solid interface with a slit pore.
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Macroscopic thermodynamics (e.g. Callen 1985) tells that the state of (b) liquid film in
the slit is implemented through the lower free energy than that of the state of (a) liquid
film on the slit, in a macroscopic scale. However, it doesn’t tell whether the
macroscopic thermodynamic quantities such as the pressure, interfacial tension,
temperature, entropy, chemical potential, are allowable in a nanoscopic local volume
even in an equilibrium state. Furthermore, the molecular transition process from one
state to the other is beyond the framework of the theory.

In particular, in molecular systems, it is known by the results of the molecular dynamics
simulations that the fluid-solid interaction intensity has a dominant influence on the
wetting phenomena (Shi & Dhir 2009; Koishi et al. 2009; Ould-Kaddour & Levesque
2011). However, under the influence of a varying fluid-solid interaction, the local
thermodynamic states of the liquid in the vicinity of the solid surface having
nanometer-scale structures, which is intimately involved in the interfacial phenomena,
and the transition mechanism between the two states based on the local thermodynamic
quantities, have yet to be revealed from a molecular point of view.

The intensive variable, pressure, one of the fundamental thermodynamic quantities and
directly connected to the interfacial tension, is indispensable for discussion of such
interfacial phenomenon. Irving & Kirkwood (1950) derived microscopic expression for
the pressure tensor, based on the statistical mechanics, and the derived expression is
widely spread through the time-averaged formalism in an equilibrium state (e.g. Walton
et al. 1982; Varnik et al. 2000). Later, Todd et al. (1995) derived microscopic
expressions to obtain instantaneous quantitiy of the pressure tensor, by evaluating
intermolecular forces acting on a plane. These expressions have been applied in
molecular simulations to obtain pressure components based on the states of the atoms
and molecules.

On the other hand, attempts to obtain thermodynamic quantities based on the
differential forms of free energies have been made, but not received a great deal of
attention, compared with the above expressions. Zwanzig (1954) performed a
perturbation expansion on the partition function of the system, and obtained a
relationship between the difference of the configurational free energy and the paritition
function. Later, Bennett (1976) evaluated the free energy difference by a multistage
approach called “The acceptance ratio method” in the Monte Carlo method. On the
other hand, based on a numerical evaluation of the free energy difference of Eppenga &
Frenkel (1984), Harismiadis et al. (1996) generalized their calculation method to obtain
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the vapor pressure for the Lennard-Jones fluid. The generalized method has been called
“Volume perturbation(VA) method”. Recently, aiming at calculating the surface tension
of a vapor-liquid interface, Gloor et al. (2005) published a detailed paper, in which the
“Test-area(TA) method” is presented on the basis of the constant-volume perturbation.
These perturbative methods may be applied to vapor-liquid interfaces, and the results
provide details not only for the overall liquid-vapor interface tension but also the local
interface tension (de Miguel & Jackson 2006; Ibergay et al. 2007; Biscay et al. 2009).
However application of these methods to the liquid-solid interface has been limited to a
few studies. In the paper of Nair & Sathian (2012), the TA method was applied to obtain
the liquid-solid interfacial tension for a system composed of fluid molecules
sandwiched between two flat solid surfaces consisting of solid atoms, although the
paper gives no details about the method and the results are not fully examined. Miguez
et al. (2012) extended the TA methodology to the grand canonical ensemble and applied
it to a system of fluid molecules confined in a pore. The results showed the consistency
of the Irving-Kirkwood(IK) method including only the normal pressure component
affected by the fluid-solid interaction because of the integrated form of the fluid-solid
interaction function. Throughout the studies mentioned above, a perturbative method to
obtain the local pressure components and interfacial tension at a liquid-solid interface
has not been established, i.e., a general perturbative method that includes the effects of
the tangential pressure components affected by the solid atoms has not been presented.
It should be also noted that the previous studies have focused on obtaining results in one
dimension (namely, perpendicular to the interfaces), and the pressure components and
interfacial tension at a liquid-solid interface were not obtained in two dimensions.

In this thesis, a general perturbative method on the basis of statistical thermodynamics
is proposed for a fluid-solid interfacial system in the canonical and grand canonical
ensembles. The method allows us to obtain local pressure components and interfacial
tensions acting on the fluid at a fluid-solid interface, which includes contributions of
pressure components tangential to the interface affected by interactions with solid atoms.
Furthermore, an instantaneous expression of the local pressure components and
interfacial tensions, which is based on a volume perturbation, is presented to investigate
time-dependent phenomena in molecular simulations.

Numerical analyses are conducted by the classical molecular dynamics method for a
liquid film on a flat solid surface and in the vicinity of a structured solid surface, where
all the interactions between particles are described by the 12-6 Lennard-Jones potential.
The purpose is to reveal local thermodynamic quantities: pressure components and

5



interfacial tensions, based on the proposed method, and the molecular transition
mechanism between the two states of the liquid film: (a) liquid film on the slit and (b)
liquid film in the slit, based on the local thermodynamic quantities. This thesis is
organized as follows:

In Chapter 2, theories of the perturbative method are presented. As described above, a
general perturbative method that includes the effects of the tangential pressure
components affected by the solid atoms has not been presented. First, in Sec. 2.1, a
description of the perturbative method which includes the effect of an external potential,
is derived to obtain pressure components and interfacial tension acting on the fluid at a
fluid-solid interface on the basis of statistical thermodynamics for the canonical and
grand canonical ensembles. Later, in Sec. 3.2, the treatment of the derived description in
molecular simulation is explained to include the effects of the tangential pressure
components affected by the solid atoms. The description is assumed to be applicable in
subsystems in Sec. 2.2.1 to obtain local pressure components and interfacial tension.
Two alternative methods are presented in Sec. 2.2.2 and Sec. 2.2.3 respectively to
compare the results of the local interfacial tension calculation: the first method evaluates
the intermolecular force acting on a plane, and the second is the conventional virial
expression based on the Irving and Kirkwood definition. In Sec. 2.3 an instantaneous
expression of the local pressure components and interfacial tensions, which is based on
a volume perturbation, is presented to investigate time-dependent phenomena in
molecular simulations.

In Chapter 3, methods for the numerical analyses are presented. First, the classical
molecular dynamics method is introduced in Sec. 3.1. In Sec. 3.2.1, the procedure to
evaluate energy difference in the perturbative method presented in Chapter 2, is
proposed for fluid-solid interfacial systems consisting of flat and structured interfaces.
Finally, Sec. 3.2.2 proposes the method to evaluate the energy difference in the local
volume by using the perturbative method.

In Chapter 4, before detailed analyses of the liquid film on a flat solid surface
(Chapter5) and in the vicinity of a structured solid surface (Chapters 6 and 7), a
phenomenological analysis of wetting phenomena at a solid surface with a slit pore is
conducted by the molecular dynamics method, in order to understand dynamic
characteristics of a liquid film consisting of fluid molecules. Through the analyses,
effects of the fluid-solid interaction intensity on the dynamic wetting phenomena are
examined. First, in Sec. 4.1, the calculation system and numerical details used in this
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Chapter are described. Sec. 4.2 shows results of the effects of the fluid-solid interaction
intensity on the dynamic wetting phenomena.

In Chapter 5, the molecular dynamics simulation is conducted for the calculation system
in which fluid molecules are confined between two planar solid surfaces, in order to
obtain in particular local pressure components, interfacial tension of the liquid film
which exists on a flat solid surface, and check the validity of the proposed perturbative
method. The calculation system and numerical details are described in Sec. 5.1. In Sec.
5.2, the local pressure components and interfacial tension of the liquid in the vicinity of
the solid surface are obtained by the proposed perturbative method in one dimension,
and the results are compared with those obtained by two alternative methods: the first
method evaluates the intermolecular force acting on a plane, and the second is the
conventional method based on the virial expression. The quantities are also obtained in
two dimensions and the results are shown in Sec. 5.3.

In Chapter 6, as the local thermodynamic quantities, the time-averaged local density and
pressure components of the fluid are obtained for the two states of the liquid film: (a)
liquid film on the slit and (b) liquid film in the slit, based on the instantaneous
expression of the pressure components. Sec. 6.1 describes the system and numerical
details used in this Chapter. The results of the density and pressure distributions of the
liquid film on the slit are given in a two dimensional plane in Sec. 6.2 and the results of
the liquid film in the slit are given in Sec. 6.3.

In Chapter 7, the molecular transition mechanism is examined between the two states:
(@) liquid film on the slit and (b) liquid film in the slit, based on the thermodynamic
states of the liquid film in the vicinity of the slit. First, in Sec. 7.1, effects of the
fluid-solid interaction intensity on the states of the liquid film are investigated for the
calculation model introduced in Sec. 6.1. Next, the relationship between interfacial
tensions based on a macroscopic concept and the states of the liquid film are examined
under a varying fluid-solid interaction intensity. In Sec. 7.2, as the local thermodynamic
quantities, the local pressure components, and interfacial tensions of the liquid film in
the vicinity of the slit, are obtained as the time-averaged values of the instantaneous
expression of the pressure components and interfacial tensions, and which are
investigated in detail, to reveal a beginning of the transition process between the two
states of the condensed matter from a molecular point of view.

At the end, summaries and conclusions of this thesis are described in Chapter 8 and
Chapter 9, respectively.






2. Theories

In this Chapter, theories of the perturbative method are presented. As described in
Chapter 1, a general perturbative method that includes the effects of the tangential
pressure components affected by the solid atoms has not been presented. First, in Sec.
2.1, a description of the perturbative method which includes the effect of an external
potential, is derived to obtain the pressure components and interfacial tension acting on
the fluid at a fluid-solid interface on the basis of statistical thermodynamics for the
canonical and grand canonical ensembles. Later, in Sec. 3.2, the treatment of the derived
description in molecular simulation is explained to include the effects of the tangential
pressure components affected by the solid atoms. The description is assumed to be
applicable in subsystems in Sec. 2.2.1 to obtain local pressure components and
interfacial tension. Two alternative methods are presented in Sec. 2.2.2 and Sec. 2.2.3
respectively to compare the results of the local interfacial tension calculation: the first
method evaluates the intermolecular force acting on a plane, and the second is the
conventional virial expression based on the Irving and Kirkwood definition. In Sec. 2.3
an instantaneous expression of the local pressure components and interfacial tensions,
which is based on a volume perturbation, is presented to investigate time-dependent
phenomena in molecular simulations.

