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smart you are. If it doesn’t agree with experiment, it’s wrong.” —
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Preface

Compared to the solid and gaseous phases, liquids are more closely related to
biological processes and the life sciences. In fact, it is generally believed that
abiogenesis occurred in the liquid environment of the primordial sea which, itself,
was formed only when appropriate conditions came to prevail on the young Earth,
providing a striking illustration of the marginal character of the liquid state, in
contrast with the solid and gaseous phases of the same substances, which exist
over much wider ranges of temperature and pressure: the liquid state arises from a
delicate balance between packing of molecules and cohesive forces or, more formally,
between entropy and energy. The importance of a full quantitative understanding

of liquids is only obvious.

Following research in simple liquids, a new area of complex liquids emerged for
the study of systems which exhibit flow, but whose liquid-like behaviour cannot be
explained by the standard one-body picture used in simple liquids, as interatomic
forces are significantly different from the hard-sphere type. The term complex
liquid can be interchangeably used with complex fluid or soft matter —following
P.G. de Gennes. Many examples of complex liquids involve the mixing of different
phases, be they fluid or not in their own right, such as solid and liquid (to make
up gel or sol), liquid and gas (to make up foam or liquid aerosol), and solid and
gas (to make up solid foam or solid aerosol). Under appropriate conditions, these
complex liquid examples, known as colloids, will exhibit fluid-like behaviour on the
macroscopic scale. Further examples of complex fluids include polymers and liquid

crystals.

This Thesis focuses on polymers. Specifically, it researches polymers from a
theoretical and a computer simulation perspective, in particular their interaction
with surfaces in such a way that they become adsorbed. Setting out with a defini-
tion, examples of polymers, and a brief discussion of the practical applications of
this work, the General Introduction gives an overview of the theoretical progress in

the area of polymer adsorption. This sets the context for a subsequent description



of the objectives of this Thesis. The General Introduction closes with an outline of

the remainder of the chapters that follow.
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Chapter 1
General Introduction

A polymer is a substance that has molecular structure built up chiefly or entirely
from a large number of similar units bonded together; in other words, a large
molecule (macromolecule) composed of repeating molecular units (monomers or
structural units)!. Polymers encompass an impressively wide range of materials,
from naturally occurring to manmade. Examples of natural polymers are silk,
wood, DNA (deoxyribonucleic acid), proteins, shellac, amber, and natural rubber.
The list of synthetic polymers is virtually endless and includes synthetic rubber,
low density polyethylene (LDPE), high density polyethylene (HDPE), polystyrene
(PS), polyvinyl chloride (PVC), and nylon as organic examples, and polydimethyl-
siloxane (PDMS), polymethylhydrosiloxane (PMHS), polyphosphazene, and poly-
sulfides as inorganic examples. Polymers are ubiquitous and the volume of polymers
produced already exceeds that of metals (although not in weight). The production
and use of the aforementioned materials is a result of their demand in numerous
and diverse applications.

As demonstrated in this Thesis, a polymer nanodroplet’s elastic modulus (Part
I) and internal chain architecture (Part IT) are critically related to how and whether
it will be adsorbed upon interaction with a substrate, therefore shape its mechan-
ical response. The importance of such knowledge may be a guide for the selection
of appropriate materials, depending on the application. An example is portrayed
from the field of biomedical engineering: Implants are selected primarily for techno-
logical aspects such as mechanical properties, stability, permeability, non-toxicity,
and hemocompatibility. Insufficient hemocompatibility impairs functionality and

safety. For instance, adsorption of plasma proteins onto the surface of a blood-

Tn some areas of science (particularly chemistry), one may encounter a differentiation between
monomer and structural unit, the former referring to the molecular unit in an isolated state, while
the latter in the polymerized state.

