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Abstract

Nanoparticles may adsorb strongly at liquid-vapour interfaces and form
layers, which may be a source for new and interesting materials. It is not
fully understood how the nanoparticles adsorbed at the interface interact, and
how the shape and size of the nanoparticles affect the interaction. Prolate
ellipsoidal nanoparticles will deform the interface, which leads to strong
orientation-dependent capillary interactions. This will result in nanoparticle
self-assembly.

A molecular dynamics method for modelling prolate ellipsoidal nano-
particles interacting with spherical fluid particles is described. The method
was used to calculate the wetting, Brownian motion and interface deformation
of nanoparticles adsorbed at liquid-vapour interfaces. The force between two
nanoparticles adsorbed at an interface and two nanoparticles submerged in
bulk phases was also calculated. Nanoparticle sizes ranging from approxim-
ately 0.3nm to 5.0nm were considered. Two different potentials have been
considered for the prolate ellipsoidal nanoparticles, one with the same interac-
tion energy all around the nanoparticle and one with higher interaction energy
on the sides of the nanoparticle compared to the tip.

Highly wetting prolate ellipsoidal nanoparticles with a higher interaction
energy on the sides compared to the tips were found to prefer an equilibrium
orientation where the long axis of the nanoparticle is normal to the interface.
The Brownian motion of prolate ellipsoidal nanoparticles suggests that they
diffuse primarily along the long axis of the nanoparticle. Interface deforma-
tion of prolate ellipsoidal nanoparticles of this size was not observed. The force
between nanoparticles was calculated, and used to predict the behaviour of
nanoparticles adsorbed at liquid-vapour interfaces. Orientation-dependent ca-

pillary interaction between prolate ellipsoidal nanoparticles was not observed.



Sammendrag

Nanopartikler kan adsorbere sterkt pa gass-vaeske grenseflater og danne
lag av nanopartikler, som kan veere en kilde til nye og interessante materialer.
Det er ikke fullstendig forstatt hvordan formen og stgrrelsen pa nanopartik-
lene pavirker interaksjonen. Prolate ellipsoidale nanopartikler vil deformere
grenseflaten, noe som fgrer til sterke orienteringsavhengige kapillaerkrefter.
Dette forer til selvorganisering av nanopartikler.

En molekyldynamikk-metode for modellering av prolate ellipsoidale nano-
partikler med sfeeriske fluidpartikler blir presentert. Metoden har blitt brukt
til a beregne fukting, selvdiffusjon, og deformasjon av grenseflaten. Kraften
mellom to nanopartikler adsorbert pa grenseflaten og to nanopartikler nedsen-
ket i bulkfasen har ogsa blitt beregnet. Nanopartikler med stgrrelser mellom
omtrent 0.3nm til 5.0 nm har blitt undersgkt. To ulike potensialer har blitt
undersgkt for de prolate ellipsoidale nanopartiklene, én med lik interaksjons-
energi rundt hele nanopartikkelen og én med sterkere interaksjonsenergi pa
sidene av nanopartikkelen i forhold til tuppen.

Det har blitt oppdaget at hgyt fuktende prolate ellipsoidale nanopartikler
med hgy interaksjonsenergi pa sidene i forhold til tuppen, vil foretrekke en like-
vektsorientering hvor nanopartikkelens lange akse er normal til grenseflaten.
Selvdiffusjonen av prolate ellipsoidale nanopartikler tyder pa at de hovedsak-
lig diffunderer langs nanopartikkelens lange akse. Grenseflatedeformasjonen pa
grunn av prolate ellipsoidale nanopartiklene av denne stgrrelsen har ikke blitt
observert. Kreftene mellom nanopartikler har blitt beregnet, og blitt brukt til

a forutsi oppferselen til nanopartikler som er adsorbert pa grenseflaten.
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Chapter 1

Introduction

1.1 Motivation

The study of nanoparticles and their interaction with interfaces is important in the
understanding and application of a wide range of problems. A nanoparticle is a solid
of size ranging from 1nm to 100 nm, and an interface is the border between two phases.
Nanoparticle and interface science are important in the chemical industry, as a report
from the chemical company DuPont notes [1]. They reported that roughly 60% of their
products are marketed as powders, dispersions, or suspensions.

Attraction between nanoparticles may result in aggregation or self-assembly [2].
Aggregation is the phenomenon where nanoparticles ”clump together” creating clusters
that are kinetically stable, while self-assembly is the phenomenon where they aggregate in
an organised and predictable way. If the attraction is understood and controlled, it might
be possible to create macroscopic solids with tailored properties. It has been shown in
experiments by Rozynek et al. [3] and Dommersnes et al. [4] that it is possible to create
interesting materials, such as Janus and patchy capsules. These materials may be used to
encapsulate entities such as molecules, particles, or bubbles, while still having the property
of Janus or patchy particles. They used an electromagnetic field to assemble particles in
a ribbon shape on the surface of a sessile drop. Davies et al. [5] studied prolate ellipsoidal
nanoparticles and how they assemble in interesting patterns on a fluid-fluid interface using
continuum simulations. They showed the potential these nanoparticles has for creating

new materials.

Research is needed to take advantage of this technology. Much research has been
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done on this topic in the last 20 years, but the effects of particle shape, surface
curvature and particle characteristics are still not fully understood. How the particle
shape affect the forces between nanoparticles adsorbed at liquid-vapour interfaces is
important to understand in order to predict and exploit the aggregation or self-assembly
of nanoparticles, which may be a source of new and interesting materials. Loudet et
al. [6] observed prolate ellipsoidal mosquito eggs of size 1 mm floating at an air-water
interface self-assemble. This is argued to be caused by strong long-ranged capillary
interactions. Lehle et al. [7] concluded that prolate ellipsoidal nanoparticles adsorbed
at liquid-vapour interfaces deform the interface, which leads to orientation-dependent
capillary interactions. Dasgupta et al. [8] used continuum simulations to determine the
magnitude of the capillary interaction, and they confirmed that the capillary interactions
are of the order of 108kgT for micrometer-sized prolate ellipsoidal nanoparticles.

The aim of this thesis is to establish a molecular dynamics method to model prolate
ellipsoidal nanoparticles adsorbed at liquid-vapour interfaces, perform calculations that
predict their behaviour, and identify the capillary force caused by nanoparticle shape.
Molecular dynamics simulations with the Lennard-Jones and Gay-Berne force fields were
used. The Lennard-Jones force field model van der Waals forces for spherical fluid
particles, and the Gay-Berne force field model van der Waals forces for prolate ellipsoidal
nanoparticles. Molecular dynamics simulations are advantageous because it combines
the microscopic and the macroscopic view of a system. The fluid particles are modelled
individually as spherical particles, and not as a continuum. This results in the force
changing dramatically when the size of the nanoparticle approaches the fluid particle
size. Nanoparticle sizes ranging from approximately 0.3nm to 5.0 nm were studied. Four

aspects of the nanoparticles have been considered:

1. Wetting of nanoparticles, i.e. how the nanoparticle orients and positions itself

in relation to the liquid-vapour interface.
2. Brownian motion of the nanoparticles adsorbed at a liquid-vapour.

3. Interface deformations as a result of the shape of prolate ellipsoidal nano-

particles.

4. The force between the nanoparticles adsorbed at liquid-vapour interfaces and

in bulk liquid and vapour.
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1.2 Outline

This thesis consists of three main parts: Theory, methodology, and results and discussion.
The theory chapter presents relevant theory of prolate ellipsoidal nanoparticles adsorbed
at liquid-vapour interfaces. The methodology chapter discusses the methods used to
model nanoparticles adsorbed at liquid-vapour interfaces. The results and discussion

chapter presents the results found in this work, and discusses their significance.
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Chapter 2

Theory

This chapter presents theory relevant to prolate ellipsoidal nanoparticles adsorbed at

liquid-vapour interfaces.

2.1 Thermodynamic models

The Helmholtz free energy of a nanoparticle adsorbed to a liquid-vapour interface may

be described as,

F:F(T7V7N1aN2aAlv7AslaAsv7L>7 (21)

where 7' is the temperature, V' is the volume, N; is the number of nanoparticles of species
i, Ay, is the interface area of the liquid-vapour interface, Ay, is the interface area of the
nanoparticle-vapour interface, A, is the interface area of the nanoparticle-liquid interface
and L is the length of the three phase line [9]. The three phase line is the line where all

three phases meet. The interface and line tension are defined as

oF OF
Vij = ( ) : T = (—) : (2.2)
’ aAiJ‘ T,V,N1,N2,Api£:5,L oL T,V,N1,Na2,A;;

The magnitude of the interface tension is of the order 1073 Nm™!.

The line tension is
minuscule for large nanoparticles, but is thought to be of the order 107N to 1072 N
for small nanoparticles [9]. The free energy associated with moving the nanoparticle

immersed in one phase to the interface may be written as
APjint =F— FO = (’ysl - ’YS’U)ASl - ’}/lvAst + TL» (23)

where A, is the interface area between the two phases that is removed as a result of

the nanoparticle, and Fj is the free energy of the nanoparticle fully immersed in the
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Vapour Vapour

0 L

Liquid Liquid

(a) (b)

Figure 2.1: (a) Spherical nanoparticle of radius R adsorbed at a liquid-vapour interface. [ is a vector
distance from the interface to the nanoparticle centre. (b) A prolate ellipsoidal nanoparticle of radii
a > b = cadsorbed to a liquid-vapour interface, where c is the radius of the prolate ellipsoidal nanoparticle

normal to the ab-plane, and [ is a vector distance from the interface to the nanoparticle centre.

vapour phase. Aveyard and Clint [10] derived the free energy for the case of spherical

nanoparticles,
sphere 1 - 1 _ 1 B _
AR = Ay (=7 (1=1) + G eosb(1 = 1) + 57V~ I (2.4)
where 6 is the contact angle, and 7 and [ are defined as,
T=—5 =7 (2.5)

A, is the surface area of the nanoparticle, [ is the immersion depth and R is the
nanoparticle radius, as depicted in figure 2.1a. The immersion depth is the distance
from the nanoparticle centre to the interface position. The contact angle 6 is the angle
between the tangent line at the nanoparticle-interface intersection and the interface, as
shown in figure 2.1a. By convention the contact angle is measured on the liquid side.
According the modified Young-Dupré’s equation, the relation between the contact angle

and the interface tensions at a liquid-vapour interface for a stable configuration is

—1
Ysv — Vsl T
l=—-- (11— —-—— . 2.6
o Vv ( Ry Sin9) 20

If the effect of the line tension is assumed to be infinitesimal, this reduces the Young-

Dupré’s equation to Young’s equation,

cos = Lv st (2.7)

Vv
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This relation may be derived by considering a force balance of a spherical nanoparticle
adsorbed to an interface, as seen in figure 2.1a. The components parallel to v and s,
must equal zero. A geometrical consideration confirms that vy + 7y, cos @ = 74, which is
Young’s equation.

The immersion depth is defined such that [ = 0 when 6 = 7. Faraudo and Bresme [11]

extended the free energy to the case of prolate ellipsoidal nanoparticles,

V1-— P) : (2.8)

(1—1?) +cosOAyl + 7

int

AFprolate _ 477R2’7lv (

1
2/G(r)

where £ is the aspect ratio of the nanoparticle defined x = 3, where a is the long radii of

1
4G(k)

the nanoparticle and b is the short radii of the nanoparticle, as seen in figure 2.1b. G(k)

is an aspect ratio dependent function defined as

1 K2 1+v/1—k2 :
5+ In ( ) , if Kk <1
G(Ii) _ 2 4v1—k2 1—v1—kr2 (29)

3t == arcsin(V1 — £72), if k> 1.
2.2 Nanoparticles at fluid interfaces

Nanoparticles may adsorb strongly at liquid-vapour interfaces. An adsorption energy
ranging from 10 to 103kgT is estimated for nanoparticles [12]. The nanoparticles
may form mono- or multilayers, which implies that an interface is completely covered
by nanoparticles. Submonolayers of nanoparticles, implying less than full interface
coverage, may result in aggregation, flocculation or self-assembly. Aggregation is the
phenomenon where nanoparticles ”clump together” creating clusters that are kinetically
stable. Flocculation is the same phenomena as an aggregation, but less stable. A
flocculation is easy to mix into an even distribution. Self-assembly is an aggregation in
an organised and predictable way, and is possible if the forces between the nanoparticles
depends on the orientation of the nanoparticle. It has been shown that prolate ellipsoidal
nanoparticles exhibit orientation-dependent capillary forces [7,8], and may therefore self-

assemble.