2.1 Derivation based on statistical thermodynamics

2.1.1 Canonical ensemble

Consider a classical inhomogeneous system which consists of N identical and spherical
particles in a volume V interacting with an external field (Hansen & McDonald 2013).
In addition, the system consists of flat interfaces which exist parallel in the system. The
state of the system is specified by the 3N coordinates and 3N momenta, and then the
Hamiltonian of the system H is written as



H(r",p") =K(p")+Uu(r") +o(r"), (2.1)

where K is the kinetic energy of the particles, U is the potential energy between particles
in the system, and @ is the potential energy contributed from the external field. For the
canonical ensemble in which the system is described by Eq. (2.1), the Helmholtz free
energy F is expressed as

F :_%InQNVT’ (2.2)
where
Quor :ﬁjdr“ exp(-A(Ur)+ (™)) 2.3)

is the canonical partition function, and p=1/(kgT) with the Boltzmann constant kg and
the absolute temperature T. The de Broglie thermal wavelength A is defined as

A:aﬁhz /(2zmk,T) with the Planck constant h and mass of the particle m. Harismiadis et
al. (1996), Gloor et al. (2005), and Miguel et al. (2006) proposed the equation:
Qur =ﬁjdr” exp(-pU(r")), which includes no contributions of @(r") in Eq. (2.3),

and the expressions of the pressure components and interfacial tension shown below are
also proposed by them. In this Section, the expressions of the pressure components and
interfacial tension based on their proposition are extended to expressions applicable at a
fluid-solid interface by using Eq. (2.3) which includes the effect of the external potential.
The ¢ component of pressure acting on a plane A, which is perpendicular to the #
coordinate, Ps (&7=x,y,z) and the interfacial tension y are defined as the partial
derivatives of the Helmholtz free energy with respect to the volume and interfacial area,

respectively:
5 _ (GF j o [ oF j
| Ay ST Aa : 2.4
N L. NT A Jwr ¢4

where V is defined as V=LyLyL,(Lx=L,=L;), and As indicates the interfacial area in the
system. Describing the partition functions of the initial and perturbed states as Qv
and Qnyr 1 respectively, it follows from Eq. (2.3) that
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Qurs IdrlN exp(—ﬂ(U (rlN)+CD(r1N)))/(A3NN )
Quwro IdroN exp(—ﬂ(U (rON)+CI)(r0N)))/(A3N N !)’
jdr*Nle exp(—B (U, +@,))exp(-pAU +cI>))/(A3N N !)
[dr™Vy¥ exp (=4 (U, + @)/ (A™NY)

(2.5)

- [1+?/—V] exp(—pAU +®))

0
0

In the above equation, AV =V;-V,, AU=U;-U,, AD=d;-d,, the subscripts 0 and 1
indicate values of the initial and perturbed states respectively, r" is a coordinate scaled

with the size of the system, and ( ) represents the ensemble average. Then the free

energy difference from Fq at the initial state to F; at the perturbed state, 4 F(=F;-Fo) is
expressed from Egs. (2.2) and (2.5) as

1 AV Y (2.6)
—_Eln<(1+V—J exp(—AAU +CI>))> :

0 0

Assuming the free energy difference from the initial state to the perturbed state by
infinitesimal variation of the volume (Av =V, -V,) and of the area (AA =A;—A,), the

substitution of Eq. (2.6) into Eq. (2.4) gives

N
oF 1 AV
P, =—| =———In{|1+— | exp(-pAU +D))) ,
7 (a\/jggm BAL:A o ( Vo] ( )0 @7)

and

oF 1
y= (i]m —_ A In <exp(—ﬂA(U + CD))>O : (2.8)

where AL, =L;;-L.,. Itisto be remarked that in Eq. (2.7) AF is evaluated at A, ,, and

11



the kinetic part: In(L+AV /V,)" I(BAL.A, ), is not considered appropriately in the

case of &#.

2.1.2 Grand canonical ensemble

For a system of constant chemical potential x«, V, and T, the grand canonical potential is
defined as

1, _
Qo :_E"‘%VT’ (2.9)

where the grand canonical partition function Z,,7 is

- = exp(NSy) [ N N N
BNt = A3NNI Idr exp(—ﬂ(U(r )+ D(r ))) (2.10)
Ibergay et al. (2006) proposed the equation: = _Zexlfgl':‘ﬂ”)fdr’“ exp(-pu (™)),

which includes no contributions of @o(r") in Eg. (2.10), and the expressions of the
pressure components and interfacial tension shown below are also proposed by them. In
this Section, the expressions of the pressure components and interfacial tension based
on their proposition are extended to expressions applicable at a fluid-solid interface by
using Eq. (2.10) which includes the effect of the external potential. The pressure
components and the interfacial tension are defined as the partial derivatives of the grand
potential with respect to the volume and interfacial area, respectively:

5 _ (89} - (agj
sn oV 8'6‘5 o (2.11)

Then, the ratio of the grand canonical partition function of the perturbed state Z,,71 to
Evro at the initial state is given by
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o OO ar exp(-p(U )+ o))

E nTo ;:(Wjdro’\‘ exp(—ﬂ (U (rON ) +®(rON )))

indr*Nle exp(—4 (U, +@,))exp(—SAU + D))

S N *Ny/ N
%W[dr V,' exp(—B(U, +D,)) (2.12)

:<(1+?/—VJ exp(—pAU +CD))> :

This expression enables AQ,y7(=Q,pr1 - Qurro) 10 be expressed as the same form of 4F
of the canonical ensemble:

= NT 0
N
1 AV (2.13)
=——In{|1+— | exp(-pAU +D
5 ( Voj p(-AAU +®))
0
Thus, the final equations become
N
oQ 1 AV
P, =—| — =———In(|1+— | exp(-pAU +D))) ,
7 (GV jmg PAL A <( VoJ Pl ))>O (214
and
o0Q 1

Equations, (2.7), (2.8), (2.14), and (2.15) indicate that in an equilibrium state, the
pressure components and the interfacial tension can be evaluated by the same
expressions whether the system is defined as the canonical ensemble or grand canonical
ensemble.

13



2.2 Methodology to obtain local quantities

2.2.1 Perturbative method

In order to obtain the pressure components and interfacial tension in subsystems based
on the derived perturbative method, it is reasonable to use Egs. (2.14) and (2.15) which
are derived in the xVT ensemble. This requires the assumption that the system is in
equilibrium, keeping x, V, and T constant in each subsystem. Under this assumption, the
thermodynamic properties in each subsystem can be evaluated appropriately. For a
system in a volume V which consists of subsystems with volumes Vi (Vi =dxk xdyx xdzy,

dxk =dyx =dz(, and V=%, ), the local pressure components P., ({#7=Xy,z) and

interfacial tension x, are described on the basis of Egs. (2.14) and (2.15) as

va
P., (X, Y,2) = Psy, mln<£1+%J exp(—,BA(UVk +Dy, ))> (2.16)

(x,y,2)eV

and

P, Y.2) =5, =~ in{exp(-pa(uy, +, ))). (2.17)

(x,y,2)ev, ﬂ M

where A(dg)=d&,—-d& o, Ay =Agy — Aoy, and the subscript Vi indicates that the

quantity is defined in V. It should be noted that in Eq. (2.16) the pressure components
at the volume Vi are obtained by considering only the interactions through the area

A,v, Which is perpendicular to the » coordinate. The definition of the energy in Vi is
presented in 3.2.2. These equations are the same forms as those derived by using Egs.
(2.7) and (2.8) in the canonical ensemble, which suggests that the pressure components

and interfacial tension are obtained in subsystems based on Egs. (2.16) and (2.17)
respectively in the canonical ensemble simulation if the system is in equilibrium.
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2.2.2 Evaluation of the force acting on a plane

Todd et al. (1995) have presented a method to consider contributions of the interactions
between the particles to the pressure components by evaluating the intermolecular
forces acting on a plane, and this method is used as one of the methods to calculate the
pressure components (Varnik et al. 2000). This approach can be extended to formalism

applicable to subsystems. Consider a plane in the volume Vi : A, , which is

perpendicular to the axis #, and through which the ith particle and jth particle may
interact. For a region in the vicinity of the fluid-solid interface, in which a substrate is
located below fluid molecules, it follows that the contributions of the interactions to the
pressure components of the fluid exerted on the plane are straightforwardly calculated
by the evaluation of the intermolecular forces, and the pressure components are given

by

Péﬂ(x’ yl Z) = P‘f”yvk = \/—<ZM>

(x,y.2)eV, k \iev, m;

+21 < Z fijf[@(nin)@(nm)@(n,-n)®(nm)]> (2.18)
A’7'Vk (= 1).50A, v

+ 1< > fi};[(@(m—77)®(77—77,-)+®(77,-—77)®(77—77i)]>,
A7*Vk (L D)5NA, v,

where Vi =(dn)A,y, , r=r-r;, mis the mass of ith particle, p;: and p;, are the ¢ and #

components of the momentum of the ith particle in the volume Vi respectively, f;:
represents the & component of the intermolecular force acting on the ith fluid particle

due to the jth fluid particle, f;. is the £ component of the intermolecular force acting

on the ith fluid particle due to the jth solid atom, and ® is the Heaviside step function.
In Eq. (2.18), the first term on the right hand side is the volume-averaged expression,
the third term is obtained considering only the forces acting on the ith fluid particles,
and the second part in the third term, f,.e@;, -n)e@-n) is needed to include effects of
the components of the fluid-solid interaction force which are tangential to the fluid-solid
interface. Then, the local interfacial tension at the volume V is defined in the present
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study as

(2.19)

2

I:)xx,V + I:)yy,V
N, = dz, [F)zz,vk - ‘ 1,

for the system in which z is the component normal to the interface, and x and y are the
tangential components. Eq. (2.19) is based on the formula,

r=[(P:~P,)de, 2.20)

which is defined in an equilibrium state (Kirkwood & Buff 1949; Rowlinson & Widom
1982; Nijmeijer et al. 1990).

2.2.3 Irving and Kirkwood definition

The normal and tangential pressure components, Py (2)=P.(z) and P1(z)=(Px(2)+
Py(2))/2, which depend only on the direction normal to the interface in a planar system,
are expressed by the conventional virial equations which are based on the Irving and
Kirkwood definition (Irving & Kirkwood 1950; Walton et al. 1982; Varnik et al. 2000).
For a region in the vicinity of the fluid-solid interface, in which a substrate is located
below fluid molecules,

1 Zij|ou(ty) [ z-z ;-1
P (2)= p(2)keT —— Z‘ " ari-J @( z- J@{ Jz- J

i#] riJ

1 , (2.21)
+5 izj:fijzea(zi -2)0(z-1;) ),

_ 1 X5 +yiour) 1 (z-z z;-12
Friz)=pl2lkel _ZA<Z I arij m@ 7 ® - , (2.22)

izj j j

where p is the density, A is the interfacial area, and u and r = +y:+z are the

]

potential energy and distance between the particles, respectively. In Egs. (2.21) and
16



(2.22), the first and second terms on the right hand side are the respective contributions
of the fluid molecules’ kinetic part and the intermolecular forces between fluid
molecules. In Eq. (2.21), the third term on the right hand side is the contribution of the
intermolecular forces acting on fluid molecules due to the solid atoms. A number of
published studies have calculated the pressure components by using these equations (e.g.
Miguez et al. 2000; Varnik et al. 2000). The local interfacial tension for the planar
system is defined in the present study as

W, =Vdz, =9z (Py(2)—Pr (2)). (2.23)
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2.3 An instantaneous expression of the local pressure

components based on a volume perturbation

The perturbative method based on the statistical thermodynamics introduced in Sec. 2.1
is applicable in an equilibrium system, which requires the time average of the
Boltzmann factor: exp(-pA(U+®)), in the molecular dynamics simulation. For
investigations of the time dependent phenomena such as transport phenomena of
condensed matters, it cannot be used. In this section, an instantaneous expression of the
local pressure components, is transformed to a volume-perturbed expression, and the
relationship with the formula established in an equilibrium state is discussed. This
expression is used in Chapters 6 and 7, to obtain local pressure components and
interfacial tensions of the liquid film in the vicinity of the slit pore.