15



16 CHAPTER 1. GENERAL INTRODUCTION

contacting implant may trigger a cascade of chemical reactions, leading to the for-
mation of a blood clot surrounding the implant (Werner et al. [2007]). To increase
hemocompatibility, polymers are adsorbed instead around the surface of implants,
decreasing the probability of further adsorption of proteins or negative interactions
with the blood (Werner et al. [2007]). One such polymer is the hydrophilic heparin.
Heparin interacts with thrombin to prevent coagulation and suppressed platelet ad-
hesion (Vendra et al. [2011]). Further applications relating to polymer adsorption
include: adhesion (Lee [1980]), surface lubrication and friction modification (Brown
[1994]), chromatography (Svec and Frechet [1992]), surface nanopatterning (Cox
et al. [1999]), drug delivery (Imanishi and Yoshihiro [1995]), and biocompatibility
of artificial organs (Ruckenstein and Chung [1988]).

The foundations of polymer theory were set by Flory and Kuhn, while scien-
tists like Lifshitz, Edwards, and de Gennes, turned polymer theory into polymer
physics, an independent field of research. Striking analogies between problems in
polymer physics and general physics were revealed, such as the analogy between a
polymer chain and a random walk. Though a discovery as old as dating back to
the 1930s (Kuhn [1934]) and for a most simple system of a single flexible chain in
an unconfined environment, the random walk model for polymers has continued to
attract attention over half a century later (Haber et al. [2000]). When a chain is
adsorbed on a surface or interface, the analogy translates into a random walk in the
presence of a boundary constraint (DiMarzio [1965]). To draw further analogies,
polymer adsorption is related to a wide class of order-disorder transitions, such
as surface magnetism (Daoud et al. [1975], de Gennes [1976]) and the helix-coil
transition in biopolymers (Roe [1965], Hoeve et al. [1965]).

One of the first significant works aiming at developing a theory for the equilib-
rium state of a polymer chain adsorbed on a surface was that of Simha et al.
[1953]. The model treated the ideal chain, i.e. one that does not experience
monomer-monomer interactions, also known as a Gaussian chain, and was based on
a Gaussian-statistics description of the end-to-end distance?. Simha et al. [1953] es-
tablished the classic picture of the adsorbed chain consisting of trains (segments at-
tached along the surface), loops (non-attached segments between trains), and tails
(free ends). They also established a relationship between the degree of adsorption
and chain flexibility, concluding that higher flexibility allows for greater adsorp-
tion. Discreet (on a lattice) (Rubin [1965a], Rubin [1965b], Rubin [1966a], Rubin
[1966b]) and continuum (off-lattice) (Dolan and Edwards [1974], Chan et al. [1975],

2Simply, the distance in space between the two ends of the chain.
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Lépine and Caillé [1978]) random-walk models that followed, further contributed
to the description of the conformational properties of surface-interacting Gaussian
chains. Incorporation of monomer-monomer interactions added to sophistication,
and the real (as opposed to ideal) chains featured the excluded volume® effect as
modeled by the self-avoiding random walk (Whittington [1975], Hammersley et al.
[1982], Hammersley and Whittington [1985], Torrie et al. [1976], Middlemiss and
Whittington [1976]).

Following the Gaussian-statistics description of ideal chains, the exact or di-
rect enumeration method is an algebraic method which enables one to count the
total number of random walks on a lattice —though discretization of space is not
compulsory (Lax and Windwer [1971]). The basis of this method is the transfer
matrix technique (Conway et al. [1992]). Given that the computational complexity
of enumerating walks of N steps is of order 3/ times a polynomial in N, this
approach turns out much more efficient to direct counting techniques. Regarding
polymer adsorption, Lax [1974a] and Lax [1974b], for example, directly enumer-
ated self-avoiding walks on a computer to obtain data for the adsorption-energy
and molecular-weight dependence of configurational properties, such as the mean-
square end-to-end distance, the average and root-mean-square normal to the surface
distance of the chain ends, and the average number of adsorbed segments. Other
works include Douglas et al. [1986], Torrie and Whittington [1975], and Middlemiss
and Whittington [1976].