2.2.1 Wetting

The wetting of a nanoparticle is defined as the equilibrium position of the nanoparticle

in relation to the liquid-vapour interface. In this context, the definition of the interface
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is somewhat unclear. A liquid-vapour interface is a two-dimensional entity to the human
eye, but it is three-dimensional in the microscopic world. This is because the behaviour of
atoms around an interface behaves differently from atoms in the bulk. The Gibbs dividing
surface is for this reason introduced, and is defined as the inflection point of the phase
density curve. The wetting [ is calculated as distance from the nanoparticle centre of mass
to the equilibrium position. By convention, a non-wetting nanoparticle will submerge
completely in the vapour phase, a partially wetting nanoparticle will adsorb at the liquid-
vapour interface, and a completely wetting nanoparticle will submerge completely in the
liquid phase [2]. A partially wetting nanoparticle has a low wettability if the contact angle
is > 90° and high wettability if it is § < 90°. The contact angle may be calculated using
Young’s equation or Young-Dupré’s, as described in section 2.1. However, the solid-fluid
interface tensions, 7., and, vy, and the line tension, 7, are difficult to calculate. An easier

approach is a strict geometrical consideration by calculating

l
0= 2.10
cosf = —, (2.10)

where R is the radius of the spherical nanoparticle. For prolate ellipsoidal nanoparticles
the nanoparticle has two unequal radii ¢ and b. The contact angle, #, is the same all
around the three-phase line. The real contact angle of a prolate ellipsoidal nanoparticle
is somewhere between the value found using equation 2.10 when inserting a and b for R.

Particles will move from the bulk phases to be adsorbed at a fluid interface if it
reduces the free energy of the system. By inspecting equation 2.3, it is apparent that a
nanoparticle will adsorb at the interface if the liquid-vapour interface tension, -, is high
and the nanoparticle-fluid interface tensions, vy and ~s,, are low. The nanoparticle will
effectively reduce the interface tension of the liquid-vapour interface by adsorbing to it,
which is a common application of nanoparticles. For sufficiently small nanoparticles the
line tension is a significant factor [13-16].

The size of the nanoparticle is an important factor to its stability. The free energy
of spherical nanoparticles at interfaces, derived by Aveyard and Clint [10] as seen in
equation 2.4, states that AF},; oc R2. This means that a smaller nanoparticle will adsorb
more strongly at a fluid interface compared to a large nanoparticle. The shape and
orientation of the nanoparticle is also important in its stability. The free energy for
ellipsoidal nanoparticles, derived by Faraudo and Bresme [17], is shown in equation 2.8.

A prolate ellipsoidal nanoparticle laying flat on the interface will be less stable than a
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spherical nanoparticle, which again is less stable than an oblate ellipsoidal nanoparticle
laying flat on the interface [9].

The density and temperature of the system are important for the wetting of
nanoparticles. A two-phase system that is close to the triple point will have a diffuse
interface with a high interface thickness. Conversely, a system with a low temperature
will have a distinct interface with a low interface thickness. A high interface thickness
is a result of low interface tension, and conversely a low interface thickness is a result of
high interface tension. This means that a nanoparticle will adsorb more strongly to a thin
interface compared to a thick interface, because this will give a larger difference in the

effective liquid-vapour interface tension.

2.2.2 Brownian motion

Any nanoparticle in contact with a medium will move around in a random motion. This
is known as Brownian motion, named after botanist Robert Brown. He observed that the
pollen grains moved around, without currents or evaporation. It is now known that the
movement of such nanoparticles is due to the random bombardment of the nanoparticle
from the fluid particles that surrounds it. Einstein was the first to provide a theoretical
analysis of Brownian motion [18].

In one dimension, Einstein’s approach was: Let x(t) be the position of the nanoparticle,
and let 2(0) = 0. After on average a time 7* a collision occurs, and the particle jumps on
average a distance Az in either positive or negative direction. A jump in either direction
is equally probable. The probability that the particle is at a position x(t) after a time ¢
is then equal to the probability, in a series of n = TL jumps, the particle makes m = =
more jumps in the positive direction than the negative direction. That is, it makes
%(n + m) jumps in the positive direction and %(n — m) jumps in the negative direction.
The probability is then given by the binomial expression,

n!

1 n
Palm) = T Y (B n = )] (5) ’ (2.11)

with the result that
(m) =0, (m?*) =n. (2.12)

This means that for ¢t >> 7%,

@@®) =0,  (22(t) = Az>— (2.13)



This is known as the mean-square displacement (MSD). For a nanoparticle adsorbed at

a liquid-vapour interface, the two-dimensional mean-square displacement becomes,

MSD(#) = ((r(t) — (0))?) = 4Dt, (2.14)

where D = 2172* is the two-dimensional self-diffusion coefficient and 72(t) = y?(t) + 22(t).

2.2.3 Interface deformation

There are two types of interface deformations, fluctuation-induced deformations and static
deformations. The fluctuation-induced deformations are caused by thermal fluctuations,
while static interface deformations may be caused by a nanoparticle adsorbed at a liquid-
vapour interface. The static interface deformation is a result of the weight, shape and
wetting properties of the nanoparticle. The interface deformation as a result of the
nanoparticle weight is insignificant for nanoparticles of radius R < 5 pm [19]. The interface
will deform if the nanoparticle shape deviates from a sphere. For example, a prolate
ellipsoidal nanoparticle flat on the interface with a contact angle # # 90°, as seen in
figure 2.2a. This is because the fluid nanoparticles will adapt themselves in order to
reduce the interfacial area and the three-phase line, which lowers the free energy. The
fluid nanoparticles will adapt in order to establish the same contact angle, 6, along the
three-phase line, which may be approximated with the Young-Dupré’s equation as seen
in equation 2.6. Ah is the maximum meniscus height of the deformation. For a prolate
ellipsoidal nanoparticle flat on the interface, the interface deformation will be largest for
contact angles between 40° and 55° [7,8].

The pitch of a prolate ellipsoidal nanoparticle adsorbed at a fluid interface is defined
as cos¢ = e; - &, where e; is the direction of the long axis of the prolate ellipsoidal
nanoparticle and x is a vector perpendicular to the fluid interface. A prolate ellipsoidal
nanoparticle that is tilted with pitches ¢ # 0 and ¢ # 7 will cause deformations [5,20],

as seen in figure 2.2b.
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Figure 2.2: Side view of a prolate ellipsoidal nanoparticle adsorbed at a liquid-vapour interface inducing
interface deformations. (a) A prolate ellipsoidal nanoparticle laying flat on the interface. Ah is the
maximal meniscus height of the deformation and [ is the distance from the nanoparticle centre to the

interface position. (b) A prolate ellipsoidal nanoparticle that is tilted with pitch ¢.

2.3 Forces acting on nanoparticles at fluid interfaces

The forces acting on nanoparticles adsorbed at fluid interfaces may be divided into two
types, direct and indirect forces. Direct forces include for example van der Waals and
electrostatic forces, which are also present in the bulk fluids. The van der Waals force
is the only direct force that is included in this thesis. Indirect forces are mediated the

presence of for example an interface or solvent particles.

2.3.1 Van der Waals force

The van der Waals force is omnipresent and is caused by a transient shift in electron
density around an atom. It is the weakest of the chemical forces, ranging from
approximately 0.1 to 1 kgT for nanoparticles adsorbed at a liquid-vapour interface [9].
The van der Waals force between partially wetting nanoparticles is more complicated
than nanoparticles submerged in bulk phases. The attractive part of the van der Waals
force varies with d=%, where d is the particle separation. It is predicted to be sensitive to
solvent conditions. Williams and Berg [21] proposed a Hamaker constant for nanoparticles
at liquid-vapour interfaces. It illustrated that the van der Waals force is expected to
be stronger at the interface compared to the bulk phases. In computer simulations,

the van der Waals force is modelled using the Lennard-Jones potential, and the direct
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(a) (b)

Figure 2.3: (a) Top-down view of two prolate ellipsoidal nanoparticles adsorbed at a liquid-vapour
interface. a and b are the radii of the nanoparticle, and d is the surface-to-surface distance. (b) Top-
down view of two prolate ellipsoidal nanoparticles adsorbed to a liquid-vapour interface. The vectors e;
and e; indicate the orientation of nanoparticle i and j respectively. «;; is the angle between vector e;

and e;, and 7;; is the centre-to-centre nanoparticle separation.

nanoparticle-nanoparticle interaction is unchanged by the solvent.

2.3.2 Solvent-mediated forces

The solvent-mediated forces are the forces acting on a solute due to the surrounding
solvent. As the nanoparticle size approaches the solvent size, the solvent-mediated forces
are expected to get more pronounced. The depletion region is d < oy, where oy is the
solvent diameter and d is the nanoparticle-nanoparticle separation, as seen in figure 2.3a.
The depletion force may be approximated with Derjaguin approximation.

Outside the depletion region, the solvent-mediated force will exhibit oscillations that
decay. These oscillations are connected to the packing of solvent particles between
the nanoparticles. The oscillations will produce peaks close to d = nog, where n is a
whole number. This is because there will be room for n solvent particles between two

nanoparticles.

2.3.3 Capillary forces

The capillary force is caused by deformations of the interface, as discussed in section

2.2.3. The orientation of a prolate ellipsoidal nanoparticle adsorbed at a liquid-vapour
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(a) (b) (c)

Figure 2.4: Top-down view of possible prolate-prolate configurations, (a) side-by-side, (b) tip-to-side
and (c) tip-to-tip.

interface, as seen in figure 2.3b, is defined by the unit vector e;. The nanoparticle is
symmetric, implying that there are two equivalent choices for e;. The angle between two
nanoparticles is determined by cosa;; = e; - e;, where a;; € [0,7]. The potential energy
of two prolate ellipsoidal nanoparticles with a nanoparticle separation d as a result of the

lateral capillary interaction energy is described as,

b 4
uf};;d(d, aij) = —37T’)/lv COS(2OJ¢j)Ah2 <E) s (215)

where Ah is the maximum meniscus height, 7, is the liquid and vapour interface tension
and b is the short radius of the nanoparticle [7]. From this equation it is apparent that the
nanoparticles are attractive for orientations a = 0 and o = 7, and repulsive for orientation
a = 7. The first case corresponds to the side-by-side or the tip-to-tip orientation while the
second case corresponds to the tip-to-side, as seen in figure 2.4. The maximum meniscus
height is predicted to be around % = 0.1 for nanoparticles of aspect ratio x = 2 and
contact angle § = 50°. The capillary interaction varies with d=%, which implies that it is

quite long range.
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Chapter 3

Methodology

This chapter presents the molecular dynamics method for modelling prolate ellipsoidal
nanoparticles and spherical fluid particles used in this thesis. Details for each simulation

are also presented.

3.1 Molecular dynamics simulation

Molecular dynamics simulation is a N-body simulation method used to study the
movements of atoms. This is done by solving Newton’s second law of motion,
d2'l"z‘
fi(r:) = mi— g (3.1)
where f, is the force acting on the centre of mass of particle i, r; is the position of the
centre of mass of particle i, m; is the mass of particle 7, and ¢ is time. The force is

determined by,
Filr) ==Y -2 (3.2)

where U;; is the potential energy of particle 7 due to particle 7, and r;; = r; — r; is a
vector conjoining the centre of particle ¢ and j. There are many possible choices for the
force field U;;(7;;), depending on the type of atoms and molecules involved.

Equation 3.1 is solved using a finite difference method. The Velocity Verlet integration

algorithm [22] is used in this work,
1
1. Calculate v,(t + At/2) = v;(t) + §ai(t)At,
2. Calculate r;(t + At) = 7;(t) + v;(t + At/2)At,
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: 1
3. Derive a;(t + At) = Efi(ri(t + At)),

1
4. Calculate v;(t + At) = v;(t + A/2) + §ai(t + At)At,

where At is the time step, and v; and a; are the velocity and the acceleration of particle

7, defined as
d'f'i d2ri

(3.3)

3.1.1 Non-spherical particles

Non-spherical particles add a new layer of complexity to the problem, namely rotation.
Up until 1977, when Evans and Murad [23] suggested a new algorithm, the Euler angles,
(¢,0,1), were used in some variation to describe the orientation of particles. The problem
with this is that the sine and cosine of the Euler angles are computationally expensive
and they produce singularities in the equations of motion whenever they approach zero,
which causes instability. This is generally unwanted, and Evans and Murad suggested an

elegant solution using quaternions,

Qz‘:<CI0 a1 g2 q3>, (3.4)

where each quaternion is related to the Euler angles,

o = cos 30 cos (¢ + ¥),

1 1
¢1 = sin 6 cos 5 (¢ — V),
e (3.5)
qusinéﬁsin%w—w),
g3 = cos 30sin 5(¢ + 1)).