Consider fluid particles in the local volume Vi, which interact with the other fluid

particles through the local area A, in Vi. Based on Eq. (2.18), the £& component of

the instantaneous pressure, P, are expressed as

2
A A 1 pig 1 [
P..(X,V,2)=P.., =— ) —=+ fo+1:).
e (X, Y,2) =Py, szm_ —(fe+ 1) (2.24)

(x,y,2)ev Vi i A

Here, f: is the total £ component of the intermolecular force between fluid particles

through the local area A, in Vi and f; is the total £ component of the

intermolecular force acting on the fluid particles due to the interactions with solid atoms,

through the local area A:, in Vi. The value of the hydrodynamic velocity is assumed
to be small, and is ignored in Eq. (2.24). The first and second terms on the right hand
side in Eq. (2.24) represent contributions of the kinetic and intermolecular parts,

respectively. The first term on the right hand side in Eq. (2.24) is expressed using AV as
below,
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R L P AV,
Vk ieVk M A(dék)A%ngk eV, m; Vk (2'25)

where the relationship, AV, =A(d&)A:, is used. On the other hand, the second term is

expressed as the numerical evaluation of forces acting on a plane, that is,

A (ka + Dy, )

1 :
f.+f.)=- .
Asy, ( : 5) A(dG) Az, (2.26)

Thus, the instantaneous pressure P, is represented as a volume-perturbed

expression,

2
., =— =[S B (U, vy )|
=AM Ay, i m Vi S (2.27)

The relationship between Eq. (2.16) applicable in an equilibrium state and Eq. (2.27), is
shown as follows. First, in an equilibrium state, the relationship below is assumed to be
satisfied (Evans & Morriss 2008),

‘2

30kt s il
> Ny KgTy, = ;5? (2.28)

where 'I:Vk represents the instantaneous temperature in Vi, and its time-averaged value

is equal to the temperature in Vi: T, =<ka>. Considering only the & component of the

momentum in Eq. (2.28), and the approximation: In(+Av, /V,)=aAV, /v, , the
time-averaged expression of Eq. (2.27) becomes
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; 1 P2 AV,
=(—————| Y =AU, +D, ) |),
(Peo <A(d:k)A§,vk {Z m V, (b +o, )D
, . AU, +®
-t N, kT, In[1+A—VkJ+kBT\, In| exp A0, 1Py) ,
AdENA, \ P V, ‘ ksT,,
N
. ik AU, +O
:k—B TVk In [1+A_ij exp _M ,
A(dS) Ay, Vi KeTy, (2.29)

1 AV
= GAAE)A, <In[£1+ v j exp( ﬁA(UVkJr(DVk))D

The final form in Eq. (2.29) is approximately obtained by using the relationship of

T =<ka> in an equilibrium state. Eq. (2.29) is similar to Eq. (2.16), but the bracket in

Eq. (2.29) includes “In”, which can avoid the time average of only the Boltzmann factor
in molecular dynamics simulation.

From Eq. (2.27), the local interfacial tension is defined in the present study as

Ven(X,¥,2) =7y, =dk (Péé,vk ~Ponvi ) (2.30)
(X,y,2)eVy

where normal and tangential directions to an interface are described as ¢ and 7,
respectively. From a strict point of view, the interfacial tension is not defined in
non-equilibrium states, hence the validity of applications to the non-equilibrium states is
not assured.
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3. Methods for numerical analyses

In this Chapter, methods for the numerical analyses are presented. First, the classical
molecular dynamics method is introduced in Sec. 3.1. This study adopts the common
techniques in the molecular dynamics method, and each technique is explained in brief.
Further information is available, for instance, in the book of Allen & Tildesley (1987).
Molecules and atoms are assumed to be simple particles which interact with each other
through the 12-6 Lennard-Jones potential. In Sec. 3.2.1, the procedure to evaluate
energy difference in the perturbative method presented in Chapter 2, is proposed for
fluid-solid interfacial systems consisting of flat and structured interfaces. Finally, Sec.
3.2.2 proposes the method to evaluate the energy difference in the local volume by
using the perturbative method.

3.1 Classical molecular dynamics method

3.1.1 Newton’s second law and numerical integration

In this study, molecules or atoms are assumed to be classical particles. The equation of
motion of the ith particle is described by the Newton’s second law,

d'n _

e

i (3.1)

where m; is the mass of the ith particle, r; is the positional vector of the ith particle,

f; is the force vector on the ith particle, and t denotes the time. The force on the ith

particle due to the jth particle, f;; is described as below, in the case of the pairwise

additive potential U between the ith and jth particles,
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__5U(rij) :_aU(ﬁj) el :_5U("ij)i
! or. or.  or. or k. (32)

Here, U is the function which depends only on the distance between the ith and jth

particles, r; :|ri—rj|. For the numerical integration, the ‘velocity Verlet algorithm’ is

adopted, which is derived using the expansion of Eq. (3.1) by the Taylor series, then the
final forms are given as,

I (t+ At) = 1, (t) + Atv, (t) + ZA—rtnz_fi () +O(AtY),

Vit+AD =V, (t)+%[fi (1) +fi(t+A0)]+ O(AL?). (3.3)

In Eq. (3.3), At denotes the time step interval in simulations, and v; is the velocity
vector of the ith particle. Eq. (3.3) enables us to calculate the positions and velocities of
the particles at each time step.

3.1.2 Potential function

In a molecular system consisting of N particles, the total potential energy 4 is
expressed as,

U= il(rN ). (3.4)

In the classical molecular dynamics method, a fundamental assumption is usually
adopted, as below,

1 N N
U=-% 2 ) o5

i j(j#)

that is, the total potential energy in the system is described by the sum of the pairwise
additive potential. In the present study, all the interactions between molecules or atoms
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are assumed to obey the 12-6 Lennard-Jones(LJ) potential, of the form,

12 6

U =de|| =| -| =1 |

i) K @9

where ¢ and ¢ are constants, and the first and second terms on the right hand side
respectively represent the repulsive and attractive forces between the particles. The
calculation of the interactions between the particles is conducted by using the cutoff
distance, which truncates the long-range effects at a finite distance. As the cutoff
distance, 30 is used in the numerical analysis in Chapter 4, and 5¢ is adopted in
Chapters 5, 6, and 7. The fluid molecules and solid atoms are assumed to be argon (Ar)
and platinum (Pt) respectively, and the parameters used in Eq. (3.6) are described in
Chapters 4 and 5.

3.1.3 Temperature control

For a system of the volume V which consists of N particles, the temperature T is defined
in an equilibrium state, as,

2
3 1|p;
o NkgT = ;E% , @3.7)

where p; is the momentum vector (p;=p;+p;+p;) of the ith particle and ()

represents the ensemble average. The temperature of the fluid molecules is kept
constant by the velocity scaling control to make the initial states of the calculation
systems, and the Lanvegin method (Tully 1980; Maruyama 2000) is applied for the
temperature control of the solid atoms through the simulations. The controlled solid
atoms in the Langevin method are described for each calculation system, in Chapters. 4,
5, and 6.
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3.1.4 Computational efficiencies

For improving computational efficiencies, the book keeping method is applied to
calculations of the interactions between particles, which keeps the pairs of the particles’
interactions for a few time steps and allows us to cut computational time remarkably.
Furthermore, the parallel computing method, OpenMP, is used to speed up the
calculation.
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3.2 Perturbative method

3.2.1 Evaluation of energy difference

The procedures to evaluate AU in Egs. (2.7), (2.8), (2.14), (2.15), and (2.27) are as
follows. For instance, P, is given by the perturbation of the system from the initial state

of Vy=L,,L,0L,, to the final state of V,=L,,L ,L,,, where L,,=L,,(1+4), keeping

the L,, and L, constant: L,=L,, and L,;=L,, (see Figs. 3.1(ab)). Here,

perturbation parameter / is the infinitesimal quantity, but it actually expresses a small
finite quantity in simulations. In order to obtain the interfacial tension yp, it is not
necessary to change the volume: the alternative method uses a constant volume through

the perturbation such thatL,, =L,,/(1+A4), L,=L,,J1+4), and LyylzLyyoa/(lJr;t)

where z is the direction normal to the interface, while x and y are the tangential
directions. It should be noted that the pressure components and interfacial tension are
defined as the partial derivatives expressed in Egs. (2.4) and (2.11), which can be
evaluated in simulations by the forward, backward, and central difference methods.

L:,O VO; Lz,l (=Lz,0(1+)‘*)) Vl)
U, D, U, &,
L—"!“ Ly,l (=Ly,0)
LA\-,I] L.x,l (=Lx,0)
(a) System Q. (b) System 1.

Fig. 3.1 lllustration of the initial state (system Q) and the perturbed state (system 1).
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In order to obtain the pressure components tangential to the interface, a new method is
proposed in the present study. Special attention is required to deal with A® in Egs.
(2.7), (2.8), (2.14), (2.15), and (2.27) due to the fact that the volume of the system is
defined as the region of fluid particles. This means the distance between fluid particles
and solid atoms should be extended or shortened, depending on the relative positions of
the fluid particles to the solid atoms in the x and y directions (i.e., the tangential
directions to the solid surface). The transformation of positions of the fluid particles in
the system through the volume perturbation in the x and y directions imposes the
conditions:

Xts1 = st,o(l"'ﬁ) for Xi 0> X500

3.8
Xg1 = xfsyo(l—/l) for Xt 0 < X0 (3:8)

and

Vi1 =Yuo@d+A) for y;,>y,, (39)

Vi1 =Yuo@—4) for y;,<Vio, .
where xts and yss respectively represent the x and y components of the distance between
the fluid particles and solid atoms. The subscripts f and s indicate the values for the fluid
particles and the solid atoms, respectively. In the case of the constant volume, it follows
that

X1 = fo’O«/1+/1 for Xt 0> Xs0s

3.10
X1 = xfsyoxfl—ﬂ, for Xt 0 < X501 ( )
and
Yis1 = Yisovlt A for Yio~> Yso
(3.11)

Y1 =Yovl—A4 for y; ;<Y

The z component normal to the solid surface can be treated in the same manner as the
usual transformation, since the relative positions of the fluid particles to the solid atoms
are the same in the direction normal to the interface.

Next, consider a fluid-solid interfacial system with a slit pore as shown in Fig. 1.2,
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where the height, width, and depth directions of the slit are defined as z, x, and y
coordinates respectively, and whose solid particles are arranged just below z=0.0. The
imposed conditions for the fluid-solid interfacial system with a slit pore, in the vicinity
of the left side of the slit, are

X1 = xf510(1+i) for X o> X5 and z; 4 >0,

Xig1 = Xgod=4) for X; <X, and z; >0, (3.12)

and

Vi1 =Yuold+4) for y;,>Yy., and z;,>0,

yfs,l = yfsvo(l_l) for yf,O < ys,O and Zf,O > 0. (313)

These are identical to Egs. (3.8) and (3.9). Furthermore, in the slit, the additional
conditions below are added,

Zig,= zfsyo(1+ A) for Zio>2Z and z; <0,

Zi1=2i0(L=4) for z;,<z, and z;,<0, (3.14)

and

Vi1 =Ywsold+A) for y. >y, and z;, <0,

3.15
yfs,l = yfs,O(l_ﬂ’) for yf,0 < ys,o and Zf,O <0. ( )
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3.2.2 Evaluation of local energy difference

A method to evaluate the energy difference in the local volume is proposed in this
Section. Consider a situation shown in Fig. 3.2(a), where the ith and jth particles are
interacting with each other through a local volume V, . Figure 3.2(a) shows the line
segment between the ith and jth particles whose part of the line segment is inside the
volume. The part inside the volume is evaluated by the variation of the volume. Now
consider the evaluation of the energy difference by the volume perturbation of the local
volume in the z direction. In reference to Figs. 3.2(b,c), the potential energy in the local

volume in the initial state, Uy, ,between the ith and jth particles, is

Uy, =Ugy, (1 o) x 30
0V, ~ 2oV, \%ij0 Zio (3.16)
1,

Meanwhile, the potential energy in the perturbed local volume, Uy, is

B dz;;,
Ul,Vk - Ul,Vk (rij ,1) X . (3.17)
Zij1
Then, the energy difference is evaluated as below,
AU, =U,, -U,, =(U U 924
v, — Yy, ~ Yoy, —( 1V, (rij,l)_ oV, (rij,o))x . (3.18)

ij.0

In Eq. (3.18), z;;=@1+A4)z;, and dz;;; =(1+A)dz;, are considered. The other

components of the pressure are evaluated in the same manner.
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(a) The ith and jth particles interacting through a local volume.