A powerful theoretical tool extensively used in the context of polymers is scal-
ing theory, which involves performing simple dimensional analysis on elementary
information and arguments with the aim of extrapolating those to a different scale.
In the context of an adsorbed chain, an example calculation is the following: from
consideration of a given energy of attraction between a monomer and the surface
and competition between that attraction and thermal motion, one can identify a
relevant size scale below which a segment will spontaneously be adsorbed and above
which it will spontaneously be desorbed (on smaller scales the attraction will dom-
inate over thermal motion, and vice versa). By performing dimensional analysis
on this elementary result, one may extrapolate to the scale of the whole chain, and
deduce an estimate on the scaling dependence of the free energy (a macroscopic
quantity) on chain size, temperature, and adsorption strength. Detailed calcula-
tions for this example can be found in Rubinstein and Colby [2003]. Eisenriegler

et al. [1982] use scaling theory to study features like the polymer’s linear dimensions

3Volume inaccessible to a monomer due to the presence of another.
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parallel and perpendicular to the surface, as well as the behaviour of monomers
as a function of distance from the surface. They also discuss various power laws
in polymer adsorption in relation to surface magnetism. de Gennes [1976] relates
power laws for the adsorbed layer with power laws of corresponding self-avoiding
walks. Further examples of applying scaling theory to polymer adsorption can be
found in the works of Daoud and Jannink [1976], Alexander [1977], de Gennes
[1979], de Gennes [1981], de Gennes [1982], and Usatenko [2006].

Self-consistent field theory (SCFT) / mean-field theory (MFT) is an example of
an analytic theory approach, where the combined effect of many-body interactions
is parameterized through a mean-field approximation. An early development of
this approach is the work of Jones and Richmond [1977]. In the limit where the
adsorbed segment density is uniform, so that the self-consistent method is valid,
Jones and Richmond [1977] obtain analytical solutions for a critical segment free
energy of adsorption, adsorbed layer thickness, and number of polymers adsorbed
per unit area. As another example, Levine et al. [1978] approximate the excluded
volume and nearest-neighbour interactions by appropriate mean fields to derive the
adsorbed-segment density profile and free energy. More recent MFT accounts are
the works of Whitmore and Vavasour [1992] and Avalos et al. [2004]. Comprehen-
sive reviews are offered by Schmid [1998], Matsen [2002], and Fredrickson et al.
[2002], the latter focusing on field-theoretic methods used in computer simulations.

A further achievement in analytic theory is the renormalization group (RG)
method. Freed [1983] used this method to analytically calculate such properties as
the end-to-end distance and radius of gyration* of adsorbed chains. Nemirovsky
and Freed [1985] used the RG method to study excluded volume effects of adsorbed
polymers and evaluate several moments of the end-to-end vector. Further examples

of use of this method are to be found in the works of Kosmas [1981], Eisenriegler

[1983], Kremer [1983], and Douglas et al. [1986].

Given the increasing sophistication, versatility, processing capacity, and avail-
ability of computers, computer simulations have secured a very prominent place
among all of this theoretical development. The two principal methods used are
molecular dynamics (MD) and Monte Carlo (MC). MD, conceived by Alder and
Wainwright [1959], involves the numerical solution of the equations of motion of all
particles of a system, so that, in conjunction with a set of initial conditions, a future
state can be calculated. Evidently, MD is most suitable for tracking the evolution

of a system, however is limited by the memory capacity and speed of the computing

4A measure of size, defined later.
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machine in terms of the size of the system studied and the length of time during
which its evolution is to be tracked. Examples of applications of the MD method on
polymers on surfaces are given in the works of Michel and Kreitmeier [2001], Michel
et al. [2002], Liu et al. [1999], Liu and Chakrabarti [2009]. It appears natural to
address dynamical problems via MD, however, if one is interested in equilibrating
long chains, then the MC method is most suitable. This method was coined in the
late 1940s by John von Neumann, Stanislaw Ulam and Nicholas Metropolis, but
only appeared as a scientific publication in 1953 (Metropolis et al. [1953]), and was
named after the Monte Carlo Casino®. Instead of trying to reproduce the dynamics
of a system, the MC method generates states according to appropriate Boltzmann
probabilities. The method is presented in Section 7.1. Examples of applications of
the MC method on polymers on surfaces are given in the works of Clark and Lal
[1978], Lai [1994], Sikorski [2001], and Metzger et al. [2002].