The quaternions are not independent, but satisfy the relation g2 + ¢} + ¢35 +q¢2 = 1. If
this constraint is satisfied at time zero, it will be satisfied for every subsequent timestep.
However, because the equations of motion are not solved exactly, the constraint will only
be approximately satisfied. This is solved by rescaling the quaternions whenever the
constraint is not satisfied. The rotation matrix A; describes the rotation of any vector u;

from the space-fixed to body-fixed frame,

u? = Ajus, (3.6)

)
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where u and u® are space-fixed and body-fixed frames, respectively. The space-fixed
frame is a vector in relation to the simulation box, while the body-fixed frame is a vector

in relation to the particle. The rotation matrix is constructed from the quaternions,

R+ -6 -4 2 — a0) 2(q2q0 + q143)
A= 2qe+ewn) G-G+6-3  2(ae—ap) |- (3.7)
2(q1q3 — ¢290) 2(q293 + ¢190) q% - Q% — q% + q§

The torque 7; is determined in terms of the angular velocity w; and the moment of inertia

Ii7
dwi

T o (3.8)

This equation may be solved using a finite difference method, equivalent to the Velocity
Verlet algorithm for equation 3.1 discussed in section 3.1. The torque is determined in

terms of the force field,
ou;
3ai,m

3
Tl(A1> = — Z a;m X , (39)
m=1

where a; ,, is the m-th row of the rotation matrix A; and U, is the force field acting on
particle ¢ [24]. In this case, the force field is a function of the rotation matrix, 4;, and

the position, r;. The angular velocities are related to the quaternions by [25],

8QZT_1 @1 9 —493 G2 w

b
— v 3.10
ot 2 b ( )
Yy
b

3.1.2 Force fields

The Lennard-Jones potential is a common force field for atoms governed by van der Waals

Uil = e ((HZZH>12 - (nZZH)ﬁ) | 1

where Uj; is the potential energy of particle ¢ as a result of all other particles j, ||7;;|| is

forces,

the Euclidean norm of r;;, 0;; is the size of the particle, and ¢;; is the depth of the energy
well. The potential consists of a repulsive term, ||7;; |7, and an attractive term, |7 [
Whenever ||7;;|| > r., the potential energy is set to zero. This reduces the amount of

calculations needed.
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The force on particle 7 as a consequence of the potential energy, in context with

N-1 ri 0'12 0'6.
Fir) =Y 24e;—2_ (2 - —2-1]. (3.12)
]Z:; lr 7351 HmW

J#i

equation 3.2, is

To model ellipsoidal particles, the Lennard-Jones potential is not sufficient. An
alternative is the Gay-Berne potential introduced by Gay and Berne [26] in 1981. The
modified Gay-Berne potential as described by Evaraers and Ejtehadi [27,28] is defined as

a product of three terms,

=

—1
Ui(Aiari> = Ur(Ai,AJ’,Tz‘j)ﬂij(AhAj)Xij(AmAj”Fij% (3~13)

=1
)

[
sl

where U, controls the distance dependence and has the form of the Lennard-Jones

potential. n and y control the interaction strength as a function of relative orientation and

position. A; is the rotation matrix that describes the orientation of particle i. #;; = e
ij

is the unit distance vector. U, is defined as

12 6
Oii Tij
Ay A 1) = deps — N\ ' i
Ur(Ai, Aj,mi5) 6]<(hz‘j+’70-ij) (hij+70ij)> .

h;j = min(|r; — r;|) is the minimum distance between the surface of particle ¢ and j,
¢ij is the well depth, min(U,) = —e¢;;, and 7 is a shift parameter. hj; is the Perram

approximation of h;; determined by

hiy = llrisll — 03 (A, Ay, Pyy), (3.15)
where 1
. L, 7 ) 2
0ii (A, A, 755)) = (§TijTGijl(AiaAj)rij> : (3.16)
Gij(Ai, Aj) = AT STA; + AJSTA, (3.17)
o, 0 0
Si=|(0 o, 0] (3.18)
0 0 o,

S; is the size matrix and o,, 0, and o, are the diameters of the ellipsoid [29]. The Perram

approximation in equation 3.15 fails if any of the diagonal elements of S; is much larger
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than o;;. This occurs when a large particle interacts with a small particle, or when the

tip of a long particle interacts with the side of another long particle. 7;; is determined by

955 3
(A A = 1) 1
ig (A, ) (det[Gij(Ai,Aj)]) ! (3.19)
S; = ((Izbl + C?)\/ aibi, (320)

where v is an empirical constant. y is determined by

Xij (Ai, A, i) = (2P BN (Ag, Aj)Fij)", (3.21)
Bij(Ai, Ay) = ATEA; + A?EjAja (3.22)

e 00
Ei=| 0 ¢, 0o [, (3.23)
0 0 e
where e,;, e, and e.; are the relative well depth for side-to-side, face-to-face and end-
to-end interactions between two ellipsoids of type i, respectively, and p is an empirical
constant. The equations for the force and torque for the Gay-Berne potential are reported

by Allen and Germano [24].

3.1.3 Reduced units

Reduced units are used in molecular dynamics simulations to make the implementation
and control of the program easier. Real quantities are defined in terms of the fundamental
quantities mass my, distance oy, energy ¢y, and the Boltzmann constant kg. The reduced
units are denoted with a superscript asterisk, e.g. x*. The real quantities can be found
by inserting the values of mg, 0g, and ¢y for a specific material. The definition of the

reduced units are shown in table 3.1.

3.1.4 Thermostat

When molecular dynamics simulations are performed in the canonical ensemble it means
that the number of particles NV, the volume V' and the temperature 1" are kept constant.
The number of particles and the volume are simple to keep constant. However, a
thermostat is needed to keep the temperature constant. The Nosé-Hoover [30] thermostat

was used in this work.
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Table 3.1: Definition of Lennard-Jones reduced units

Physical quantity Symbol Definition of reduced unit

Mass m m* = -
mo
Distance x rr==
oo
1/2
Time t t*ZtT=t< 602)
moog
Temperature T T* = kel
€0
3
Pressure P pP*=p%
Energy E £ = %
Force f ff=r ‘:—3
Velocity v vt =2
0o
Number density n n* = nog
. x o3
Density p P* =P
* 0(2)

Surface tension v Y=y

3.1.5 Periodic boundaries

Periodic boundary conditions imply that whenever a particle cross the boundary of the
simulation cell, a copy of the particle enters the other side of the simulation cell. This
makes it possible to approximate an infinite system, and it is thus possible to get closer
to the thermodynamic limit while keeping the computational cost low. A small number
of atoms in the system may be related to finite-size effects, and should be avoided at all

cost.

3.2 Simulation details

Molecular dynamics simulations in the canonical (NVT) ensemble were performed to
model prolate ellipsoidal nanoparticles adsorbed at a liquid-vapour interface. Canonical
(NVT) ensemble implies that the number of particles N, the volume V', and the
temperature T are kept constant. The size of the simulation box was varied depending
on the simulation case. A typical size used was L = [68.40y, 34.200, 34.20¢] with 32000
fluid particles. The timestep was set to At* = 0.002.

The simulations were preformed using LAMMPS! (Large-scale Atomic/Molecular

Thttp://lammps.sandia.gov/
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Massively Parallel Simulator), which is a software for molecular dynamics simulations

developed by Sandia National Laboratories [31].

3.2.1 Force fields

The fluid-fluid interaction was modelled using the Lennard-Jones potential. The diameter
was set to oyy = 09, the well depth to €5y = € and the cut-off to ryy = 3.00( for all
simulation cases.

The nanoparticle-fluid interaction was modelled using the Gay-Berne potential. Five

different nanoparticle sizes were considered,
(a) radii a = 7.500,b = ¢ = 2.50¢, aspect ratio kK = 3,
(b) radii a = 5.00¢,b = ¢ = 2.50¢, aspect ratio Kk = 2,
(c) radii @ = b = ¢ = 2.50¢, aspect ratio k = 1,
(d) radii @ = 4.500,b = ¢ = 1.50¢, aspect ratio k = 3, and
(e) radii @ = 1.50¢,b = ¢ = 0.50¢, aspect ratio k = 3.

This corresponds approximately to nanoparticle diameters ranging from 0.3 nm to 5.0 nm.
These nanoparticle sizes were chosen to explore the significance of nanoparticle size and
aspect ratio.

The relative well depths for side-to-side, face-to-face and end-to-end is the relative
potential energy minima between particles when approaching each other from side-to-
side, face-to-face and end-to-end, respectively. For the fluid particles, the well depth was
equal all around the particle, meaning e,y = e,y = e.r = 30y, as suggested by other

works [32-34]. Two well depth ratios £ = =2 = 22 were considered for the nanoparticle,

ebp ecp

(a) well depth ratios k' =5, e,y = 0.2€q, ey, = €., = €y and
(b) well depth ratios &' =1, e, = €y, = €y = €.

The well depth ratio (a) is suggested by other works to be a good coarse-grained
approximation of liquid crystal molecules [32-34]. The equal well depth ratio (b) was
used to compare the results from continuum studies [5,8,20]. Spherical nanoparticles

were only studied with a well depth ratio x¥* = 1. The potential as a function of

39



' 1 ' I
0 . I 0 I
g / | S |
3 -0.2 o :\{ -0.2 o
5 -0.4 — 5 -0.4
Y .06 Y .06
9] 9]
© -0.8 © -0.8 —
E -1 - E) 1 -
o o
« -l2 - Fluid-Nanoparticle, Side —— « -l2 - Fluid-Nanoparticle, Side ——
_ [ Fluid-Nanoparticle, Tip —— _ L Fluid-Nanoparticle, Tip ——
14 R T i i A 14 R T i it
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
Distance, r/og Distance, r/o,
(a) (b)
30 0.2 30 0.2
0 0
20 20
-0.1 -0.1
15 15
-0.2 -0.2
10 10
-0.3 -0.3
5 -0.4 5 -0.4
0 -0.5 0 -0.5
0 5 10 15 20 25 30 0 5 10 15 20 25 30
(c) (d)

Figure 3.1: The potential energy between a fluid particle and a nanoparticle of radii a = 7.50¢,b = ¢ =
2.50¢ and well depth €, = 3¢q, and relative well depth ratios (a, ¢) " =5 and (b, d) £’ = 1. The well

depth €y, does not correspond to the real energy minimum. See text for details.

nanoparticle separation for the different and equal well depth ratios is shown in figure
3.1 for a nanoparticle of radii a = 7.50¢,b = ¢ = 2.50( and well depth €, = 3¢.

The well depth, €f,, was varied depending on the degree of wetting wanted. The
well depth €y, does not necessarily equal the real well depth, because of how the
Gay-Berne potential is constructed. The real well depth decreases relative to the well
depth €y, when the nanoparticle size increases. The potential energy as a function of
nanoparticle separation with well depth €, = 3¢y and of radii a = 509, b = ¢ = 2.50¢ and

a = 7.500,b = ¢ = 2.50¢ is shown in figures 3.2a and 3.2b. This shows that the real well
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Figure 3.2: Potential energy of the fluid-nanoparticle interaction for a nanoparticle with well depth

€rp = 3eo and of radii (a) a = 50¢,b = ¢ = 2.50¢, and (b) a = 7.50¢,b = ¢ = 2.50.

depth does not equal €y, and that the well depth is greater for radii a = 50¢,b = ¢ = 2.50
compared to radii a = 7.50¢,b = ¢ = 2.50.

The diameter of the fluid was set to oy, = 04, = 0. = 09. As mentioned earlier,
the Perram approximation fails if the size of the nanoparticle is much larger than the
size of the fluid. This may be circumvented when there is no nanoparticle-nanoparticle
interaction, by setting the diameter of the nanoparticle to

o+ 05i)?
Opi = \/% - O-j%,i‘ (324)

oy, is the input diameter of the nanoparticle in the Gay-Berne model, o, ; is the perceived
diameter by the fluid and oy ; is the diameter of the fluid. This does not give the correct
nanoparticle size for the nanoparticle-nanoparticle interaction. The parameter o, may
be considered as the well width of the Gay-Berne potential, and was set to oy, = 0y. The
shift parameter and the empirical exponents were set to v = v = pu = 1 for all simulation

cases.

Summary of force field parameters

Five different particle sizes with two different well depth ratios «' were considered.
Spherical nanoparticles were only considered with a well depth ratio * = 1. This sums
up to a total of 9 different potentials. A complete list of force field parameters and graphs

of potential energy as a function of distance and orientation is presented in appendix A.
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3.2.2 Comparison with a Lennard-Jones crystals

A face-centred cubic crystal of Lennard-Jones nanoparticles was placed in a prolate
ellipsoidal shape. The diameter of the Lennard-Jones particles was set to o = o, the radii
of the prolate ellipsoidal nanoparticle were set to a = 7.50¢,b = ¢ = 2.50(, and the lattice
parameter of the crystal was set to %00. The crystal consisted of 181 nanoparticles,

which corresponds to a density p* = 0.9218. The potential energy of a fluid particle of

diameter ¢ = oy was calculated as it approached the crystal from the side and from the

tip.

3.2.3 Two-phase system

A phase diagram of a Lennard-Jones fluid, as reported in several works [35,36], may be
studied to produce a two-phase system consisting of a liquid phase and a gas phase.