J J
A ' Y
<ij
’ -
!
/
Ad
> dzk
it
z Yij +
L - d 7
I_. y Vi
(b) View from the y direction. (c) View from the x direction.

Fig. 3.2 Definition of line segment between the ith and jth particles inside and outside a local
volume.

29



30



4. Wetting phenomena at a solid surface with
a structure

Before detailed analyses of the liquid film on a flat solid surface (Chapter5) and in the
vicinity of a structured solid surface (Chapters 6 and 7), in this Chapter, a
phenomenological analysis of wetting phenomena at a solid surface with a slit pore is
conducted by the molecular dynamics method, in order to understand dynamic
characteristics of a liquid film consisting of fluid molecules. Through the analyses,
effects of the fluid-solid interaction intensity on the dynamic wetting phenomena are
examined. First, in Sec. 4.1, the calculation system and numerical details used in this
Chapter are described. Sec. 4.2 shows results of the effects of the fluid-solid interaction
intensity on the dynamic wetting phenomena.

4.1 System and numerical details

Figure 4.1 shows the calculation model in the present study. The calculation region
above the slit pore is 10.08x10.08x15.00 nm® and the region of the slit pore is
4.2x10.08x5.04 nm®. Periodic boundary conditions are employed in the x and y
directions and the mirror boundary condition is used at the top of a unit cell. The solid
wall in the Figure consists of three solid layers where the outermost layer is fixed and
the temperature of the middle layer is controlled at a constant value of 100 K by the
Langevin method. An ensemble of 7500 solid atoms are arrayed in a fcc lattice structure
with the (111) surface in contact with the fluid molecules in the unit cell. The solid wall
potential parameters are taken to be those of platinum(Pt) and the fluid is assumed to be
argon(Ar), and all interactions between molecules or atoms are assumed to obey the
12-6 Lennard-Jones potential(Eq. 3.6) as described in Sec. 3.1.2. The parameters for the
fluid-fluid(Ar-Ar) interaction employed are oa = 3.40 A and ex = 1.67x10% J,
respectively. The Lennard-Jones parameters, op; = 2.54 A and epy = 109.2x10°%* J are
used for the solid-solid(Pt-Pt) interaction (Zhu & Philpott 1994). The interaction
between the fluid molecules and the wall atoms is also described by the Lennard-Jones
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potential form, and the Lorentz-Berthelot combining rule is applied to obtain the
standard parameters car-p=(oatop)/2 and earp=(carer)”>. For controlling the
fluid-solid interaction intensity, the relative parameter o is adopted in addition to the
standard value ear-pt In the calculation. Hence, the potential energy between the fluid
molecules and the wall atoms can be written as,

12 6
Oarpt | | Oarrt

g g

U () =406, (4.1)

As an initial condition, a liquid film consisting of 12960 liquid molecules(Ar) exists on
the solid wall(Pt) with a slit pore as shown in Fig. 4.1. The liquid film is initially kept at
100 K by the velocity scaling control for 100.0 ps, followed by 1.0 ns of the relaxation
calculation conducted to equilibrate the system without the velocity scaling control. 3¢
is used for the cutoff distance. During the relaxation calculation, the value of « is set to
be 0.03, a relatively lower interaction intensity compared with the values employed for
the observation of the wetting phenomena. After the relaxation calculation, the
interaction parameter o is changed to the target value and the non-equilibrium classical
molecular dynamics simulations are conducted for at least 1.0 ns.
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liquid part

Fig. 4.1 Calculation model (initial condition). Periodic boundary conditions are employed in the
x and y directions and the mirror boundary condition is used at the top of the unit cell.

33



4.2 Effects of the fluid-solid interaction on the wetting

phenomena

Figures 4.2(a) and (b) show typical calculated results for two cases. In Fig. 4.2(a), the
inside of the slit pore is unfilled with liquid molecules at t = 1.0 ns, while in Fig. 4.2(b)
the pore filling is in progress, and is completed at t = 1.0 ns. When the fluid-solid
interaction intensity is relatively low (a = 0.03), the filling of the liquid molecules into
the inside of the slit pore doesn’t occur as completely as the results checked by the
non-equilibrium molecular dynamics simulations during 10.0 ns. Meanwhile, the filling
of the liquid molecules into the slit pore occurs only when the value of a exceeds a
certain value. Figure 4.2(b) shows the filling-in progress when the time, t, is 150.0 ps.
These results show the wetting phenomenon of the slit pore, i.e., whether or not the
inside of the slit pore is filled with the liquid molecules within a definite time, depends
on the fluid-solid interaction intensity.

(a) o =0.03(t = 1.0 ns). (b) o =0.08(t = 150.0 ps).

Fig. 4.2 Typical calculation results when the inside of the slit pore isn’t filled or is filled with
liquid molecules: (a) o = 0.03(t = 1.0 ns) and (b) o = 0.08(t = 150.0 ps).

The simulation results of the slit pore wetting obtained by changing the value of a are
listed in Table 4.1. The wetting probability in Table 4.1 is defined as the result which
shows whether the inside of the slit pore is filled with liquid molecules within 1.0 ns. A
white circle indicates that the inside of the pore was filled with the liquid molecules
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within 1.0 ns, a white triangle is the case when the filling wasn’t completed within 1.0
ns, and a cross indicates a low probability of the filling in the calculation during 1.0 ns.
The results indicate that there is a critical value of a(= ac) which determines whether the
inside of the slit pore is filled with the liquid molecules within a definite time.

Table 4.1 The a values and wetting probability. The white circle indicates that the inside of the
pore was filled with the liquid molecules within 1.0 ns, the white triangle is the case when the
filling wasn’t completed within 1.0 ns, and the cross indicates a low probability of the filling in
the calculation during 1.0 ns.

Probability of
wetting phenomenon
0.03 X
0.04 X
0.05 A
0.06 A

O
O
O
O

0.07
0.08
0.09
0.10
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Fig. 4.3 Time evolution of the number of liquid molecules inside the slit pore for various

fluid-solid interaction intensity a.

Figure 4.3 shows the time evolution of the number of liquid molecules inside the slit
pore for various values of the interaction intensity «(0.04 — 0.09). The initial number of
argon molecules inside the slit pore is subtracted from the total number of liquid
molecules in Fig. 4.3. When the value of o is relatively low (0.04), there is little
deviation in the number of liquid molecules inside the slit pore, and the initial state is
stable for at least 1.0 ns. Changing the value of a to 0.05, the number of the liquid
molecules inside the slit pore fluctuates, although there seems to be little possibility of
complete wetting, judging from the simulation results for 1.0 ns. When the value of a is
sufficiently high (0.07, 0.08, and 0.09), the wetting phenomenon of the slit pore is
completed within 1.0 ns. These results also suggest that the wetting phenomena,
whether or not the inside of the slit pore is filled with liquid molecules within 1.0 ns, as
well as the characteristic time of the filling phenomena, are dependent on the fluid-solid
interaction intensity «a in the present calculation, in which the fluid-solid interaction is
assumed to obey Eq. (4.1).
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The effects of the fluid-solid interaction intensity o on the progress of wetting
phenomenon are shown in Fig. 4.4. Figures 4.4(a,b) indicate that the fluid-solid
interaction intensity o has a considerable effect on wetting progress; it can be seen that
the higher the interaction intensity «, the more that the filling is driven by the liquid
molecules in the vicinity of the solid wall, and the greater the curvature of the gas-liquid
interface tends to become. When the value of « is relatively high as shown in Fig. 4.4(c),
it can be seen more clearly that a monolayer is formed on the wall surface before the
bulk part of the liquid molecules proceeds into the slit pore.
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(1) t=150 ps. (1) t=150 ps. (1) t=150 ps.

(3) t=400 ps. (3) t=400 ps. (3) t=400 ps.
(@) o =0.07. (b) a.=0.08. (c) o =0.10.

Fig. 4.4 Effect of the fluid-solid interaction intensity on the distribution of liquid molecules
when the wetting phenomenon occurs: (a) o = 0.07, (b) a = 0.08, and (c) o = 0.10.
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Fig. 4.5 Effect of the fluid-solid interaction intensity on the completion time of the slit pore
wetting process in the case of T = 100 K. The completion time is defined by the variation of the
total number of the liquid molecules inside the slit pore.

The wetting process completion time when the value of « is changed, is shown in Fig.
4.5. The wetting process completion time used in Fig. 4.5 is defined as the time when
the number of liquid molecules inside the slit pore reaches 95% of the final (or
equilibrium) value. 10 simulations are conducted for each value of «a, and the initial
values are chosen at intervals of 50.0 ps after the relaxation calculation. The result
shows that when the value of « is relatively low (0.07-0.10), the wetting process
completion time decreases with the increase of a. On the other hand, at values of a >
0.10, the completion time does not show pronounced differences in changes in a. This
could be due to the formation of a monolayer which precedes the bulk part of the liquid
molecules in the slit pore wetting process, and the arrangement of the liquid molecules
in the vicinity of the wall surface as shown in Fig. 4.6. In the case of a > 0.10, the
monolayer is first formed inside the slit pore by the high interaction intensity with solid
atoms before the bulk part of the liquid molecules proceeds into the slit pore, and the
bulk liquid becomes less directly affected by the fluid-solid interaction intensity. Effects
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of temperature are investigated and shown in Fig. 4.7. The profiles of the curves are
qualitatively the same when the temperature ranges from 85 to 100 K, and the
completion time of the wetting process becomes shorter with the increase of the
temperature.

(c) t=500.0 ps.

Fig. 4.6 Typical configurations and the liquid molecular arrangement during the wetting
phenomenon in the case of o = 0.20: (a) t = 100.0 ps, (b) t = 200.0 ps, and (c) t = 500.0 ps.
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Fig. 4.7 Effect of the fluid-solid interaction intensity on the completion time of the slit pore
wetting process in the case of T = 85, 90, 95, and 100 K.
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5. Liquid film on a flat solid surface

In this Chapter, the molecular dynamics simulation is conducted for the calculation
system in which fluid molecules are confined between two planar solid surfaces. The
purpose is to obtain in particular local pressure components and interfacial tension of the
liquid film on a flat solid surface, and check the validity of the proposed perturbative
method. The calculation system and numerical details are described in Sec. 5.1. In Sec.
5.2, the local pressure components and interfacial tension of the liquid in the vicinity of
the solid interface are obtained by the proposed perturbative method based on Egs.
(2.16) and (2.17) in one dimension, and the results are compared with those obtained by
two alternative methods: the first method evaluates the intermolecular force acting on a
plane, and the second is the conventional method based on the virial expression. The
quantities are also obtained in two dimensions and shown in Sec. 5.3.