For completeness of this brief overview of the general literature of polymers on
surfaces, examples of experimental work and techniques ought to be cited: Taka-
hashi et al. [1984], Killmann et al. [1988], Cohen-Stuart and Tamai [1988], Barnett
et al. [1982], Rennie et al. [1989], Barnett et al. [1981], Cosgrove et al. [1990],
Granier et al. [1993], Granier and Sartre [1995], Sommer et al. [1995], Johnson and
Lenhoff [1996], Unertl [1998], Portigliatti et al. [2000], Kirsch et al. [2005], Lau et al.
[2002], Kugge et al. [2004], Yamamoto et al. [2005], Tan et al. [2005], Lafon and
Trannoy [2006], Engqvist et al. [2007]. Finally, examples of articles reviewing de-
velopments in theory, simulation, or experimental work on polymer adsorption are
Takahashi and Kawaguchi [1982] (theory and experiment), Kawaguchi and Taka-
hashi [1992] (theory and experiment), Varnik and Binder [2009] (simulation), and
Rychlewski and Whittington [2011] (theory).

I followed two independent approaches in my investigation of polymers on sur-
faces. For this reason this Thesis is divided into two Parts. Part I refers to a
purely theoretical model for the adsorption of a nanoscopic polymeric droplet on
a substrate. The model is a continuum theory which combines surface and elas-
ticity theories with an aim to predict the droplet’s elasticity, given (experimental)
knowledge of its adsorbed height. Being a continuum (macroscopic) theory, the
model is not concerned with microscopic elements such as the chemical details of

its atoms, or the tertiary structure® of its chains, both of which are parameterized

5This choice of name by Metropolis was not unrelated to the fact that Ulam had an uncle
who would borrow money from relatives because he “just had to go to Monte Carlo” (Metropolis
[1987]).

6 A term commonly used in biochemistry and molecular biology to denote the three-dimensional
structure as defined by the atomic coordinates of a macromolecule.
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through the droplet’s macroscopic properties, such as its surface tension. Part II
refers to a MC computer simulation for the adsorption of a polymer droplet com-
prising a single chain or an aggregate of chains on a substrate. The simulation uses
a coarse-grained molecular model for a chain to calculate the polymer’s equilibrium
conformation. A separate computer code calculates its radius of gyration.

Parts I and II clearly share the connection of studying the same conceptual
system. In their direction of approach, they are quite opposite: Part I involves a
macroscopic, ‘top-down’ approach on a small-scale system, whereas Part II involves
a coarse-grained molecular, ‘bottom-up’ approach, looking at large-scale properties
of a related system. A fundamental motivation for the top-down approach is to
discover the continuum theory’s limits as one approaches the nanoscale, at what
size-scale it ceases to be valid, and in what way it breaks down. The bottom-up
approach, on the other hand, being a coarse-grained model, ignores the molecular
details of the chain and finds its justification through a phenomenon that is most
striking: Polymers share universal properties by virtue of general physical charac-
teristics they have in common. That is to say, these properties are not related to a
specific chemical composition of the polymer or its environment, but arise from the
chain-like structure. “The universality’ has found its full recognition and useful-
ness when polymers have been shown to behave, in the asymptotic limit of infinite
molecular weight, as scale invariant critical objects and when the renormalization
group ideas have been introduced to polymer theory.” (Singh et al. [1999)).

Parts I and II share a similar structure. Both open with introductory chap-
ters (2 and 7, respectively) offering prerequisite theoretical background and a more
subject-specific review of the literature. For Part I, then, follows a detailed de-
velopment of the theoretical model (Chapter 3), while for Part 1T the simulation
method is explained (Chapter 8). Following chapters (4-5 and 9, respectively) offer
results and discussion, and brief concluding chapters (6 and 10, respectively) close
each Part. Ultimately, Chapter 11 summarizes the important findings of each Part,
draws general conclusions, brings continuum theory and computer simulation to-
gether by illustrating how the two studies complement each other, and brings this
Thesis to a close with proposed work for the future. Lists of symbols and ab-
breviations can be found as Appendices B and C, respectively, for the reader’s

convenience.