A two-phase system was created by placing a face-centred cubic structure of fluid
particles with a density p* = 0.8, with vacuum on each side equal to the volume of the
face-centred cubic crystal. The size of the simulation box was varied depending on the size
and amount of nanoparticles. The temperature was set to T* = 2.0 for 5 x 10° timesteps
to melt the crystal, and the temperature was subsequently reduced to T = 0.7 for the rest
of the simulation. While the crystal was melting, the fluid particles were restricted to the
initial crystal size. When the temperature was reduced the box increased on both sides
in the x-direction. A two-phase system of liquid and vapour was formed after 15 x 103
timesteps of equilibration. The density profile of the two-phase system was curve fitted

with

1 1 T — Te

S — —(p — h 2
Pl = 30+ 1) = 5 = po i (272, (3.25)
where p; and p, are the densities of the liquid and vapour phases, respectively, x. is the
position of the Gibbs dividing surface, and w is the width of the interface [25,37]. The

liquid-vapour interface tension, 7, was calculated as described by Kirkwood and Buff,
Vo = / [Py (x) — Pr(z)]dz, (3.26)

x

where the liquid-vapour interface is normal to the x-axis. x, and x; are positions in the

vapour and liquid phases, respectively, and Py and Pr are the normal and tangential

pressure tensors, respectively [38].
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3.2.4 Wetting

A two-phase system was created as described in section 3.2.3, and one nanoparticle was
placed on the liquid-vapour interface. The nanoparticle was equilibrated on the surface
for 103 timesteps. The mean distance from the nanoparticle centre of mass to the interface
position as a function of the well depth, €f,, was calculated. The mean wetting, ([), was
calculated for 5 x 10° timesteps. The wetting [/b is linear in the region /b € [—1,1].
The linear regression was calculated, and was used in later simulations to choose the well
depth, €y, corresponding to the wanted wetting, [/b.

The pitch, ¢, of the nanoparticle was calculated for various values of €y, and
nanoparticle sizes. The pitch was calculated as cos¢ = e; - , where @ is a unit vector
normal to the liquid-vapour interface and e; is a unit vector parallel to the long axis of

the nanoparticle.

3.2.5 Brownian motion

One nanoparticle was placed at the liquid-vapour interface of a two-phase system, as
described in section 3.2.3. The nanoparticle was equilibrated for 10® timesteps, and the
position and orientation were then calculated for 5 x 10° timesteps. The mean-square
displacement curve, as discussed in section 2.2.2; will have considerable amount of noise
because there is only one nanoparticle in the simulation. This was avoided by running
the simulation for many timesteps and splitting the run into blocks. Each block may
be considered as an individual nanoparticle. The Brownian motion was investigated for
a nanoparticle of radii a = 7.509,b = ¢ = 2.509 and a = b = ¢ = 2.50( for different

wettabilities.

3.2.6 Interface deformation

A two-phase system was created as described in section 3.2.3, and one nanoparticle was
placed at the liquid-vapour interface. The nanoparticle was equilibrated on the surface for
10% timesteps. The nanoparticle position and orientation were then fixed, while the local
density of solvent nanoparticles was calculated in a slab around the nanoparticle for 5 x 10°
timesteps. The slab had a thickness equal to the short diameter of the nanoparticle, 20b,

and was centred on the nanoparticle. The deformation was investigated for nanoparticle
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radii a = 7.500,b = ¢ = 2.50¢ and a = 5.00¢,b = ¢ = 2.50¢ for well depth ratios ' =5

and k' = 1.

3.2.7 Solvent-mediated forces

A two-phase system was created as described in section 3.2.3, and a nanoparticle pair
with a fixed separation d was placed at the liquid-vapour interface, as seen in figure 2.3a.
The direct nanoparticle-nanoparticle interaction was turned off and the nanoparticle pair
was modelled as a single rigid body. This implies that the force on each nanoparticle
is summed up and added to both particles as a single body. The orientation of each
nanoparticle was fixed in relation to each other, and the plane of the nanoparticle pair
was fixed to be parallel to the liquid-vapour interface. The well depth, €y,, was chosen on

the basis of the linear regression calculated in section 3.2.4. The force was calculated as,

£(d) = 5 - (Fo = £,) (3.27)

where f, was the force acting on nanoparticle ¢ and r;; was the unit vector joining
nanoparticle 7 and j. This implies that a negative force, f(d), corresponds to an attractive
force between the nanoparticles. The force was also calculated for nanoparticle pairs
submerged in bulk liquid and gas. The bulk densities are tuned to have the same density
as the two-phase system. The nanoparticles were equilibrated for 10® timesteps, and the
force was calculated for 5 x 10° timesteps. One simulation was run for each separation d.

LAMMPS simulation scripts are presented in appendix B.

3.3 Estimating errors
The mean of a property A is calculated as an arithmetic mean,
(A) = : i A (3.28)
- n o ') .

where n is the number of timesteps. The variance of A is calculated as,

1
n—1

o =

> (A — (A2 (3.29)

i=0
where o4 is the standard deviation. A molecular dynamics simulation consists of many

timesteps, and each consecutive timestep is highly correlated. The system will relax after
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a certain number of steps, and a new calculation of A may be done. This time is known as
the correlation time, and is the minimum amount of timesteps between each calculation of
property A that does not result in correlated values. The correlation time may be found
by block analysis. The array A is divided into n blocks of length ny, totalling b = nny,.

For each block the mean and variance is calculated,

(A), = 1 i A o2 =L > (A - (A))? (3.30)
™= ) w i=0 Z ' ‘
The statistical inefficiency may then be calculated as,

2
. thAb
s = lim 5
tp—00 O'A

(3.31)

The statistical inefficiency s is plotted as a function of /%,. The graph will show a steep
rise and the give a plateau at high ¢,. The plateau value is the correlation time of the
system.

The variance of the mean of A is calculated as

W= D (A (4))% (3.32)
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Chapter 4

Results and discussion

This chapter presents and discusses the results of the computations as explained in chapter

3.

4.1 Comparison with a Lennard-Jones crystal

The physical interpretation of a Gay-Berne prolate ellipsoidal nanoparticle is unclear,
and the Gay-Berne potential was therefore compared to a Lennard-Jones crystal. The
potential energy of a fluid particle as it approaches a prolate ellipsoidal Lennard-Jones

crystal was calculated. A face-centred cubic crystal, as seen in figure 4.1a, was considered.

0.2 —
0

o
N
I

0.4

Potential energy, U/eg
S o
o O

-1 -
-1.2 —
Side ——
-1.4 — Tip ——
1.6 | | | | | | J

Distance, r/og

(a) (b)

Figure 4.1: (a) Snapshot of a fluid particle in red and a prolate ellipsoidal face-centred cubic crystal in
blue. A prolate ellipsoid was superimposed over the crystal. (b) The potential energy of a fluid particle
as a function of the distance between a fluid particle and the tip and side of a prolate ellipsoid face-centred

cubic crystal consisting of Lennard-Jones particles.
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The potential energy of the fluid particle as it approaches the crystal from the side
and the tip is shown in figure 4.1b. The potential energy minimum when the fluid particle
approaches the crystal was found to be min(Ugqe) = —1.43€¢p and min(Uy,) = —1.12¢
when approaching the side and tip, respectively. This gives a well depth ratio of ' = 1.28.
The potential energy minimum of the side of the crystal was greater compared to the tip
of the crystal. This is because more crystal particles may reach the fluid particle when
approaching the side compared to approaching the tip. As the crystal size increases the
well depth ratio is expected to approach one. This is because the interaction between the
fluid and crystal will be more like an interaction between a fluid and a planar wall for

both the fluid-tip and fluid-side interaction.

If the Lennard-Jones crystal was constructed of smaller particles the well depth ratio
k' would be larger. This is because the curvature on the tip of the crystal would be higher.
Figure 4.1a shows the face-centred cubic crystal with a prolate ellipsoid superimposed.
The crystal deviates from a prolate ellipsoid due to the roughness of the crystal curve,
making it flat on the tip. However, the physical understanding of a crystal consisting of
smaller particles is unclear. If the fluid particle is considered to be an argon atom, the
particles of the crystal can not be significantly smaller than the fluid particle.

This suggests that a ' = 5 is a high well depth ratio for a nanoparticle of radii
a = 7.500,b = ¢ = 2.50p, if the model is designed to be a coarse-grained model
of Lennard-Jones crystals. Babadi et al. [32] reported the well depths for the Gay-
Berne potential compared to organic molecules, and they found e.g. that well depths
eqp = 6.30,ep, = 1.16,e,, = 0.35 are a good approximation of sexithiophene. This

suggests that well depth ratio " = 5 may be a good approximation for some applications.

4.2 'Two-phase system

A two-phase system was created as a starting point for all other simulations. The
simulation box size was varied depending on the application and nanoparticle size. A
typical case is shown in figure 4.2a, which shows a snapshot of the simulation box of
size (x,y,z) = (68.40¢,34.20¢,34.200) with 32000 fluid particles. The density profile
of fluid particles along the x-axis is shown in figure 4.2b. The temperature was set to

T* = 0.7, the mean phase densities were calculated to be p; = 0.811 + 1.887 x 107°
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Figure 4.2: (a) Snapshot of the simulation box after equilibration. The fluid particles are shown in red.

(b) Density profile of the two-phase system after equilibration along the x-axis.

and pf = 0.003 & 1.4725 x 107% and the interface thickness was calculated to be
w = 1.189 £+ 5.779 x 10~%0y. The liquid-vapour interface tension was calculated to be

~i = 0.883 £ 8.213 x 1073,

4.3 Wetting properties

The wetting of a nanoparticle describes the equilibrium position of the nanoparticle in
relation to the liquid-vapour interface. A highly wetting nanoparticle will submerge in the
liquid phase, a non-wetting nanoparticle will submerge in the vapour phase and a partially
wetting nanoparticle will adsorb at the liquid-vapour interface. A nanoparticle was placed
at the liquid-vapour interface of a two-phase system, as seen in figure 4.3a. The figure
shows a snapshot top-down of a nanoparticle of radii a = 7.50¢,b = ¢ = 2.50¢ adsorbed
at a liquid-vapour interface. The mean distance between the nanoparticle centre of mass
and the liquid-vapour interface, (I), was calculated as a function of the well depth of
the fluid-nanoparticle interaction, €s,. Figure 4.3b shows the wetting of the nanoparticle
during equilibration. The nanoparticle was found to equilibrate quickly on the interface.
The wetting, [, is normalised by the short radius of the nanoparticle, b. This implies
that a wetting l% > 1 corresponds to a nanoparticle that is completely in the liquid side
of the Gibbs dividing surface, while a wetting é < —1 corresponds to a nanoparticle

that is completely in the gas side of the Gibbs dividing surface. This is correct if the
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Figure 4.3: (a) A top-down snapshot of a nanoparticle of radii a = 7.50¢,b = ¢ = 2.50¢ adsorbed at
a liquid-vapour interface. (b) The wetting of a nanoparticle of size a = 7.500,b = ¢ = 2.50( during
equilibration. (c¢) The density profile of the liquid-vapour interface, and three nanoparticles of radii
a = 7.500,b = ¢ = 2.50¢ with wettabilities % =0 (red), % = —1 (blue), and % =1 (green). The dotted

line represents Gibbs dividing surface.

nanoparticles is assumed to be laying flat, with the long axis of the nanoparticle parallel
to the Gibbs dividing surface. However, the interface between the liquid-vapour is not a
discrete change, but rather a continuous change. This implies that a nanoparticle with
wetting lé > 1 still is affected by the interface. Figure 4.3c shows three nanoparticles of
radii a = 7.500,b = ¢ = 2.50¢9 and wettabilities ll—) = —1, ll—) =0 and é = —1 in relation
to the density profile of the interface. The nanoparticle size is correct in relation to
the x-axis. The densities of the fluid at the different positions of the nanoparticles are
p*(—=2.5) = 0.015, p*(0) = 0.407 and p*(2.5) = 0.799. This illustrates that nanoparticles

of a wide range of wettabilities still is attached to the liquid-vapour interface.

The mean wetting, (é), of nanoparticles of radii a = 7.500,0 = ¢ = 2.500, a =
5.000,b = ¢ = 2.bog, a = 4.500,b = ¢ = 1.50¢ and a = 1.50¢9,b = ¢ = 0.50(¢ and well
depth ratio x’ = 5 as a function of well depth €y, was calculated, and is shown in figure
4.4. The error bars are given as the standard deviation of the mean, 0. The statistical
inefficiency for the wetting ll—) was calculated to be s =~ 4000, implying that the wetting
é was calculated every 4000 timestep. The wetting as a function of the well depth is
close to linear for |%|< 1, and a linear regression of this region was computed. This
regression was used to calculate the well depth corresponding to the wetting wanted in
later computations. For the nanoparticle of radii a = 5.00¢9,b = ¢ = 2.50¢ in the region

10€y < €5y < 12¢p, the wetting changes dramatically. This region corresponds to wetting

0.500 < % < 1.50¢. For these wettabilities it is later shown that the nanoparticle prefer a
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Figure 4.4: Nanoparticles of well depth ratio ' = 5. The mean wetting (1) of nanoparticles of radii
a = 7.500,b =c = 2.50¢, a = 5.00¢,b = c = 2.500, a = 4.500,b = c = 1.50¢ and a = 1.50¢,b = ¢ = 0.50¢

as a function of well depth €y,.

pitch close to ¢ =0 or ¢ = 7.