5.1 System and Numerical details

The classical molecular dynamics simulation is conducted for the system in which 4050
fluid molecules are confined between two planar solid surfaces as shown in Fig. 5.1.
The system is in an equilibrium which includes three interfaces (vapor-solid,
vapor-liquid, and liquid-solid interfaces) parallel to the solid surfaces (xy plane)
perpendicularly located along the z axis. The Hamiltonian of the system is described as

H(r,p) = Z‘p‘ s Zuﬁ( )+ et 5.1)
I;tj

where N is the number of the fluid molecules, ug(r;;) is the potential energy between the

fluid molecules which depends on the distance between the molecules, & =|r -r;

uext:zi’i;z?‘;lufs(rij) with the number of the solid atoms Ns and the potential energy

between the fluid molecules and the solid atoms u«. All the interactions between
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molecules and atoms are assumed to obey the 12-6 Lennard-Jones(LJ) form (Eg. 3.6).
The fluid molecules are assumed to be argon (Ar), and reduced units are used as given in
Table 5.1 by using the Boltzmann constant kg, and the LJ parameters of the fluid
molecules, my, o, and &. The cutoff distance of the LJ potential is 5.0. The solid atoms
are assumed to be platinum (Pt), with Lennard-Jones interaction parameters of 05=0.746
and &5=65.39 (Zhu & Philpott 1994). The fluid-solid interaction is also described by the
LJ potential with ots=(ox+0ss)/2= 0.873 and &5, in which & is varied as a ratio to the &.

Table 5.1 Reduced units and their values.

Quantity Unit Value
Mass my 6.634x1072% kg
Distance o 3.405x107° m
Energy i 1.670x10 % J
Temperature e 1Kg 1209 K
Time o Mileg  2.146x107% s
Interfacial tension &y /0% 1.440x102 Nm™
Pressure e o5 4.230x10” Nm2
Density m; /o 1.680x10° kgm™

The volume of the system is defined as V=LyxL,xL,, where L,=15.4, L,=15.4, and
L,=44.1. Periodic boundary conditions are applied in the x and y directions which are
tangential to the interfaces. Each solid part consists of 3 layers of the solid atoms where
the outermost layer is fixed and the temperature of the middle layer is controlled by the
Langevin method, at a constant value T'=0.8. Artificial forces are not added to the 1st
layer, and the atoms in the 1st layer can move freely around the center of oscillation by
the interactions with other atoms. The simulation consists of 2028 solid atoms arrayed
in an fcc lattice structure with the (111) surface in contact with the fluid molecules.
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The temperature of the fluid molecules is kept constant by the velocity scaling control
for 500,000 steps with a time interval of 47/=9.3x10, followed by 2,000,000 steps of
the relaxation calculation conducted to equilibrate the system without the velocity
scaling control. The density, pressure, and interfacial tension are obtained as the time
averaged values for at least 2,000,000 steps.

15.4
% ® o e © o o
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Y L ]
®
g ° $
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Liquid
441 molecules
z Solid
] atoms
T x A 4

Fig. 5.1 Calculation system(Initial state).
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5.2 Analysis in one dimension

Figures 5.2(a) and 5.2(b) present typical results obtained by the perturbative method on
the basis of Eq. (2.16). The figures show the normal and tangential components of the
reduced pressure and the reduced density of fluid molecules in the z direction near the
lower substrate for A= 5.0x10™°, and for &= 0.25(Fig. 5.2(a)) and &=0.50(Fig. 5.2(b)).
The definition of the perturbation parameter, 4 is explained in Sec. 3.2.1. The partial
derivatives as expressed in Egs. (2.4) and (2.11) are evaluated by the central difference
method. The results are obtained by averaging the pressure and density values after
5,000,000 time steps. For the pressure results, the Figures show error bars calculated
using five averaged results of 1,000,000 time steps. The system is divided into
subsystems with the height of 0.088 in the z direction, in which the pressure components
and density of fluid molecules are calculated. As shown in Fig. 5.2, the normal pressure
component Py (=P,) is constant in the z direction, ensuring that the system is in
equilibrium, while the tangential pressure component r'(=(P, +P,)/2) fluctuates in the
vicinity of the liquid-solid interface and is almost constant in the bulk of the liquid. The
error bars obtained by the 5 simulation runs indicate that the results are obtained with
considerable accuracy in the present study. Comparing Figs. 5.2(a) and 5.2(b), it is
evident that the fluctuation of Pt in the vicinity of the liquid-solid interface becomes
pronounced with the increase of ..
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Fig. 5.2 Normal and tangential components of the reduced pressure P* and the reduced density of
fluid molecules p” in the z direction, obtained on the basis of Eq. (2.16) in the vicinity of the
liquid-solid interface for A=5.0x10""°, and for (a) £5x=0.25 and (b) £x=0.50. The circles and squares
correspond to the results of the normal and tangential components of the pressure, respectively.
The triangles are the results of the density of the fluid molecules. The results of the pressure
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components and density are calculated as the averaged values of 5,000,000 time steps.
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Figure 5.3 shows effects of the perturbation parameter, A on the reduced local liquid-solid

interfacial tension, 5, obtained on the basis of Eq. (2.17) by the forward difference for

£s=0.25. The figure shows »; as a function of z", and is normalized to the corresponding

values for the case of 2=5.0x10'°. As shown in Fig. 5.3, with increasing 4, the value of
the local interfacial tension differs markedly from that in the case of 1=5.0x10"°,
especially in the bulk of the liquid; this is due to the quite small values of the local
interfacial tension in the bulk. This result suggests that the use of the forward difference
alone is not sufficient to obtain accurate local interfacial tension when the value of 1 is
relatively large (>5.0x10°®), as in the present study. Therefore using smaller values of 1 or
switching to the central difference method is strongly recommended. The value of
4=5.0x10"° is adopted as the standard in the following calculations.

3-0 L o L o L} v L] L] T L]
- 3=5.0%10%
25 | -=- 2=5.0%10° 1
—
B —_ 3=5.0X10"7
=220 r . 2=5.0X%108
<
< 1.5
* g:
\v 1.0
* A-:
0.5
0.0

0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0

Fig. 5.3 Effects of the perturbation parameter 1 on the reduced local liquid-solid interfacial
tension,y, obtained on the basis of Eq. (2.17) by the forward difference for ¢,=0.25. Values of

w, are normalized to the value in the case of 1=5.0x10"°, »,| . The circles, squares,
A=5x10"

triangles, and crosses are the results for 2=5.0x107°, 5.0x10°®, 5.0x10”, and 5.0x107®, respectively.
Each result is calculated as the averaged value of 2,000,000 time steps.
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Figure 5.4 shows effects of using forward and backward differences on the calculated
local liquid-solid interfacial tension for 1=5.0x10° and &=0.25, in which each value is
normalized to the value obtained by the central difference. Relatively high peaks are
observed in the bulk of the liquid, but the profile is symmetric about the value of the

central difference (5, =1.0), which means that the result obtained by the central

difference is the most reliable method compared with the other approaches. However,
from the fact that the maximum error was found to be at most 5 % in this study, it can also
be said that the forward and backward differences are suitable when such a small value of
A is chosen(1=5.0x10°), if high accuracy is not required for the calculation of the local
liquid-solid interfacial tension.

1010 b L) v L] v L) v L v L] v L] v L]
—=—Forward difference T
— 1.05 F —=—Backward difference .
£ 1.00
* x:
\‘<
.= 0.95
0.90 " 1 1 1 " 1 1 1 1 1 1 1 L 1

0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0

Fig. 5.4 Effects of the forward and backward difference methods on calculating the reduced local
liquid-solid interfacial tension ,y, obtained on the basis of Eq. (2.17). for 1=5.0x10"° and

. The

Central difference

£=0.25. Each value is normalized to that obtained by the central difference, o

circles and squares indicate the results of using the forward and backward difference methods,
respectively. Each result is calculated as the averaged value of 2,000,000 time steps.
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Figure 5.5 gives the results of the reduced local liquid-solid interfacial tensions in one
dimension calculated by the perturbative method (Eq. (2.17)), the evaluation of the
intermolecular force acting on a plane (Eg. (2.19)), and the virial expression based on the
Irving and Kirkwood definition (Eq. (2.23)) for &.=0.25. These results are shown
normalized to the values obtained by the perturbative method in Fig. 5.6. According to
Fig. 5.5, all the results have good agreement at each local position, and confirm that the
local liquid-solid interfacial tension obtained by the perturbative method in this study is
valid in one dimension. A detailed comparison of the results as shown in Fig. 5.6 reveals
that the values of the local interfacial tension at each position agree well, but differences
are observed in the bulk of the liquid where the values of the local interfacial tension are
quite small as shown in Fig. 5.5. In Fig 5.6, effects of the tangential pressure components
affected by the solid atoms can be evaluated by the result of Irving & Kirkwood definition
obtained based on Eg. (2.23) in which no contributions of the tangential pressure
components affected by the fluid-solid interactions are considered. The results of the
local liquid-solid interfacial tensions obtained by the perturbative method and the force
acting on a plane confirm that the tangential pressure component affected by the solid
atoms almost vanishes in one dimension, as indicated in the previous works (Varnik e. al.
2000).
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Fig. 5.5 Reduced local liquid-solid interfacial tension »;, calculated by the perturbative method
(Eq. (2.17)), the evaluation of the intermolecular force acting on a plane (Eg. (2.19)), and the
virial expression based on the Irving and Kirkwood definition (Eq. (2.23)) for &=0.25. The
values of the perturbative method are calculated by the central difference method. The circles,
squares and triangles indicate the results obtained by the perturbative method, the evaluation of
the intermolecular force acting on a plane, and Irving and Kirkwood definition, respectively. Each
result is calculated as the averaged value of 5,000,000 time steps.
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Fig. 5.6 Reduced local liquid-solid interfacial tensions ,, calculated on the basis of Egs. (2.19)
and (2.23) for &,=0.25. The results are normalized to that obtained by the perturbative method (Eq.

(2.17)), », . The circles and squares indicate the results obtained by the evaluation of

Perturbative method

the intermolecular force acting on a plane (Eq. (2.19)) and Irving and Kirkwood definition (Eq.
(2.23)), respectively. Each result is obtained as the averaged value of 2,000,000 time steps.
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5.3 Analysis in two dimensions

The perturbative method based on Egs. (2.16) and (2.17) is applied to the calculation
system to obtain the pressure components and interfacial tension at a liquid-solid
interface in two dimensions. The system is divided into subsystems with the area Ay(= dx
xdz,=0.088%0.088) in the xz plane, and results are obtained as the averaged values of
5,000,000 time steps. Figure 5.7 shows reduced density distributions of the fluid
molecules in the vicinity of the liquid-solid interface; Fig. 5.7(a) shows the result for
&s=0.25 and Fig. 5.7(b) for &=0.50. In Fig. 5.7, the X" positions of the first layer of the
solid atoms facing the fluid molecules are 0.0, 0.592, and 1.184. The results indicate that
the density distribution of the fluid molecules fluctuates in the vicinity of the liquid-solid
interface and is affected by the positions of the solid atoms in two dimensions.

Figure 5.8 presents two-dimensional contour plots of the local tangential component of
the reduced pressure of the fluid, obtained based on Eq. (2.16) using the central difference
method for 1=5.0x10™°, and for &=0.25 (Fig. 5.8(a)) and &=0.50 (Fig. 5.8(b)). The
tangential pressure component in the xz plane fluctuates at the liquid-solid interface and
becomes pronounced with the increase of &, displaying the same tendency as that
obtained in one dimension.

Three-dimensional contour plots of the local tangential pressure component are shown in
Fig. 5.9 for 4=5.0x10™°, and for &=0.25 (Fig. 5.9(a)) and &,=0.50 (Fig. 5.9(b)). The latter
shows that the peaks of the tangential pressure component fluctuate in the x direction due
to the effects of the solid atoms, while the effect is weak in the case of :=0.25 as shown
in Fig. 5.9(a).