"The concept of universality in statistical mechanics refers to the observation that certain
systems, though seemingly unrelated, will behave similarly in a scaling limit, when a large number
of interacting parts comes together.
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Continuum Theory
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Abstract

A theoretical model was redeveloped, which, in conjunction with atomic force mi-
croscopy (AFM), can be used as a non-invasive method for the determination of
the elastic modulus of a polymer nanodroplet residing on a flat, rigid substrate.
The model is a continuum theory which combines surface and elasticity theories for
the prediction of the droplet’s elastic modulus, given experimental measurement
of its adsorbed height. Utilization of AFM-measured heights for relevant droplets
reported in the literature and from our research group’s experiments illustrated the
following: the significance of both surface and elasticity effects in determining a
polymer droplet’s spreading behaviour; the extent of a continuum theory’s validity

as one approaches the nanoscale; a droplet size effect on the elastic modulus.
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Chapter 2

Introduction

2.1 Background Theory

2.1.1 Free Energy and Thermodynamic Equilibrium

A thermodynamic potential or characteristic function, ®, is defined with respect

to pressure, P, and temperature, 7' (Landau and Lifshitz [1980]):
b=]-TSg+ PV (2.1)

I is the internal energy of our system, Sg the entropy, V' the volume, and & is
widely known as the Gibbs free energy, henceforth referred to as the free energy,
for simplicity. The system is defined as the polymer with its surrounding solid and

gas phases, isolated from the rest of the universe.

In thermodynamic equilibrium, the bulk of a thermodynamic phase is char-
acterized by translational invariance of its local structural properties, giving rise
to a corresponding bulk free energy. Deviations from this translational invariance
cause an excess in free energy which scales with the dimensionality of the defect.
A surface or interface are examples of defects, and their corresponding surface or
interfacial energies ought to be incorporated into ®. With U = [ — TS + PV
associated with the bulk and dUpgr with defects,

dd = dU + dUpgp = 0 (2.2)

is the requirement for equilibrium.

25
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2.1.2 Surface Energy and Surface Tension

Bonds between molecules and their constituent atoms shape small and large-scale
behaviour of matter, therefore an understanding of such interactions is valuable.
They are commonly divided into two types: the strong bonds (whose rupture
corresponds to a large amount of energy, ~ 102 kcal/mol), viz ionic, covalent and
metallic and the weak bonds (~ 1 kcal/mol), viz the hydrogen bond and the Van
der Waals forces.

Molecules in the bulk of a liquid or solid have neighbours in all three dimensions
to interact with. In the surface layer, molecules may interact either towards the
bulk, or laterally, within the surface plane. By implication, surface molecules find
themselves in a state of higher potential energy and experiencing an anisotropy in
pressure between the perpendicular and tangential to the surface directions. It is

these features that give rise to surface energy and surface tension.

One of the earliest references on this topic takes us back to the seventeenth
century, by Cabeo [1629]. Surface energy and surface tension are equivalent di-
mensionally, and often equal in value. They also share the deeper connection that
both refer to the difference in state between surface and bulk atoms or molecules.
For the purposes of the present work, no distinction is made between surface energy
and surface tension, while the latter term is used throughout. It should, however,
be born in mind that, by definition, surface energy and surface tension are distinct
concepts. The reader is referred to Shuttleworth [1949] and Maugis [2000], where

the two concepts are compared and contrasted.

Surface tension if defined as the work, ~, required to reversibly create an ele-
mental area dA of new surface in equilibrium with the medium. Creation of new
surface means breaking the bonds which ensure the cohesion of that condensed
phase and slightly reorganizing molecules near that surface. It does not mean
stretching an existing one, because the equilibrium interatomic distances must be
preserved. Surface tension is an intensive quantity, commonly expressed in units
of Jm~2.