The mean wetting, <%>, of nanoparticles of radii a = 7.50g,b = ¢ = 2.50,
a = 5.009,b = ¢ = 2.50g, a = b = ¢ = 2.50yg, a = 4.500,b = ¢ = 1.boy and
a = 1.50g,b = ¢ = 0.50¢, and well depth ratio ¥’ = 1 as a function of well depth,
€fp, Was calculated, and is presented in figure 4.5. The well depth of the nanoparticles
with well depth ratio s = 5 is generally higher compared to the nanoparticles with well
depth ratio " = 1 for the same wetting é This is because the well depth on the tips of the
nanoparticles with well depth ratio x” = 5 is much lower than the sides, and the well depth
on the sides needs to compensate. The nanoparticles of radii a = 1.50¢,b = ¢ = 0.50
were unstable at the liquid-vapour interface, and it was difficult to obtain a wetting close

to ||~ 1.

4.3.1 Pitch

The pitch, ¢, of a nanoparticle adsorbed at a liquid-vapour interface was calculated. The
pitch is the angle between a vector normal to the interface and a vector parallel to the long
axis of the nanoparticle. It is calculated as cos ¢ = e;-x, where €; is a unit vector parallel
to the long axis of the nanoparticle and & = [1, 0, 0], which is normal to the liquid-vapour

interface. Pitch ¢ = 7 corresponds to a nanoparticle laying flat on the interface with

the long axis parallel to the interface, and pitches ¢ = 0 and ¢ = 7w correspond to the
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Figure 4.5: Nanoparticles of well depth ratio ' = 1. The mean wetting (1) of nanoparticles of radii
a = 7.500,b = ¢ = 2.500, a = 5.000,b = ¢ = 2.50g, a = b = ¢ = 2.50¢, a = 4.5009,b = ¢ = 1.50¢9 and

a = 1.500,b = c = 0.50¢ as a function of well depth €.

long axis of the nanoparticle perpendicular to the interface. Pitches ¢ = 0 and ¢ = 7
are equivalent, as the prolate ellipsoidal nanoparticles are symmetrical. The pitch ranges
from 0 to m, which implies that a nanoparticle where all pitches are equally likely will

™

have a mean pitch (¢) = 7. These particles may be distinguished from nanoparticles

that are adsorbed at the interface with a mean pitch (¢) = 7 by inspecting the standard
deviation of the pitch, as this will be much higher for nanoparticles where all pitches are

equally likely.

The mean pitch, (¢), as a function of the mean wetting, (), for for nanoparticles of
radii a = 7.500,b = ¢ = 2.50¢ and well depth ratios ' = 5 and ' = 1 is presented in
figure 4.6. The error bars are given as the standard deviation o4. The nanoparticles with
a mean wetting |I%|< 1 have a mean pitch ¢ ~ 7 and a low standard deviation, which
suggest that the pitch is reasonably stable. This is as expected, because the pitch ¢ = 7
corresponds to the lowest free energy of a prolate ellipsoidal nanoparticle adsorbed at a
liquid-vapour interface. Nanoparticles in the region ]%|> 1 have higher standard deviation.
This suggests that the pitch varies more, and that these particles are not as stable as the
particles more closely adsorbed at the liquid-vapour interface. In the region 1 < é < 2,
for nanoparticles with well depth ratio x" = 5, the pitches were ¢ ~ 7 and ¢ ~ ?jf, which
are equivalent. This is not the case for nanoparticles with well depth ratio " = 1, which

suggests that a nanoparticle with wettability 1 < é < 2 and well depth ratio v = 5,
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Figure 4.6: The mean pitch, (¢), as a function of wetting, é, for a nanoparticle of size a = 7.50¢,b =

¢ = 2.509. Nanoparticles with well depth ratio (a) ' =5 and (b) &’ = 1.

prefers to be oriented with the tip of the nanoparticle out in the vapour phase. This
is because the interaction between the fluid and the nanoparticle tip is weaker than the
interaction with the side of the nanoparticle. This results in the fluid to attract strongly
to the side, while avoiding the tip. The pitches ¢ = 0 and ¢ = 7 give the largest area of
contact between fluid and nanoparticle side, and smallest area of contact between fluid
and nanoparticle tip, because one tip will stick out in the vapour phase. There was a
distinct difference between the state observed for wetting |é|< 1 and the state observed
for wetting 1 < z% < 2. It is clear that a certain degree of wetting is needed to obtain this
preferred orientation. Presumably, a higher degree of wetting will cause the nanoparticle
tip to be adequately attracted to the fluid, which will cause the nanoparticle to completely

submerge in the bulk liquid.

The mean pitch, (¢), as a function of the mean wetting, <%>7 for nanoparticles of
radii a = 5.00¢,b = ¢ = 2.500, and well depth ratios ¥ = 5 and k' = 1 is presented
in figure 4.7. In the region —1 < % < —0.5, the nanoparticles were closely adsorbed at
the liquid-vapour interface, and the pitch was ¢ = 7. This is similar to nanoparticles of
radii a = 7.50¢,b = ¢ = 2.50¢. However, the standard deviation is higher. This suggests
that nanoparticles with a shorter long axis a have less stable pitches. This is reasonable,
as shorter nanoparticles requires less energy to rotate compared to longer nanoparticles.

Nanoparticles of wetting z% < —2.5 with well depth ratio x* = 5 and nanoparticles of
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Figure 4.7: The mean pitch, (¢), as a function of wetting, é, for a nanoparticle of size a = 5.00¢,b =

¢ = 2.509. Nanoparticles with well depth ratio (a) ' =5 and (b) &’ = 1.

wetting é < 2 with well depth ratio " = 1 have high standard deviations, and it is
reasonable to conclude that the pitches of these nanoparticles are fairly unstable. This
implies that their rotation is less affected by the interface. In the region 1 < f—) < 1.5,
for nanoparticles with well depth ratio ¥ = 5, the same phenomena as discussed above
is observed, the nanoparticles prefer pitches ¢ ~ 0 or ¢ ~ 7. The standard deviations of
these particles are lower compared to the nanoparticles of radii a = 7.50¢,b = ¢ = 2.50,
and they are closer to pitches ¢ =~ 0 or ¢ ~ 7. This may be explained by the long radii a
being shorter, implying that less energy is needed to rotate the nanoparticle from a pitch

¢ = 3 to pitch ¢ =0 or ¢ = 7.

The mean pitch, (¢), as a function of the mean wetting, (1), is presented in figure 4.8
and 4.9 for nanoparticles of radii a = 4.509,b = ¢ = 1.50¢ and a = 1.50¢,b = ¢ = 0.50y,
respectively. Both figures present nanoparticles with well depth ratios ' =5 and ' = 1.
Nanoparticles of radii a = 4.50¢,b = ¢ = 1.50( exhibit the same phenomena as described
for nanoparticles of radii a = 7.509,b = ¢ = 2.50¢9 and a = 5.009,b = ¢ = 2.50y.
Nanoparticles of radii a = 1.50¢9,0 = ¢ = 0.5bog have a high standard deviation for
all wettabilities, and the mean pitch is ¢ ~ 7. This suggests that the pitch of the

nanoparticle is unstable. This nanoparticle is too small, and the energy needed to rotate

the nanoparticle is too small for it to be stable at the interface.
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4.4 Brownian motion

The Brownian motion and self-diffusion were calculated for nanoparticles adsorbed at a
liquid-vapour interface. The self-diffusion determines the collision rates of nanoparticles.
If the self-diffusion is very low, and there are few nanoparticles, they will never interact.
A nanoparticle was placed at the liquid-vapour interface of a two-phase system. The
nanoparticle was then equilibrated at the interface, and the movement and mean-square
displacement of a single nanoparticle adsorbed at a liquid-vapour interface was calculated.
The mean-square displacement was calculated as described in section 2.2.2. Figures
4.10 and 4.11 show the movement of nanoparticles projected down on the yz-plane,
which is parallel to the liquid-vapour interface plane. The marker shows the position
of the nanoparticle at different timesteps and the dotted line shows the path of the
nanoparticle. For the prolate ellipsoidal nanoparticles (figure 4.10 and 4.11) the arrow
shows the orientation of the nanoparticle, where the arrow is parallel to the long axis of the
nanoparticle. The markers are equally spaced in time, implying that the marker-marker
distance may be considered as the velocity of the nanoparticle. The colour of the marker
represents the wetting of the nanoparticle at the different timesteps. Blue corresponds to
a wetting ll—) > —1, a nanoparticle that is completely in the gas side of the interface. Red
corresponds to a wetting —1 < 1% < 1, ananoparticle tightly adsorbed at the liquid-vapour
interface. Green corresponds to a wetting é < 1, a nanoparticle that is completely in the
liquid side of the interface. However, the interface between the liquid-vapour is not a
discrete change in density, but rather a continuous change. This means that for a wetting
% ~ —1 for b = 2.50(, the nanoparticle will still be affected by the interface.

Figure 4.10a shows the movement of a prolate ellipsoidal nanoparticle of radii
a = 75009,b = ¢ = 250y and mean wetting (;) = —0.02 £ 1.50 x 107%. The
nanoparticle seems to prefer moving along to the long axis of the nanoparticle. This
is reasonable, as movement in that direction has the least amount of resistance. The
nanoparticle orientation over time suggests that the rotation is moderately restricted,
as the nanoparticle never does a full revolution. Figure 4.10b shows the movement
of a spherical nanoparticle of radii @ = b = ¢ = 250y and mean wetting (1) =
—0.05 4 2.17 x 1073, These results show that the nanoparticles of these sizes may be
stable at the liquid-vapour interface, as it never moves out of the region |é\< 1 for a

simulation of length of approximately 20 ns.
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Figure 4.10: The Brownian motion of (a) a prolate ellipsoidal nanoparticle of radii @ = 7.50¢,b = ¢ =
2.50¢ and wetting (%> = —0.0241.50 x 1072, and (b) a spherical nanoparticle of radii a = b = ¢ = 2.50¢
and wetting (L) = —0.05 £2.17 x 1073,
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Figure 4.11: The Brownian motion of (a) a prolate ellipsoidal nanoparticle of radii a = 7.50¢,b =
¢ = 2.500 and wetting (f—)) = —0.98 £2.26 x 1072, and (b) a prolate ellipsoidal nanoparticle of radii
a=T7.500,b=c= 2500 and wetting (1) = 1.04 +3.19 x 1073.
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Figure 4.12: Mean-square displacement of nanoparticles adsorbed at the liquid-vapour interface. (a)
Nanoparticles of radii a = 7.50¢,b = ¢ = 2.50¢ and wettabilities <é> = —0.98 £ 2.26 x 1073 in red,
(£) = 0.02 £ 1.50 x 1072 in blue, and (L) = 1.04 £ 3.19 x 103 in green. (b) Nanoparticles of radii
a = 7.500,b = ¢ = 2500 and a = b = ¢ = 2.50¢ with wettabilities (é) = 0.02 £ 1.50 x 1073 and

(1) =0.05+2.17 x 1073, respectively.

Figure 4.11a shows the movement of a nanoparticle of radii a = 7.50¢,b = ¢ = 2.509
with mean wetting <é> = —0.9842.26 x 1073, The figure shows that the nanoparticle may
detach from the interface, and then reattach at a later time point. During these events
the nanoparticle is able to move with a higher velocity, compared to when it is attached
to the liquid-vapour interface. During the events of detachment, the nanoparticle moves
both side to side and backwards and forwards. This may be due to a low vapour phase
density, which makes the orientation of the nanoparticles less significant. The nanoparticle
orientation changes more freely in this wettability, compared to the nanoparticle in figure
4.10a. This is caused by the density difference of the liquid-vapour interface. Figure
4.11b shows the movement of a nanoparticle of radii a = 7.509,0 = ¢ = 2.50¢ with
mean wetting (f—)) = 1.04 + 3.19 x 1073, This figure shows the same characteristics as
for the nanoparticle with wetting (é) = —0.02, seen in figure 4.10a, and shows that the
orientation of nanoparticles with this wettability is greatly restricted.