Figure 5.10 gives the results of the reduced local interfacial tension in the vicinity of the
liquid-solid interface in the xz plane; results are obtained on the basis of Eq. (2.17) for
4=5.0x10™°, and for &:=0.25 (Fig. 5.10(a)) and &:=0.50 (Fig. 5.10(b)). The profiles of the
local interfacial tension are the same as those obtained in one dimension, which ensures
the validation of the method in two dimensions.
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Fig. 5.7 Reduced density distributions of fluid molecules in the vicinity of the liquid-solid
interface, for (a) &:=0.25 and (b) &=0.50. Each result is obtained as the averaged value of
5,000,000 time steps and shown on each area Ay (= dx, xdz,=0.088%0.088).

52



-1.00
-0.50
0.00
0.50
1.00
1.50
2.00
2.50
3.00

(a) gfs=0.25.

-0.50
0.00
0.50
1.00
1.50
2.00
2.50
3.00

(b) £x=0.50.

Fig.5.8 Two-dimensional contour plots of the reduced local tangential pressure component p’
in the vicinity of the liquid-solid interface in the xz plane, obtained on the basis of Eq. (2.16) for
1=5.0x10"°, and for (a) £x=0.25 and (b) &:=0.50. Each result is obtained as the averaged value of

5,000,000 time steps.
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Fig. 5.9 Three-dimensional contour plots of the reduced local tangential pressure component p’
in the vicinity of the liquid-solid interface in the xz plane, obtained on the basis of Eq. (2.16) for
4=5.0x10", and for (a) &:=0.25 and (b) £=0.50. Each result is the averaged value of 5,000,000
time steps.
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Fig. 5.10 Two-dimensional contour plots of the reduced local interfacial tension », in the

vicinity of the liquid-solid interface in the xz plane, obtained on the basis of Eq. (2.17) for
4=5.0x10", and for (a) &:=0.25 and (b) £=0.50. Each result is the averaged value of 5,000,000

time steps.
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Figure 5.11 gives the three-dimensional contour plot of the reduced local liquid-solid
interfacial tension in the xz plane obtained by the evaluation of the intermolecular force
acting on a plane, using Eq. (2.19) with 1=5.0x10™° and &=0.25. The result is normalized
to the value obtained by the perturbative method (Eqg. (2.17)). According to the result, the
difference between the two methods becomes relatively pronounced toward the bulk part
of the fluid, but the error is under 2 % in the calculation region. The result suggests that
the proposed perturbative method is valid for the calculation of the local liquid-solid
interfacial tension in this study, even if the values are evaluated in two dimensions.

1_015

d)

erturbative metho

wP

Fig. 5.11 Three-dimensional contour plot of the reduced local interfacial tension »; in the

vicinity of the liquid-solid interface in the xz plane, obtained on the basis of Eq. (2.19) for
4=5.0x10" and &,=0.25. The result is normalized to the value obtained by the perturbative

method, . The result is the averaged value of 5,000,000 time steps.

Perturbative method
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6. Liquid film in the vicinity of a structured
solid surface

In this Chapter, as the local thermodynamic quantities, the time-averaged local density
and pressure components of the fluid are obtained for the two states of the liquid film: (a)
liquid film on the slit and (b) liquid film in the slit, based on the instantaneous expression
of the pressure components (Eq. (2.27)). Sec. 6.1 describes the system and numerical
details used in this Chapter. The results of the density and pressure distributions of the
liquid film on the slit are given in a two dimensional plane in Sec. 6.2 and the results of
the liquid film in the slit are given in Sec. 6.3.

6.1 System and numerical details

Classical molecular dynamics simulations are conducted for a system in which a liquid
film exists in the vicinity of the solid surface with a slit pore as shown in Fig. 6.1(a). The
liquid film exists, as the initial state either on, or in, the slit, and there is a planar solid
surface at the top of the calculation system. The periodic boundary conditions are applied
in the x and y directions. The number of the fluid molecules, upper and lower solid atoms
are 6300, 5670, and 12915, respectively.

The potential function and parameters are the same as those in Sec. 5.1. The volume
above the slit, vU(=L5 =Ly xLy) is 24.87x17.76x44.05, and the volume of the slit is
11.84x17.76%12.43. The definition of the coordinates in the system is illustrated in Fig.
6.1(b), on the zoomed figure in the vicinity of the entrance of the slit. The X" position of
the solid atoms facing the inside of the slit at the left side of the slit is 6.51, and the center
of the slitis at X =12.43. The upper and lower solid parts consist of 9 and 30 layers of the
solid atoms, respectively, and the solid atoms are arrayed in an fcc lattice structure with
the (111) surface in contact with the fluid part. The solid atoms in the 1st layers facing the
fluid part can move freely around the center of oscillation by the interactions with other
atoms, the temperature of the solid atoms in the 2nd layers is controlled by the Langevin
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method, at a constant value T"=0.8, and the other solid atoms are fixed. The perturbation
parameter, A, which is needed to evaluate the difference of the energy in Eq. (2.27), is
chosen to have the value of 1.0x10™°, and the difference is numerically evaluated by the
central difference method.

The procedure to make the initial condition is as follows. Firstly, the temperature of the
fluid molecules is kept constant by the velocity scaling control for 500,000 time steps
with a time interval of 4/=9.3x10. Secondly, the relaxation calculation is conducted for
1,500,000 time steps without the velocity scaling control. The quantities: density,
pressure, and interfacial tension are obtained as the time averaged values for at least
2,000,000 time steps.

24.87

44.05

(a) Liquid film on a slit pore (Initial condition).
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(c) Arrangement of solid atoms at the left side of the entrance of the slit, and definition of the
2nd and 3rd layers of the solid atoms inside and outside of the slit.

Fig. 6.1 Calculation system, and definition of the coordinates and of the positions of the solid
atoms at the left side of the slit.
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6.2 Liquid film on the slit pore

The distributions of the density and pressure components in the vicinity of the left
entrance of the slit are obtained on the basis of Eq. (2.27), for each subsystem with the
area Ax(= dxx xdz=0.073%0.073) in the x-z plane. The results are obtained as the time
averaged values of 2,000,000 steps after the relaxation calculation. Figure 6.2 presents

reduced density p” (Fig. 6.2(a)), and pressure components: <|f>x’;> (Fig. 6.2(b)), <I5;y>

(Fig. 6.2(c)), and (P;) (Fig. 6.2(d)), of the liquid film on the slit pore for £=0.20. In

Figs. 6.2(a-d), the solid atoms of the left side of the slit are shown as the white circles.
Figure 6.2(a) shows the vapor-liquid interface in the vicinity of the slit is situated above
the slit for the relatively weak fluid-solid interaction intensity(e=0.20). Figures 6.2(b,c)
confirm that the variation of the pressure components tangential to the liquid-solid

interface is significant and the distribution of the pressure components: (P;,)and (P, )

are almost the same. <I5;> in Fig. 6.2(d) represents no significant distribution, because it

is not the component tangential to the liquid-solid interface outside the slit. The same
tendency is observed in that the variations of the pressure components tangential to the
liquid-solid interface are significant, for the cases of stronger interaction intensities
(61s=0.30(Figs. 6.3(a-d)), £=0.40 (Figs. 6.4(a-d)), and &=0.42 (Figs. 6.5(a-d))).

In addition, the results of the density distribution show that the liquid film is situated on
the slit and partially filling the inside of the slit particularly in the cases of &=0.40 and
0.42 (Figs. 6.4(a) and 6.5(a)). On increasing the fluid-solid interaction intensity &, the
local density outside the slit in the vicinity of the corner becomes higher, and with this,
the local density inside the slit also becomes higher (Figs. 6.2(a), 6.3(a), 6.4(a), and
6.5(a)). The results also confirm that the shape of the vapor-liquid interface is almost
flat excluding the layers in the vicinity of the solid surface (Figs. 6.2(a), 6.3(a), 6.4(a),
and 6.5(a)).
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Fig. 6.2 Reduced density and pressure components of the fluid in the x-z plane for &, = 0.20: (a) p,
® (BL). (© (Py) and (d) ().
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Fig. 6.3 Reduced density and pressure components of the fluid in the x-z plane for & = 0.30: () p,
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64



0.00
0.31
0.63
0.94
1.25
1.56
1.88
2.19
2.50

e e e >

@p"

-1.00
-0.50
0.00
0.50
1.00
1.50
2.00
2.50
3.00

65



-1.00
-0.50
0.00
0.50
1.00
1.50
2.00
2.50
3.00

|

-1.00
-0.50
0.00
0.50
1.00
1.50
2.00
2.50
3.00

@ ()
Fig. 6.4 Reduced density and pressure components of the fluid in the x-z plane for &, = 0.40: (a) p,
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Fig. 6.5 Reduced density and pressure components of the fluid in the x-z plane for &, = 0.42: (a) p,
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6.3 Liquid film in the slit pore

Figures 6.6 and 6.7 present the reduced density distribution (Figs. 6.6(a) and 6.7(a)), and

pressure components: <|f’x’;> (Fig. 6.6(b) and 6.7(b)), <|5;j> (Fig. 6.6(c) and 6.7(c)), and

(B) (Fig. 6.6(d) and 6.7(d)), of the liquid film in the slit pore for &:=043 and =0.50,

respectively. As is evident from Figs. 6.6(a) and 6.7(a), the inside of the slit pore is filled
with liquid molecules under the influence of the strong fluid-solid interaction intensity
(61=0.43 and 0.50). The same tendency is observed in Figs. 6.6(b-d) and 6.7(b-d) in that
the variations of the pressure components tangential to the liquid-solid interface are

*

significant, and it should also be noted that (P},) has two observable liquid-solid

interfaces because the y direction is normal to the x-z plane. The pressure component,

<|5;/> in Figs. 6.6(c) and 6.7(c) has a characteristic profile at the liquid-solid interface

inside and outside the slit, corresponding to the density distribution in Figs. 6.6(a) and
6.7(a), and it shows the two highest values in the vicinity of the 2nd solid layer from the
corner at both the inside and outside the slit (see also Fig. 6.1(c)). This suggests that the

local pressure components tangential to the solid surface, (P )and (P, ), in the vicinity

of the 1st layer of the fluid from the solid surface, are different in a two dimensional plane
for a relatively strong fluid-solid interaction intensities(e=0.43 and 0.50), and the
difference becomes pronounced in the vicinity of the corner of the slit.
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7. Transition mechanism between the states
of the liquid film based on the local
thermodynamic states

This chapter examines the molecular transition mechanism between the two states of the
liquid film: (a) liquid film on the slit and (b) liquid film in the slit, based on the
thermodynamic states of the liquid film in the vicinity of the slit. First, in Sec. 7.1,
effects of the fluid-solid interaction intensity on the states of the liquid film are
investigated for the calculation model introduced in Sec. 6.1. Next, the relationship
between interfacial tensions based on a macroscopic concept and the states of the liquid
film are examined under a varying fluid-solid interaction intensity. In Sec. 7.2, as the
local thermodynamic quantities, the local pressure components, and interfacial tensions
of the liquid film in the vicinity of the slit, are obtained as the time-averaged values
based on the instantaneous expressions (Egs. (2.27) and (2.30)), and which are
investigated in detail, to reveal a beginning of the transition process between the two
states of the condensed matter from a molecular point of view.

7.1 Relationship between the interfacial tensions and

the states of the liquid film

In this section, effects of the fluid-solid interaction intensity on the states of the liquid
film in the vicinity of the slit are examined based on the density, pressure, and
interfacial tensions of the fluid. The calculation model is introduced in Sec. 6.1. Figure
7.1 shows the time evolution of the number of fluid molecules in the slit after the
relaxation calculation for £=0.20-0.50. The number of the fluid molecules in the slit is
defined as the number of the fluid molecules below z'=0.0 (see Fig. 6.1(b)). The large
numbers in the cases of ¢=0.43 and 0.50 indicate that the inside of the slit is filled with
fluid molecules, on the other hand, the inside of the slit is not fully filled with the fluid
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molecules in the cases of ¢=0.20-0.42, which are the states of the liquid film on the slit.
The number of the fluid molecules fluctuates with the passage of time on this time scale,
and the fluctuation becomes pronounced with an increase in &ss.
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Fig. 7.1 Time evolution of the number of fluid molecules in the slit for &,=0.20-0.50.

As revealed in Sec. 6.2, on increasing the fluid-solid interaction intensity e, the local
density outside the slit in the vicinity of the corner becomes higher, and with this, the
local density inside the slit also becomes higher. In order to examine the increase of the
local density of the fluid in the vicinity of the corner, the reduced density of the fluid
molecules, p~ in the x direction at z =0.77(e.g. see Fig. 6.2(a)), where the 1st layer of the
fluid from the solid surface exists outside the slit, is obtained for £=0.20-0.43, and the
results are presented in Fig. 7.2. The density profile of the fluid outside the slit in Fig.
7.2 clearly indicates that the fluid density in the vicinity of the 2nd layer of solid atoms
from the corner of the slit becomes higher with an increase in & (see also Fig. 6.1(c)).
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Fig. 7.2 Reduced density profile of the fluid molecules, p” in the x direction at z'=0.77, for
e=0.30-0.43. The values are obtained as the averaged values of 5,000,000 time steps, and the
error bars show the five averaged results of 1,000,000 time steps for &,=0.30 and 0.43.

The reduced pressure component (P;) of the vapor region above the liquid film, is

calculated to investigate effects of fluid-solid interaction intensity &; on the pressure in
the system, and the results are given in Fig. 7.3. The pressure is calculated in the vapor
region above the liquid film in the system, defined as the range: 25.0 < z~ < 35.0, for

£:=0.20-0.50. The result indicates that <|5;;> in the vapor region is almost constant,

although the vapor-liquid interface in the vicinity of the slit fluctuates with increasing &,
as shown in Fig. 7.1.
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Fig. 7.3 Reduced pressure component <I5;> in the vapor region above the liquid film in the

system for &,=0.20, 0.30, 0.40, 0.42, and 0.50. The values of the pressure component are
averaged for 5,000,000 time steps, and the error bars show the five averaged results of
1,000,000 time steps. The pressure is calculated in the vapor region above the liquid film in the
system, defined as the range: 25.0 < z" < 35.0.

In order to clarify the relationship between the interfacial tensions and the state of the
liquid film on or in the slit, first, reduced local interfacial tensions of the fluid at the

liquid-solid interface, (77..) and (7.,), are calculated based on Eq. (2.30) for £=0.20

and 0.40, and are shown in Figs. 7.4(a,b). The local interfacial tensions are obtained at
each local slab, along the z direction, with the height of 0.073: dz'=0.073, and the values
are averaged at the outside of the slit, in the range: 0.0<x <4.7, where effects of the

corner of the silt can be ignored. It can be seen that <77;_X> is identical to <y§_y> for

each &, which indicates the space-averaged local liquid-solid interfacial tension is
isotropic in the x and y directions at each z position.
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Fig. 7.4 Reduced interfacial tension, <}7;_X> and <77:_y> of the fluid at the liquid-solid interface

for (a) &,=0.20 and (b) &,=0.40. The values are obtained in the range: 0.0<x'<4.7, and are
averaged values for 5,000,000 time steps. The error bars are shown by the five averaged results
of 1,000,000 time steps.
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From a macroscopic point of view, the slit becomes impregnated with liquid, when the
condition below is satisfied in the slit (de Gennes et al. 2004),

| =7vs — 15 >0, (12.1)

where | represents the impregnation parameter, and is defined as the difference of the
vapor-solid and liquid-solid interfacial tensions, y,-»s. EQ. (12.1) is valid for y,
and y,, defined as the values inside the slit, but under the macroscopic condition, the
values inside and outside the slit are almost the same for a flat vapor-liquid interfacial
system. It suggests that the two states of the liquid film, (a) liquid film on the slit, and
(b) liquid film in the slit, are predictable from the values of ,,, and y, outside the slit.
Based on this macroscopic concept, the time-averaged value of the instantaneous
expression of the impregnation parameter,

() =(7vs) (7). (122)

which is defined as the values outside the slit, is investigated in the present calculation
system, and the reduced results for £=0.20-0.50 are shown in Fig. 7.5(a). Here, the
vapor-solid and liquid-solid interfacial tensions are obtained as the integrated values of
the local quantities in the area defined in Fig. 7.5(b), and are described based on Egs.
(2.20) and (2.30):

Pvs = I (F)zz,\/k - I:A)xx,Vk )dzk’
Vapor-Solid (12 3)

Ns = _f (Fszz,\/k - Iﬁxx,\/k szk'
Liquid—Solid
Comparing Fig. 7.5(a) and Fig. 7.1 reveals that the two states of the liquid film are
almost predictable by the time-averaged impregnation parameter obtained from the
interfacial tensions outside the slit, but this parameter does not determine a definite
threshold between the two states on a molecular time-space scale, i.e., it does not predict
the fluctuations of the liquid film as shown in Fig. 7.1.
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(b) Definition of the calculation area for 7, and 7.

Effects of the fluid-solid interaction intensities(e=0.20-0.50) on the reduced

impregnation parameter, <I*>=<}7\73>—<7E>, and the definition of the area in which 7, and 7

are calculated. The values of the impregnation parameters are averaged for 5,000,000 time steps,

and the error bars are shown by the five averaged results of 1,000,000 steps.
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7.2 Relationship between the local interfacial tensions

and the states of the liquid film

In order to reveal in more detail the transition mechanism between the two states of the
liquid film: (a) liquid film on the slit and (b) liquid film in the slit, the local interfacial
tensions in the vicinity of the left entrance of the slit are obtained as the time-averaged
values by using Eq. (2.30), and investigated in this Section. Figures 7.6-7.10 show the

reduced local interfacial tensions, <y”;_y> and <79;_Z>, in the x-z plane for &,=0.20, 0.30,

0.40, 0.42, and 0.43. The fluid-solid interaction intensity &=0.42 is the case that the
liquid film is the state before reaching the wetting process as shown in Fig. 7.1. The

results in Figs. 7.9(a,b) show characteristic distributions of <y”;_y> and <ﬁ§_z> around

the corner inside the slit, and it can be seen that there exists a minimum value in the
vicinity of the 2nd layer of the solid atoms inside the slit as shown in Fig. 7.9(a). To

investigate the local interfacial tensions in detail, <y;_y> and <7§_Z> in the vicinity of

the 1st fluid layer from the solid surface inside the slit, along the z direction (at x =7.30),
are shown in Fig. 7.11 for &=0.40, 0.42, and 0.43, where the inside of the slit is filled with
liquid molecules in the case of &=0.43. Figure 7.11 reveals that there are points where the

values of <7;‘_y> and <)?;_Z> are locally low (at around z =-0.5 for <y”;_y> and z'=-1.0 for

<;?;_Z>), for each value of &, and the values in the case of the liquid film on the slit

(¢1s=0.40) approach the values of the case that the inside of the slit is filled with the fluid

molecules (¢=0.43). The minimum value of <7;‘_y> is lower than that of <y“;‘_z> for each

&fs, Which corresponds to the density profile of the fluid molecules in the x-z plane in Figs.

6.4(a) and 6.5(a). It suggests that the local interfacial tensions <f;_y> at around z'=-0.5:

in the vicinity of the 2nd layer of solid atoms inside the slit, and <ﬁ§_z> at around

2'=-1.0: in the vicinity of the 3rd layer of solid atoms, act as a trigger to cause the
transition between the two states of the liquid film (see also Fig. 6.1(c)).

82



In order to examine the relationships of the local interfacial tensions between inside and

outside the slit in the vicinity of the corner, <7‘§_X> and <y‘§_y> in the vicinity of the 1st

fluid layer from the solid surface outside the slit (z'=0.77), along the x direction, are

shown in Fig. 7.12 for &=0.40, 0.42, and 0.43. Here the local interfacial tension <y‘§_y>

for each &5 represents locally low values, as is the case for <y‘§_y> in Fig. 7.11, and it

corresponds to the density profile as shown in Fig. 7.2. It’s also found that the minimum

values of <y‘§_y> for £=0.40 and 0.42, obtained outside the slit, are lower than those of
<y”;_y> obtained inside the slit, when the transition between the two states doesn’t occur.

Focusing on the point where (75_,) is the lowest value along the z direction, i.e., in the

vicinity of the 2nd layer of the solid atoms inside the slit, the local interfacial tensions,

<y§_y> and <)?;_Z> at z =-0.55 are calculated along the x direction for &=0.42 and 0.43,
and the results are presented in Fig. 7.13. It can be seen from Fig. 7.13 that <y§_y>
(e=0.42) almost satisfies the state of (7;_,) (¢+=0.43) excluding the minimum value at
X'=7.30, although (75_,) (e=0.42) is different from that of =0.43 at each y position. In
particular, it can also be seen that (7}_,) (ex=0.42) is lower than 0.0 in the vicinity of the
center of the slit (x'=12.0). In order to investigate <y“;_y> and <y”;‘_z> for ,,=0.42 in detall,

Ak

the local pressure components, <PXX>, <I5y*y>, and <I5;;> are obtained by using Eq.

(2.27), and the results are shown in Fig. 7.14. According to Fig. 7.14, <I5;;> and

<If>;y> are lower than 0.0 in the vicinity of the center of the slit, due to the effects of the

vapor-liquid interface, and that is why <)9;_Z> (s=0.42) is lower than 0.0 in the vicinity
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of the center of the slit as seen in Fig. 7.13. It should be noted that <I5x*x> is not lower
than 0.0 in the vicinity of the 1st layer of fluid molecules from the solid surface, and
which means the effect of the low value of <I5X*X> is weak in the vicinity of the 1st fluid

layer from the solid surface.