Figure 4.12 shows the mean-square displacement of nanoparticles adsorbed at the
liquid-vapour interface with varying wettabilities and nanoparticle sizes. The mean-square
displacement was only calculated in the yz-plane, which is parallel to the liquid-vapour
interface. The simulation was run for a time ¢* = 10000, and was split into 50 blocks. The

mean-square displacement was averaged over all the blocks. Figure 4.12a shows the mean-

29



square displacement of nanoparticles of radii a = 7.50¢,b = ¢ = 2.50¢ and wettabilities
(£) = —0.98 £2.26 x 1073, (£) = —0.02 + 1.50 x 10~* and () = 1.04 +3.19 x 107%.
The self-diffusion was much greater for a nanoparticle with a low wettability, compared
to a partially or fully wetting nanoparticle. This is caused by the density of the vapour
phase, which is much lower than the density of the liquid phase. If the two-phase system
was of two immiscible liquids with equal densities, this would not be the case. The
self-diffusion does not change as dramatically from a wetting é ~ 0 to é ~ 1, as it

~ —1 to é ~ 0. Figure 4.12b shows the mean-square displacement of

does from é
nanoparticles of radii a = 7.509,b = ¢ = 2.50¢ and a = b = ¢ = 2.50(¢ and wettabilities
(£) = 0.02+£1.50 x 107 and (1) = 0.05 & 2.17 x 1073, respectively. This shows that
the mean-square displacement of a prolate ellipsoidal nanoparticle adsorbed at a liquid-
vapour interface is roughly equal the mean-square displacement of a spherical nanoparticle
adsorbed at a liquid-vapour interface, even though the surface area of the prolate ellipsoid
nanoparticle is approximately 2.5 greater than the spherical nanoparticle. This may be
because the prolate ellipsoidal nanoparticle primarily moves in the direction parallel to

the long axis of the nanoparticle, which has the same radii as the spherical nanoparticle.
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Figure 4.13: The two-dimensional self-diffusion coefficient, D, as a function of wetting, é7 for

nanoparticles of radii a = 7.50¢,b = ¢ = 2.50¢ (red circle) and a = b = ¢ = 2.50¢ (blue square).

The two-dimensional self-diffusion coefficients was calculated, with equation 2.14, and
is plotted as a function of the mean wetting in figure 4.13. The two-dimensional self-
diffusion coefficient quantify the velocity of Brownian motion along the liquid-vapour
interface. The results show a clear change in the self-diffusion coefficient between é =-1.0

and % = 0.0. As the wetting decreases, and the nanoparticle gets completely detached
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Figure 4.14: Local density of fluid particles in a slab of thickness equal to the short diameter of
the nanoparticle, 2b = 5.00¢, around the nanoparticle adsorbed at a liquid-vapour interface. The
nanoparticles are of well depth ratio " = 5 and (a) radii a = 7.50¢,b = ¢ = 2.50¢ and wetting [/b = 0.628,
and (b) radii a = 5.009,b = ¢ = 2.50¢ and wetting I/b = 0.676.

from the interface, the self-diffusion coefficient as a function of the wetting will most likely

flatten and become constant.

4.5 Interface deformation

Prolate ellipsoidal nanoparticles are predicted to induce static fluid interface deformations
[7]. In order to investigate this, a prolate ellipsoidal nanoparticle was placed at the liquid-
vapour interface of a two-phase system and the local density of fluid particles around it
was calculated. A slab of fluid particles of thickness 2b = 5.00(¢ was considered. The slab
was centred on the nanoparticle centre off mass, which had a mean wetting [/b ~ 0.71.
This corresponds to a contact angle § = 45°. The slab was divided into bins with side
length 0.10y.

Figure 4.14a and 4.14b show a top-down view of the local fluid particle density around
the nanoparticles of size a = 7.50¢,b = ¢ = 2.50¢0 and a = 5.000,b = ¢ = 2.50,
respectively, adsorbed at a liquid-vapour interface with well depth ratio " = 5. The

colour represents the local fluid density. Bright red represents density p* = 1 and dark
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Figure 4.15: Snapshot of nanoparticles of well depth ratio " = 5 and radii (a) a = 7.50¢0,b = ¢ = 2.50¢
and (b) a = 5.00¢,b = ¢ = 2.50¢ adsorbed at a liquid-vapour interface. The fluid particles in red are in

a slab around the nanoparticles in blue.

blue represents density p* = 0. The black lines are contour lines, and are drawn with an
equidistance of p* = 0.2. The contour lines are drawn with a lower resolution, and the
bins has a side length of 0.50¢. There was a higher density of fluid particles around the
sides of the nanoparticles compared to the tips. This is as expected, as the well depth on
the sides is five times greater than on the tips. There was a high degree of fluid particles
packed close to the nanoparticle surface, which created a halo of fluid particles around
the sides of the nanoparticle. This may be observed the snapshot in figure 4.15a. This is
observed to a less degree for the nanoparticle of radii a = 5.00¢,b = ¢ = 2.50¢, as seen in

figure 4.15b.

Figure 4.16a and 4.16b show a top-down view of the fluid particle density around
nanoparticles of size a = 7.500,0 = ¢ = 2.50¢ and a = 5.00¢,b = ¢ = 2.50(, respectively,
adsorbed at a liquid-vapour interface with well depth ratio " = 1. These figures show
a high degree of packing around the whole nanoparticle, and not only on the sides.
In addition, these figures do not show deformation of the interface due to the particle
shape. Lehle et al. [7] claim that a nanoparticle with aspect ratio x = 2 and contact
angle ¢ = 45° should give a meniscus height of the interface deformation in the order of

Ah = 0.1b = 0.250¢. This is not observed in these calculations, probably because the
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Figure 4.16: Local density of fluid particles in a slab of thickness equal to the short diameter of
the nanoparticle, 2b = 5.00¢, around the nanoparticle adsorbed at a liquid-vapour interface. The
nanoparticles are of well depth ratio " = 1 and (a) radii a = 7.50¢,b = ¢ = 2.50¢ and wetting [/b = 0.710,

and (b) radii a = 5.000,b = ¢ = 2.50¢ and wetting I/b = 0.692.

meniscus height is too small compared to the noise in the calculations. A nanoparticle
with the same contact angle and aspect ratio x = 10 should give a meniscus height of the
interface deformation in the order of Ah & 0.4b. If b is sufficiently large, a deformation
due to the shape of the nanoparticle may be observed using this technique. The interface
deformation may still be present for nanoparticles of this size, but is too small to observe.
The effects of interface deformation, i.e. capillary force, may still be present. This can be
investigated by calculating the radial distribution function of several of these nanoparticles

adsorbed at a liquid-vapour interface.

4.6 Solvent-mediated forces

The solvent-mediated force is the force acting on nanoparticles due to the presence of
solvent particles. This was investigated in order to get an understanding of how a large
number of these nanoparticle will behave in a two-phase system. The force acting on a
nanoparticle-nanoparticle pair with fixed surface-to-surface separation d was calculated

as a function of d. The direct nanoparticle-nanoparticle interaction was turned off, and
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Figure 4.17: (a) A top-down snapshot of a nanoparticle-nanoparticle pair of size a = 7.500,b = ¢ =
2.50¢, surface-to-surface separation d = Oog, and well depth ratio K’ = 1 adsorbed at a liquid-vapour
interface. (b) Solvent-mediated force acting on a spherical nanoparticle of radii a = b = ¢ = 2.50(¢ and

well depth ratio ' = 1 as a function of surface-to-surface separation d.

the pair was placed at the liquid-vapour interface and left to equilibrate, as seen in figure
4.17a. The figure shows a nanoparticle-nanoparticle pair of radii a = 7.50¢,b = ¢ = 2.50
and surface-to-surface separation d = 0. Cases for nanoparticle pairs submerged in bulk
liquid and vapour was also considered. The statistical inefficiency of the force calculations

was calculated to be s & 100, implying that the force was calculated every 100 timestep.

du

3 d). This implies that whenever

The force relates to the potential energy by f(d) = — (

the force f(d) = 0, there is a local minimum or maximum in the potential energy u(d).

4.6.1 Spherical nanoparticles

The solvent-mediated force acting on spherical nanoparticles of radii a = b = ¢ = 2.50y),
well depth €7, = 3.575, and well depth ratio " = 1 is shown in figure 4.17b. Three different
cases were considered: Nanoparticles completely submerged in the gas phase, completely
submerged in the liquid phase, and adsorbed at the liquid-vapour interface with mean
wetting <%> = —0.03 & 1.55 x 1074, which corresponds to a contact angle § = 91.7°. The
well depth, €f,, was the same for all three cases, which implies that if the nanoparticles
completely submerged in the bulk phases were in range of a liquid-vapour interface, it
would adsorb at the interface rather than being submerged in the bulk phases. The force

exhibits oscillations that decay with increasing d for d > oy, caused by the packing of
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Figure 4.18: (a) Solvent-mediated force acting on a spherical nanoparticle of radii a = b = ¢ = 2.50¢
and well depth ratio x* = 1 as a function of surface-to-surface separation d. The nanoparticles are
submerged in bulk liquid. (b) Two spherical nanoparticles (red) with a separation d < log. Fluid
particles (blue) are acting on the nanoparticles. If the spherical nanoparticles have a large well depth

€fp, the fluid particles will want to stay between the two nanoparticles.

fluid particle around the nanoparticles. At d = noy, where n is a whole number, there is
available room for exactly n fluid particles, which gives a local maximum. However, at
larger n, the local maxima are shifted to lower values of d due to the packing of the fluid
particles. The force in the region d > 1oy is greatest for the nanoparticle submerged in
the bulk liquid, less for the nanoparticle adsorbed at the liquid-vapour interface and least
for the nanoparticle submerged in the bulk vapour. This is because the amount of fluid
particles available to act on the two nanoparticles is highest for the bulk liquid and least
for the bulk vapour. The depletion region was observed for d < loy. Bresme et al. [12]
conducted similar molecular dynamics simulations of spherical particles of radii R = 3.50y),
with temperature 7" = 0.8, bulk densities p; = 0.732 and p} = 0.019, and contact angle
6 = 95+ 5°. They found the force in the depletion region for the nanoparticle adsorbed at
the interface to be approximately four times greater than the force in the vapour phase. In
the calculations presented in this work however, the force acting on the nanoparticle pair
in the vapour phase is much lower than the force acting on the nanoparticles adsorbed at
the interface. The magnitude of the force calculated in the work by Bresme et al. is very
similar to the force calculated in this work. The discrepancies is due to the differences in
contact angle 6, phase densities p; and p,, and nanoparticle size.

Figure 4.18a shows the force acting on three nanoparticle-nanoparticle pairs submerged
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in bulk liquid with well depths €, = 5.021¢, €5, = 3.575¢9, and €5, = 3.0¢g. The depletion
region d < log is very different for each case. The nanoparticle pairs with well depth
efp = 9.021¢p and well depth €y, = 3.575¢y have repulsive depletion regions. However,
for the latter case, the depletion force is smaller and it decreases as the separation d
decreases. The nanoparticle pair with well depth €, = 3.0¢y has an attractive depletion
region. The force as a function of separation signify the stable separation of nanoparticles
moving freely in solution. The nanoparticles with a large well depth prefer to maximise the
fluid-nanoparticle surface area, while the nanoparticles with a small well depth prefer to
minimise the fluid-nanoparticle surface area. In terms of the solid-liquid interface tension
vs1, the nanoparticles with a large well depth have low solid-liquid interface tension, while
the nanoparticles with a small well depth have large solid-liquid interface tension. A
nanoparticle pair with a large well depth will have fluid particles highly attracted to the
nanoparticles. When the nanoparticles are in the depletion region of each other, fluid
particles will push in towards the middle of the two nanoparticles, as seen in figure 4.18b.
This will push the two nanoparticles away from each other. The fluid particles will also
push on the outside of the nanoparticles, pushing the nanoparticles together. The relation
between the amount fluid particles pushing in between the nanoparticles and the amount
of fluid particles pushing the nanoparticles together determines the behaviour of these
nanoparticles in solution. A nanoparticle pair with a small well depth will have fluid
particles that are less attracted to the nanoparticles. The fluid particles will prefer to
surround other fluid particles, instead of surrounding the nanoparticle. A distribution of
nanoparticles with a large well depth, €¢,, in bulk liquid will either stay evenly distributed
or they may flocculate. They might flocculate with approximately a mean distance
d = 1.609 which has a small potential energy minimum. However, the energy barrier
to become evenly mixed is not large, and a mixture of nanoparticles with a small well
depth €y, will aggregate into large clusters. These clusters will either sediment or cream,
depending on the particle mass density.

The nanoparticle-nanoparticle van der Waals force was not included in these force
calculations, and they need to be considered when predicting the behaviour of the system.
These calculations are only of two nanoparticles, and the force will change as the density

of nanoparticles increases.
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Figure 4.19: (a) Solvent-mediated force acting on a prolate ellipsoidal nanoparticle of radii a =
7.500,b = ¢ = 2.50¢ and well depth ratio x’ = 1 as a function of surface-to-surface separation d in
the side-by-side orientation. (b) Two prolate ellipsoidal nanoparticles (red) with a separation d < loy.

Fluid particles (blue) are packing on the tips and creating oscillations in the depletion region.

4.6.2 Prolate ellipsoidal nanoparticles

Prolate ellipsoidal nanoparticles adsorbed at liquid-vapour interfaces are predicted to
induce interface deformations, which results in orientation-dependent capillary interac-
tions. The solvent-mediated force acting on prolate ellipsoidal nanoparticles of radii
a = 7.500,b = ¢ = 2.500 and well depth ratio " = 5 as a function of surface-to-surface
separation d is presented in figure 4.19a. This figure shows the force acting on nano-
particles in three different cases: Completely submerged in the liquid phase, completely
submerged in the vapour phase, and adsorbed at the liquid-vapour interface with a mean
wetting () = 0.51 £ 9.52 x 107°. The well depths, €f,, have been set to ey, = 25¢,
€rp = leg and e, = 20¢p, respectively. This corresponds to the well depths that give
the respective wettabilities. The nanoparticle-nanoparticle pair is in the side-by-side ori-
entation, as seen in figure 2.4a. The force difference between the three different cases
are greater for these nanoparticles compared to the spherical particles as presented in
figure 4.17b. This is because the well depths €y,, which were equal for all cases in figure
4.17b, varies for each case in this figure. This means that nanoparticles submerged in
bulk liquid will form a stronger layer of fluid particles on the nanoparticle surface, while
the nanoparticles submerged in the bulk vapour will have a weaker layer of fluid particle

on the nanoparticle surface. This explains why the force for the nanoparticle in the li-
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Figure 4.20: Solvent-mediated force acting on a prolate ellipsoidal nanoparticle with well depth ratio
k' =1 as a function of surface-to-surface separation d. The nanoparticles are of radii a = 7.509,b = c =

2.50¢ in the side-by-side (SS), side-to-tip (ST) and tip-to-tip (TT) orientations.

quid is much greater in this case, compared to the case presented in figure 4.17b. The
magnitude of the force is also much greater for these nanoparticles. This is caused by the
size of the nanoparticles, in additions to the well depths. These results suggest that these
nanoparticles adsorbed at the liquid-vapour interface will flocculate with approximately
a mean distance d = 1.60¢, because the potential energy minimum has a local minimum
for that separation. The interaction strength is large for these nanoparticles compared
to the spherical particles, suggesting that the flocculation may be stable. However, for a
separation d < 1.60¢ they are highly repulsive. The interaction in the vapour phase was
minuscule, and it can assume that the nanoparticles will not aggregate or flocculate due
to the solvent-mediated forces.

The nanoparticles in the bulk liquid exhibit oscillations of the force in the depletion
region d < log. This was not observed for the spherical particle presented in figure 4.17b.
This may be explained by packing of fluid particles around the tips of the nanoparticles,
as illustrated in figure 4.19b. This type of packing is also present in a spherical particle.
However, the curvature of the side of the prolate ellipsoid relative to the size makes this
effect much more pronounced. For example, for an oblate ellipsoid with radius a = b > ¢
this effect is expected to be even more pronounced.

Figure 4.20 shows the solvent-mediated force acting on prolate ellipsoidal nanoparticles
of radii a = 7.509,b = ¢ = 2.50¢ in three different cases: In the side-by-side orientation,
in the side-to-tip orientation, and in the tip-to-tip orientation. The orientations are

illustrated in figure 2.4. The force in the side-by-side orientation is greatest, less in the
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Figure 4.21: (a) Nanoparticles of radii a = 7.509,b = ¢ = 2.50¢ in the side-to-tip orientation. This
shows that the force on both particles is the same even when the orientation is non-symmetric. (b) Two
prolate ellipsoidal nanoparticles (red) in the side-to-tip orientation and fluid particles (blue). The fluid
particles are pushing on the particle 1 in such a way that the total force on particle 1 equals the total

force acting on particle 2.

side-to-tip orientation and least in the tip-to-tip orientation. This may be explained by the
area that is available for fluid particles to push or pull the nanoparticles away or towards
each other. Two nanoparticles in the side-by-side orientation have a large area that is
parallel to the other nanoparticle, while two nanoparticle in the tip-to-tip orientation have
a small area. The lateral capillary force, as described by Lehle et al. [7] and discussed in
section 2.3.3, is expected to be attractive in the side-by-side and tip-to-tip orientations,
and repulsive in the side-to-tip orientation. However, this was not observed in these
calculations. The lateral capillary force is a direct consequence of interface deformations.
In these calculations, the interface deformations are present due to the well depth ratio,
implying that the well depth is greater on the side compared to the tip, as presented
in section 4.5. This would imply that a lateral capillary force should be present. The
potential energy minimum at approximately a mean distance d < 1.60¢ is much greater
for the side-by-side orientation compared to the side-to-tip orientation. This implies that
the nanoparticles will prefer to aggregate in the side-by-side orientation instead of the
side-to-tip orientation. However, this is not caused by the lateral capillary force.

Figure 4.21a shows the force acting on each prolate ellipsoidal nanoparticle in the
side-to-tip orientation. The red line shows the force acting on the nanoparticle that has

the short radius b pointing towards the other nanoparticle, while the blue line shows

69



Force, foy/kgT
Force, fo,/kgT

30 \ \ \ \ \ \ \ |
0O 05 1 15 2 25 3 35 4
Particle separation, d/og Particle separation, d/og
(a) (b)

Figure 4.22: Solvent-mediated force acting on a prolate ellipsoidal nanoparticle with well depth ratio
k' =1 as a function of surface-to-surface separation d. (a) Nanoparticles of radii a = 7.50¢,b = ¢ = 2.50¢
in the side-by-side orientation, with wettabilities é =0.514+9.32 x 1075, % = —0.08 £2.94 x 10~ and
é = —0.70 £ 4.22 x 10~°. (b) Nanoparticles of radii a = 7.50¢,b = ¢ = 2.500, a = 5.000,b = ¢ = 2.50¢

and a = 4.500,b = ¢ = 1.50¢ in the side-by-side orientation.

the force acting on the nanoparticle that has the long radius a pointing towards the
other nanoparticle. One might assume that the nanoparticle with the short radius b
pointing towards the other nanoparticle would have a larger force as this nanoparticle has
a larger area for the fluid particles to push the nanoparticles together. However, the first
nanoparticle also has the highest amount of fluid particles to push the nanoparticle away,
illustrated in figure 4.21b. The resulting force is therefore equal for particle 1 and 2.
Figure 4.22a shows the force acting on prolate ellipsoidal nanoparticles of radii
a = 7.500,b = ¢ = 2.50¢ and wettabilities f—) =0.5149.32x 1072, ll—) =—0.08£294x 1074
and 1% = —0.7044.22 x 107°. The force acting on the nanoparticle with the highest degree
of wetting is greatest, and least for the nanoparticle with the lowest degree of wetting.
This is because of the density of fluid particles around the nanoparticle that push and pull
the nanoparticle. Figure 4.22b shows the force acting on prolate ellipsoidal nanoparticles
of radii @ = 7.50¢,b = ¢ = 2.509, a = 5.009,b = ¢ = 2.50, and a = 4.504,b = ¢ = 1.50y.
The force acting on the largest nanoparticle is greatest. This is because the amount of
area available for the fluid particle to push on the nanoparticles. The nanoparticles of
radii a = 5.00¢,b = ¢ = 2.50¢ and a = 4.509,b = ¢ = 1.50¢ are very similar in the
region d > 1oy, but differ in the depletion region d < 1oy. The surface area of the larger

nanoparticles is about the two times greater, and they have a higher wettability. The
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Figure 4.23: Solvent-mediated force acting on a prolate ellipsoidal nanoparticle of radii a = 7.50¢,b =
c = 2500, a = 5.000,b = ¢ = 2.50¢ and a = 4.500,b = ¢ = 1.50g with well depth ratio ’ = 1 as a

function of surface-to-surface separation d.

reason why these two nanoparticle sizes are so similar, is likely due to the nanoparticle
aspect ratio, k. The aspect ratio is k = 2 for the large nanoparticles, and x = 3 for the
small nanoparticles. The area of nanoparticles in the side-by-side orientation that pushes
the nanoparticles together is greater for nanoparticles with a high aspect ratio k. For
example, the force between two disks and two needles, where the disks and needles have
the same surface area, will be greatest for the disks.

Figure 4.23 shows the force acting on nanoparticles of radii a = 7.50¢,b = ¢ = 2.50,
a = 5.000,b = c = 2.50q and a = 4.504,b = ¢ = 1.50(¢ with well depth ratio k" = 1 in the
side-by-side orientation. This figure shows the same trend as for the nanoparticles with
well depth ratio " = 1, but with a weaker force. This is because the nanoparticles with

well depth ratio " = 5 create a halo around the sides of the nanoparticle.

4.6.3 Summary of solvent-mediated forces

Nanoparticles will position themselves relative to the liquid-vapour interface in order to
have a certain number of fluid particles surrounding them. This means that a highly
wetting nanoparticle will be submerged in the bulk liquid, and a partially wetting
nanoparticle will adsorb at the liquid-vapour interface. If another nanoparticle is in
the depletion range d < oy, it will push away the fluid particles, and the number of
fluid particles surrounding the original nanoparticle will decrease. The wetting of the

original nanoparticle will no longer be the same, and the fluid particles will push the other
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nanoparticle away in order to get the same degree of wetting. However, the behaviour
is different if the nanoparticle is not at its equilibrium position relative to the liquid-
vapour interface. If a nanoparticle with low wettability that is trapped in bulk liquid is
considered, as seen in figures 4.17b and 4.18a, it will prefer to have few fluid particles
surrounding it. This will result in the fluid particles pushing the nanoparticles together,
and the nanoparticles will aggregate in large clusters.

Outside the depletion region d > 0y, the nanoparticle pairs are stable at approximately
a separation d = 1.60. This is because there is room for one fluid particle without causing
strain. However, it is unclear how stable this separation is. These results are only of a
single nanoparticle pair and with no direct nanoparticle-nanoparticle interaction. More
calculations have to be performed to get a better understanding of how a mixture of
nanoparticles in a two-phase system will behave.

The prolate ellipsoidal nanoparticles were found to have the same characteristics as
the spherical nanoparticles. They have a lower energy minimum at approximately a
separation d = 1.60¢ in the side-by-side orientation than in the side-to-tip orientation.
This suggests that these nanoparticles will aggregate side-by-side rather than side-to-tip.
The lateral capillary interaction was not observed, but it may still be present. This
may be investigated by calculating the radial distribution function of several of these

nanoparticles adsorbed at a liquid-vapour interface.
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Chapter 5

Conclusion

Theory relevant to nanoparticles adsorbed at liquid-vapour interfaces has been presented,
a computational method for modelling prolate ellipsoidal nanoparticles interacting with
a two-phase system has been presented and several aspects of nanoparticle interaction
with liquid-vapour interfaces have been calculated. Several different nanoparticles were
considered, including nanoparticles with well depth ratios ¥’ = 5 and «’ = 1, and prolate

ellipsoidal and spherical nanoparticle shapes of different sizes.

A molecular dynamics method for modelling prolate ellipsoidal nanoparticles adsorbed
at liquid-vapour interfaces has been established. This was done by combining the Gay-
Berne force field and the Lennard-Jones force field. The Gay-Berne potential is a
problematic force field to use, because the nanoparticle size is not correct when combining
large nanoparticles and small fluid particles due to the Perram approximation. A better

option might be RE-squared interaction [27].

The wettability was calculated, and the wettability of these nanoparticles was
determined. It was found that the equilibrium pitch of highly wetting prolate ellipsoidal
nanoparticles with well depth ratio ' = 5 is close to ¢ = 0,7. The expected pitch for
prolate ellipsoidal nanoparticles is ¢ = 7, and it was shown that this is the equilibrium
pitch for all other prolate ellipsoidal nanoparticles.

The Brownian motion of a prolate ellipsoidal nanoparticle of radii a = 7.50q,b =
c = 2.50( of different wettabilities was compared to a spherical nanoparticle of radius
R = 2.50¢. The self-diffusion coefficients were calculated, and it was found that the
self-diffusion coefficients were approximately the same for both nanoparticle sizes with

the same wettability. The movement of highly wetting prolate ellipsoidal nanoparticles
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seemed to be primarily parallel to the long axis of the nanoparticle. However, this has to
be further investigated for confirmation. The self-diffusion coefficient of the nanoparticles
was found to increase exponentially as the wetting of the nanoparticles decreased.

Prolate ellipsoidal nanoparticles adsorbed at fluid interfaces are predicted to deform
the interface. The interface deformation was calculated, but a clear deformation due to
the nanoparticle shape was not found. This could be because the interface deformation is
too small for the nanoparticle aspect ratio and size. However, the interface deformation
caused by a well depth ratio ' = 5 showed that an interface deformation is possible to
observe using the method described.

The forces between nanoparticles adsorbed at liquid-vapour interfaces and submerged
in bulk phases were calculated. The force between two spherical nanoparticles was similar
to the results by Bresme et al. [12]. The force calculated was used in order to predict the
behaviour of nanoparticles of this type in a two-phase system. The force between prolate
ellipsoidal nanoparticles was calculated for several nanoparticles sizes. Lateral capillary
force was not observed. However, the force between prolate ellipsoidal nanoparticles was
found to be greater side-by-side compared to side-to-tip and tip-to-tip.