84



-0.200

-0.163
-0.125
-0.088
-0.050
-0.012

©e0 00 o0 o 0.025

o0 00 00 0.063

o0 00 o0 0.100

o0 00 00

OO 00 OO

OO0 OO0 OO

o0 00 o 0

o0 00 00

o0 00 o 0

o0 00 00

x*
@ (7ey)-

-0.200
-0.163
-0.125
-0.088
-0.050
-0.012
0.025
0.063
0.100

(0) (7rs)-
Fig. 7.6 Reduced local interfacial tensions in the x-z plane in the vicinity of the left corner of the
entrance of the slit for =0.20: (a) (f;_y> and (b) <ﬁ;_z>. The values are obtained as the

averaged values of 2,000,000 time steps.
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Fig. 7.7 Reduced local interfacial tensions in the x-z plane in the vicinity of the left corner of the
entrance of the slit for =0.30: (a) (f;_y> and (b) <ﬁ;_z>. The values are obtained as the

averaged values of 2,000,000 time steps.
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Fig. 7.8 Reduced local interfacial tensions in the x-z plane in the vicinity of the left corner of the
entrance of the slit for =0.40: (a) (f;_y> and (b) <ﬁ;_z>. The values are obtained as the

averaged values of 2,000,000 time steps.
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Fig. 7.9 Reduced local interfacial tensions in the x-z plane in the vicinity of the left corner of the

entrance of the slit for ¢=0.42: (a) (f;_y> and (b) <ﬁ;_z>. The values are obtained as the

averaged values of 2,000,000 time steps.
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Fig. 7.10 Reduced local interfacial tensions in the x-z plane in the vicinity of the left corner of
the entrance of the slit for &=0.43: (a) <7;_y> and (b) <f;_z>. The values are obtained as the

averaged values of 2,000,000 time steps.
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Fig. 7.11 Reduced local interfacial tensions, <79:_y> and <7‘:_Z>, along the z direction, at the

1st layer of the fluid from the solid surface inside the slit(x"=7.30), for &=0.40, 0.42, and 0.43.
The values are obtained as the averaged values of 2,000,000 time steps.
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Fig. 7.12 Reduced local interfacial tensions, <)9;_X> and <y§_y> , along the x direction, at the 1st

layer of the fluid from the solid surface outside the slit(z'=0.77), for &,=0.40, 0.42, and 0.43. The
values are obtained as the averaged values of 2,000,000 time steps.
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Fig. 7.13 Reduced local interfacial tensions, <y§_y> and <)?;_Z> along the x direction at

7'=-0.55, for £,=0.42 and 0.43. The values are obtained as the averaged values of 2,000,000
time steps.
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Fig. 7.14 Reduced pressure components, <|3X*x>, <Pyy> and <F3;> along the x direction at

2'=-0.55, for £,=0.42. The values are obtained as the averaged values of 2,000,000 time steps.
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8. Summaries

The results obtained in this thesis are summarized below.

The results in relation to theories and methods for numerical analyses are summarized
as follows:

oA general perturbative method on the basis of statistical thermodynamics is proposed
for a fluid-solid interfacial system in the canonical and grand canonical ensembles.
This method allows us to obtain the local pressure components and interfacial tensions
acting on the fluid at a fluid-solid interface which includes contributions of pressure
components tangential to the interface affected by interactions with solid atoms.

eAn instantaneous expression of the local pressure components and interfacial tensions,
which is based on a volume perturbation, is presented to investigate time-dependent
phenomena in molecular simulations. The relationship between the description in
equilibrium and the time-averaged expression of the instantaneous expression of the
pressure, reveals that the two expressions are different in that it contains “In” in the
averaged part in the equation or not.

Numerical analyses are conducted by the classical molecular dynamics method for
fluid-solid interfacial systems, where fluid-fluid, fluid-solid, and solid-solid interactions
are described by the 12-6 Lennard-Jones potential. Firstly, before detailed analyses of
the liquid film on a flat and structured solid surface, a phenomenological analysis of
dynamic wetting phenomena at a solid surface with a slit pore is conducted in order to
understand dynamic characteristics of a liquid film consisting of fluid molecules, and
effects of the fluid-solid interaction intensity on the dynamic wetting phenomena are
examined. The results are summarized as follows:

eThe wetting phenomena of the slit pore, i.e., whether the inside of the slit pore is filled
with liquid molecules within a definite time, as well as the characteristic time of the
phenomena, are dependent on the intensity of the fluid molecule-solid atom
interaction.

eIncreasing the fluid-solid interaction intensity, the number of fluid molecules inside the
slit fluctuates before reaching the state of the wetting process.
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eThe completion time of the slit pore wetting process tends to become short when the
interaction intensity between fluid molecules and solid atoms is relatively strong.

Secondly, local pressure components and interfacial tension at a liquid-solid interface
are obtained by the proposed perturbative method, and examined in one- and
two-dimensions for a system composed of fluid molecules between two planar solid
surfaces. In addition, the validity of the proposed perturbative method is investigated by
comparison with two alternative methods: the first method evaluates the intermolecular
force acting on a plane, and the second is the conventional method based on the virial
expression. The accuracy of the numerical results is discussed comprehensively through
the comparison of the results obtained by each method. The results are summarized as
follows:

eFrom the results obtained in one dimension, the local interfacial tension of the fluid in
the vicinity of the solid surface reveals that quite a small value (on the order of 1.0 X
10™°) of the perturbation parameter is required to obtain relatively accurate values of
the local interfacial tension using the forward or backward difference method. On the
other hand, the results obtained by the central difference method are not almost
dependent on the values of the perturbation parameter. The calculated local interfacial
tension agrees well with the results of the two alternative methods at each local
position.

eThe results in two dimensions show a characteristic profile of the tangential pressure
component which depends on the direction tangential to the liquid-solid interface. In
addition, the result of the local interfacial tension calculated by the perturbative
method, agrees with that obtained by the evaluation of the force acting on a plane.
Such good agreement indicates that the perturbative method proposed in this study is
valid to obtain the local pressure components and interfacial tension at a liquid-solid
interface.

Thirdly, as the local thermodynamic quantities, time-averaged local pressure
components and interfacial tensions are obtained by using the instantaneous expressions
of the local pressure components and interfacial tensions, for the two states of the liquid
film: (a) liquid film on the slit and (b) liquid film in the slit. Furthermore, the molecular
transition mechanism between the two states is examined in detail based on those local
thermodynamic quantities. The results are summarized as follows:

eThe results of the time-averaged density distribution of the fluid show that there are
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states where the liquid film is situated on the slit partially filling the inside of the slit,
before reaching the wetting process. Increasing the fluid-solid interaction intensity,
leads to the local density of the fluid outside the slit in the vicinity of the corner
becoming higher, and with this, the local density inside the slit also becomes higher,
before reaching the wetting process. The state of the liquid film in the slit has two
peaks of the fluid density in the vicinity of the one corner of the slit.

eThe local pressure components tangential to the solid surface in the vicinity of the 1st
layer of the fluid from the solid surface are different in a two dimensional plane, and
the difference becomes pronounced in the vicinity of the corner of the slit, for cases
where the fluid-solid interaction intensities are relatively strong.

eThe occurrence of the liquid film in one state or the other depends for the most part on
the impregnation parameter outside the slit, which is defined, based on the
macroscopic concept, as the difference between the integrated vapor-solid and
liquid-solid interfacial tensions acting on the fluid. However it does not determine a
definite threshold between the two states on a molecular temporal-spatial scale, i.e., it
does not predict fluctuations of the liquid film and variations of the local quantities in
the vicinity of the corner of the slit.

eThe local interfacial tensions in the vicinity of the 1st layer of the fluid from the solid

surface inside the slit, <y;_y> and <y;_z>, which are defined by the difference of the

pressure components in the width(x), depth(y), and height(z) directions of the slit

respectively, indicate that there are points where the values of <y;_y> and <y;‘_z> are

locally low in the vicinity of the 2nd and 3rd layers of solid atoms from the entrance of
the slit respectively, for each fluid-solid interaction intensity.

eThe minimum value of <7§_y> in the vicinity of the 1st fluid layer from the solid

surface outside the slit, is lower than that of (7_,) obtained inside the slit, for the

cases that the liquid film is on the slit, and with an increase in the fluid-solid
interaction intensity, the minimum value obtained inside the slit approaches the value
of the case that the inside of the slit is filled with the fluid molecules. Furthermore, the
pressure components along the width(x) direction in the slit, at the minimum value of
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<7~;,y>, reveal that the pressure components tangential to a vapor-liquid interface
influence the values of <y”;,y> and <y”;,z> in the vicinity of the center of the slit, but
the effect is weak for the minimum value of <7~;y> and <y”;,z>. It indicates that the

local interfacial tensions inside the slit, <7A;,y> and <y”;,z>, in the vicinity of the 2nd

and 3rd layers of solid atoms from the entrance of the slit respectively, act as a trigger
to cause the transition between the two states of the liquid film.
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9. Conclusions

In this thesis, a general perturbative method on the basis of statistical thermodynamics
is proposed for a fluid-solid interfacial system in the canonical and grand canonical
ensembles. This method allows us to obtain the local pressure components and
interfacial tensions acting on the fluid at a fluid-solid interface which includes
contributions of pressure components tangential to the interface affected by interactions
with solid atoms. In the molecular dynamics simulation, the perturbative method
directly evaluates the time-averaged Boltzmann factor of the potential energy difference
due to the small perturbation of the local volume, instead of using the conventional
method which evaluates the force acting on a plane or virial terms. Comparisons
between the results obtained by the proposed perturbative method and by the alternative
two methods, indicate that the proposed perturbative method is applicable and suitable
for practical use in molecular simulations in equilibrium states, to obtain the local
pressure components and interfacial tensions at a fluid-solid interface. However, it
should be noted that the description of the pressure components P based on the
perturbative method doesn’t consider effects of the kinetic part of particles correctly in
the case of &=7.

Ibergay et al. (2007) calculated local quantities by the perturbative method for a
vapor-liquid interface in one dimension, and investigated local spatial correlation
function defined between the local volumes. Based on the results, they insist that the
local quantities obtained by the perturbative method are applicable under the condition
that the local quantities are uncorrelated. However, considering the results obtained in
this thesis, the nature of the perturbative method is that the quantities are evaluated
through one system, which enables us to remove statistical relationships between the
local volumes. Spatial dependences of the local quantities should be investigated by the
perturbative method, and a comparison with the results of Bennett (1976) could be
beneficial to understand deeply the statistically-correlated effects.

An artificial operation, changing the fluid-solid interaction intensity, for the initial state
of the liquid film on a solid surface with a slit pore, let the liquid film consisting of
molecules move spontaneously, keeping the liquid form in a molecular scale. Such an
operation reveals that wetting phenomena of the slit, i.e., whether the inside of the slit
pore is filled with liquid molecules within a definite time, as well as the characteristic
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time of the phenomena, are dependent on the intensity of the fluid molecule—solid atom
interaction. It also reveals that with the increase of the fluid-solid interaction intensity,
the number of liquid molecules inside the slit fluctuates before reaching the state of the
wetting process, which is unpredictable from macroscopic theories.

In order to examine such phenomena, an instantaneous expression of the local pressure
components, which is based on a volume perturbation, is presented, and an
instantaneous expression of the local interfacial tensions is defined in this thesis based
on the instantaneous pressure components. Then, the time-averaged local pressure
components and interfacial tensions are obtained by using them to elucidate the
molecular transition mechanism between the two states of the liquid film: (a) liquid film
on the slit and (b) liquid film in the slit. The results reveal that the local thermodynamic
quantities in the vicinity of the corner of the slit: density, pressure components, and
interfacial tensions, are different from those obtained in other areas, for cases where the
fluid-solid interaction intensities are relatively strong. The impregnation parameter
outside the slit, which is defined, based on the macroscopic concept, as the difference
between the integrated vapor-solid and liquid-solid interfacial tensions acting on the
fluid outside the slit, predicts for the most part the occurrence of the liquid film in one
state or the other. However, it does not determine a definite threshold between the two
states on a molecular temporal-spatial scale, i.e., it does not predict fluctuations of the
liquid film and variations of the local quantities in the vicinity of the corner of the slit.
The results of the time-averaged local interfacial tensions reveal that the minimum
values of the local interfacial tensions inside the slit, in the vicinity of the 2nd and 3rd
layers of solid atoms from the entrance of the slit respectively, act as a trigger to cause
the transition between the two states. These results reveal that there exist the phenomena
on a molecular temporal-spatial scale which are not comprehended through the
thermodynamic quantities based on the macroscopic concept, and which lead to the
transport of the condensed matter.

The effects of the temporal and spatial dependences of the obtained local
thermodynamic quantities in this study, on the thermodynamic quantities based on the
macroscopic concept, should be investigated for further understanding of fundamentals
of molecular transport phenomena of condensed matters.
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