The interface deformation might be possible to observe if the nanoparticle aspect ratio
and the nanoparticle size are increased. This might also give an observable lateral capillary
interaction. The force calculations should also be compared to force calculations where
more than two nanoparticles are present. This might be done by for example calculating
the radial distribution function, as done by Bresme et al. for spherical nanoparticles [12].
An effective force field might be constructed, such that one would only describe the
nanoparticles explicitly and not the fluid particles implicitly. This would reduce the

computational cost, while still keeping it realistic.
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Appendix A

Force fields

The Gay-Berne force field as described by Evaraers and Ejtehadi [27], discussed in section
3.1.2, does not give the correct nanoparticle size if the nanoparticle is much larger than
the fluid particle. This is due to the Perram approximation [29]. This is possible to
circumvent if there is no nanoparticle-nanoparticle interaction. Table A.1 presents all
Gay-Berne parameters used in the fluid-nanoparticle interaction in this thesis. Figures
A.1, A.2 and A.3 present the potential energy of a nanoparticle and a fluid particle as a

function of the separation ||7;;||, as the fluid particle approaches the side and the tip of

the nanoparticle.

Table A.1: Gay-Berne parameters for fluid-nanoparticle interaction.

K a b=c 0,; Opy=0py €ap €wp==¢eyp s Figure
7.5 25 V127 V17 0.2 1 140 Ala
50 25 19 VIT 0.2 1 115  A.lb

’ 45 1.5 7 VT 0.2 1 10.5 A.lc
1.5 05 V7 1 0.2 1 6.0 A.ld
7.5 25 V127 V1T 1 1 14.0 A.2a
50 25 19 V17 1 1 1.5  A.2b

1 25 25 /17 V17 1 1 80 A3
45 1.5 7 VT 1 1 10.5  A.2c
1.5 05 V7 1 1 1 6.0 A.2d
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Figure A.1: Potential energy of the nanoparticle-fluid interaction with well depth ratio & = 5. 7y, is the
cut-off. (a) Nanoparticle of size a = 7.50¢,b = ¢ = 2.50¢ and well depth €y, = 3.0¢, (b) nanoparticle of
size a = 5.00¢,b = ¢ = 2.50¢ and well depth €7, = 3.0¢p, (c) nanoparticle of size a = 4.500,b = ¢ = 2.50¢
and well depth ef, = 2.0¢p and (d) nanoparticle of size ¢ = 1.509,b = ¢ = 0.50¢ and well depth
€rp = 1.0¢p.
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Figure A.2: Potential energy of the nanoparticle-fluid interaction with well depth ratio & = 1. 7y, is the
cut-off. (a) Nanoparticle of size a = 7.50¢,b = ¢ = 2.50¢ and well depth €y, = 3.0¢, (b) nanoparticle of
size a = 5.00¢,b = ¢ = 2.50¢ and well depth €7, = 3.0¢p, (c) nanoparticle of size a = 4.500,b = ¢ = 2.50¢
and well depth ef, = 2.0¢p and (d) nanoparticle of size ¢ = 1.509,b = ¢ = 0.50¢ and well depth
€rp = 1.0¢p.
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Appendix B

LAMMPS input scripts

The calculations presented in this thesis have been carried out with the molecular dy-
namics program LAMMPS (Large-scale Atomic/Molecular Massively Parallel Simulator)
1. developed by Sandia National Laboratories [31]. Templates scripts of the different
calculations done in this thesis are presented below.

The restart file made by the first script titled ” Equilibration” is used as input for the

rest of the calculations, with variations in simulation box size.

# Comparison with Lennard—Jones crystal
units 1j

atom _style atomic

atom_modify map array

region box block 0 60 0 60 0 60
create_box 2 box

create_atoms 1 single 0 0 30
variable px equal 15

variable py equal 15

variable pz equal 30

variable a equal 7.5

variable b equal 2.5

variable ¢ equal 2.5

Thttp://lammps.sandia.gov/
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16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47

variable R

o,

variable

variable n

equal 0.1

equal 27°(1.0/6.0)/(2.0xsqrt (2.0))

equal 20

variable i loop —$n $n

label loop_i

variable x equal $ix$d+${px}

variable j loop —$n $n

label loop_j

variable y equal $jx$d+${py}

variable k loop —$n $n

label loop_k

variable z equal $kx$d+${pz}

variable tmpl equal (($x—${px})/%a) 2 &
+((3y—${py})/$b) 2+ (($z—5{pz})/Sc) 2

variable tmp2 equal ($i+$j+$k)%2

if 7${tmpl} <= 1 && ${tmp2} = 0”7 then &

"create_atoms 2 single $x Sy $z”7

next k

jump SELF loop_k

next j

jump SELF loop_j

next 1

jump SELF loop_i

mass 1 1

mass 2 1

pair_style
pair_coeff
pair_coeff

pair_coeff

lj /cut 3
1111
1210.5
2211
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48
49
20
o1
52
93
o4
95
o6
o7
o8
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
I0)
76
77
78

neighbor 0.8 bin
neigh_modify exclude type 2 2
variable x equal x[1]
variable y equal y[1]
thermo_style custom step v_x v_y epair etotal
thermo 3000
thermo_modify norm no
dump 1 all custom 500 dump.out id type x y z
group move type 1
group particle type 2
timestep 0.01
log force.log
compute pe move pe/atom pair
dump 2 move custom 1 force.out id type c_pe x vy
fix 3 particle rigid single force % off off off torque *x off o
variable 1 loop 0 1500
label loop_l
variable x equal v_1/50
set group move x ${x} y 0
fix move move move linear 0 2 0
run 1500
next 1
jump SELF loop_1
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# Equilibration

restart

units

atom _style

lattice
region

region

create_box

create_atoms

group
group

set
set
set

set

pair_style
pair_coeff
pair_coeff

pair_coeff

5000 melted . *

Lj

ellipsoid

fce 0.8

box block 0.0 30 0.0 15 0.0 15
liquid block 7.5 12.5 0.0 15 0.0 15
2 liquid

1 region liquid

solvent type 1
solute type 2

type mass 1

[N

type mass 1

—_

type shape 1 1 1

type 2 shape 1 1 1

gayberne 1 1 1 3

11 11 333 000 3
1 2 11 000 000 0
2 2 11 111 000 0

# Calculating orientation

compute
compute
compute
variable

compute_modify

orient all property/atom quati quatj quatk quatw
shape all property/atom shapex shapey shapez

rot all temp/asphere

dof equal 3xcount(solvent)+count(solute)+3

rot extra ${dof}
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33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
ol
52
93
o4

fix

thermo_style

thermo

dump

velocity

timestep

run
restart
change_box
velocity

fix

run

ensemble all nve/asphere

custom step time c_rot pe ke etotal

500

dump all custom 500 dump_equil.out id type &

Xy z c_orient [1]

c_shape[1] c_shape[2] c_shape[3] &

c_orient [4]

c_orient [2] c_orient [3] &

all create 2.0 87287 loop geom

0.002
5000

15000 equilibration .x
all x final 0.0 30
all scale 0.7

centeringl

10000

solvent
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# Wetting
read_restart

restart

lattice

region

delete_atoms

create_atoms

set
set
set

set

group
group

set

pair_style
pair_coeff
pair_coeff

pair_coeff

compute

fix

compute

equilibration .x

50000 restart.%.x nfile 5

fce 0.8

delete cylinder y 7.5 7.5 2.5 0 15

region delete

2 single 7.5 7.5 7.5

type mass 1

type mass 1
shape 1 1 1

shape sqrt (127) sqrt(17) sqrt(17)

type

N = N =

type

solvent type 1
solute type 2

group solute quat 0 0 1 90

gayberne 1 1 1 3

11 11 333 0003
1 2 11 00O 000 14
2 2 01 0.2 11 0000

ccl solvent chunk/atom bin/1d x lower 0.5
densld solvent ave/chunk 0.1 0.1 0.1 &
ccl density/mass density/number &

file density_profile.dat

orient all property/atom quati quatj quatk quatw
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33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
ol
52
93
o4
95
96
o7
58
99
60

compute
fix
variable

compute_modify

thermo_style

thermo

dump

neighbor

comm_modify

neigh_modify

fix

timestep

run

dump

run

shape all property/atom shapex shapey shapez

ensemble all nvt/asphere temp 0.7 0.7 0.2

dof equal 3xcount(solvent)

ensemble_temp extra ${dof}

custom step time c_ensemble_temp pe ke etotal

500

init_dump all custom 500 dump_init.out id type &

Xy z c.orient[1]

c_orient [4]

1.50 multi

c_shape [1]

c_orient [2]

c_shape [2]

mode multi cutoff/multi 1 0.50 &
cutoff /multi 2 1.50

delay 0 every 1 check yes &

page 5000000 one 500000

centeringl
0.002
10000

c_orient [3] &

c_shape [3]

solvent recenter 15 NULL NULL

dump all custom 500 dump.out id type &

X y z c.orient[1]

c_orient [4]

500000

c_shape [1]
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# Interface deformation

read_restart

restart

lattice

region

delete_atoms

create_atoms

set
set
set

set

group
group

set

pair_style
pair_coeff
pair_coeff

pair_coeff

compute

fix

compute

equilibration .x

50000 restart.%.x nfile 5

fce 0.8

delete cylinder y 7.5 7.5 2.5 0 15

region delete

2 single 7.5 7.5 7.5

type mass 1

type mass 1
shape 1 1 1

shape sqrt (127) sqrt(17) sqrt(17)

type

N = N =

type

solvent type 1
solute type 2

group solute quat 0 0 1 90

gayberne 1 1 1 3

11 11 333 0003
1 2 11 00O 000 14
2 2 01 0.2 11 0000

ccl solvent chunk/atom bin/1d x lower 0.5
densld solvent ave/chunk 0.1 0.1 0.1 &
ccl density/mass density/number &

file density_profile.dat

orient all property/atom quati quatj quatk quatw
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33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
ol
52
93
o4
95
96
o7
58
99
60
61
62

compute
fix
variable

compute_modify

thermo_style

thermo

dump

neighbor

comm_modify

neigh_modify

fix

timestep

run

fix

dump

run

shape all property/atom shapex shapey shapez

ensemble all nvt/asphere temp 0.7 0.7 0.2

dof equal 3xcount(solvent)

ensemble_temp extra ${dof}

custom step time c_ensemble_temp pe ke etotal

500

init_dump all custom 500 dump_init.out id type &

Xy z c.orient[1]

c_orient [4]

1.50 multi

c_shape [1]

c_orient [2]

c_shape [2]

mode multi cutoff/multi 1 0.50 &
cutoff /multi 2 1.50

delay 0 every 1 check yes &

page 5000000 one 500000

centeringl
0.002
10000

c_orient [3] &

c_shape [3]

solvent recenter 15 NULL NULL

linear mom solute momentum 1 linear 1 1 1

dump all custom 500 dump.out id type &

X y z c_orient [1]

c_orient [4]

200000

c_shape [1]
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c_shape [2]
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# Solvent—mediated force

read_restart equilibration .x

restart 50000 restart.%.x nfile 5

lattice fce 0.8

region deletel cylinder y 7.5 5.0 2.5 0 15

region delete2 cylinder y 7.5 10.0 2.5 0 15
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delete_atoms
delete_atoms
create_atoms

create_atoms

set type 1 mass 1

set type 2 mass 1

set type 1 shape 1 1 1

set type 2 shape sqrt(127) sqrt(17) sqrt(17)
group solvent type 1

group solute type 2

set group solute quat 0 90

pair_style gayberne 1 1 1 3

pair_coeff 11 11 333 0003
pair_coeff 1 2 11 000 000 14
pair_coeff 2 2 01 0.2 11 0000

compute ccl solvent chunk/atom bin/1d x lower 0.5
fix densld solvent ave/chunk 0.1 0.1 0.1 &

region deletel

region delete2

2 single 7.5 7.5 5.0
2 single 7.5 7.5 10.0

ccl density/mass density/number &

file density_profile.dat
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39
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41
42
43
44
45
46
47
48
49
50
ol
52
93
o4
95
96
o7
58
99
60
61
62
63
64

compute orient all property/atom quati quatj quatk quatw
compute shape all property/atom shapex shapey shapez
fix ensemble all nvt/asphere temp 0.7 0.7 0.2
variable dof equal 3xcount(solvent)
compute_modify ensemble_temp extra ${dof}
thermo_style custom step time c_ensemble_temp pe ke etotal
thermo 500
dump init_dump all custom 500 dump_init.out id type &
X y z c_orient[1] c_orient[2] c_orient[3] &
c_orient [4] c_shape[l] c_shape[2] c_shape|[3]
neighbor 1.50 multi
comm _modify mode multi cutoff/multi 1 0.50 &
cutoff/multi 2 1.50
neigh_modify delay 0 every 1 check yes &
page 5000000 one 500000
fix centeringl solvent recenter 15 NULL NULL
timestep 0.002
run 10000
dump dump all custom 500 dump.out id type &
X y z c_orient [1l] c_orient [2] c_orient[3] &
c_orient [4] c_shape[l] c_shape[2] c_shape|[3]
dump force solute custom 100 force.out id &
type x y z fx fy fz
run 500000
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