Experimentally, the simplest ways of estimating the surface tension of a liquid
are either by direct measurement of the force acting against increasing the area
of the corresponding liquid film, or by indirect measurement using a capillary,
provided that the walls are completely wetted by the liquid. The capillary force
that causes the liquid to rise through the capillary tube is due to surface tension
balancing the weight of the liquid inside the capillary which is above the level of
the liquid outside the capillary.
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Striking large scale manifestations of surface tension are to be witnessed in
everyday life. These give rise to an apparent tension along the surface of a liquid,
causing the surface layer to behave as if it were an elastic membrane. This can be
observed, for example, when an insect walks on water, when small needles and foil
fragments rest on its surface, or when a drop hangs at the edge of a tube. Even
though surface tension phenomena are easily observable with liquids, this concept
also relates to solids. A practical way of thinking about the meaning of surface
tension of a solid is the following: The solid is cut along any plane and the two
surfaces are separated. The work required against the cohesive forces to take the
surfaces to infinity, divided by the total area would be equal to the surface energy.!

Clearly, surface tension reflects the nature of the bonds between its atoms.
Covalently-bonded matter and metals are consequently expected to exhibit high
surface tensions (~ 1 x 103> mJ/m?), ionic solids slightly lower (~ 1 x 10> mJ/m?),
whereas molecular crystals, having surfaces whose molecules are bonded only through
van der Waals forces, are expected to have the least surface tensions (~ 1 x 10
mJ/m?). Indicatively, the surface tension of a pure water surface (containing hy-
drogen bonds) in air is about 73 mJ/m?, whereas of triglyceride oil it is about 30
mJ/m? (Maugis [2000]).

2.1.3 Line Tension

One of the first documented references to the concept of line tension was made by
Gibbs in a brief footnote in one of his papers (Gibbs [1961]), commenting that a
complete description of systems that involve a one-dimensional boundary between
phases, e.g. a three-phase equilibrium where all phases neighbour each other, re-
quires treatment of the excess energy, entropy, etc. along that line of discontinuity.
This means that Gibbs introduced line tension by analogy to surface tension, only
the boundary is of different dimensionality due to a difference in number of coexist-
ing phases.? What is more, Gibbs heeded an important difference between surface
and line tensions: while the former must be positive, the latter can have either

sign.® The main theoretical objection towards the idea of negative line tension has

IThis can only be thought experiment, as cleavage and fracture always involve irreversible
processes, such as defect generation.

20ne paper claims that the situation is not as trivial, discussing the presence of extra surface
phases created on the boundary (Seppecher [2001]).

3“We may here add that linear tension there mentioned may have a negative value. This
would be the case with respect to a line in which three surfaces of discontinuity are regarded as
meeting. [...] We may regard two soap-bubbles adhering together as an example of this case.
The reader will easily convince himself that in an exact treatment of the equilibrium of such a
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been that the free energy functional, whose minima offer observable equilibria, is
unbounded from below, so that any equilibrium configuration becomes unstable by
appropriate perturbation (Steigmann and Li [1995] (mathematical), Alberti et al.
[1998]). On the other hand, counter-arguments have been proposed justifying the
existence of stable, hence observable, equilibria under negative line tension, as long
as that is not too large in absolute value (Rosso and Virga [2004a], Rosso and
Virga [2004b]). The same idea is supported by Guzzardi et al. [2006], only their
objective is different and the criterion they work out more general —encompassing
line tension, as well as inhomogeneities and arbitrary substrate shapes.

Over the past few decades, line tension has attracted the attention of numer-
ous theoretical (Rowlinson and Widom [1982], Toshev et al. [1988], Toshev and
Avramov [1993], Getta and Dietrich [1998], Dobbs [1999]) and experimental (Gay-
dos et al. [1990], Toshev et al. [1988], Li [1996], Wang et al. [2001], Pompe and Her-
minghaus [2000]) research groups, as it plays an important role in phenomena such
as the dynamics of contact line spreading, the wetting and nucleation behaviour
of microscopic droplets on surfaces, the rupture of thin films and the formation of
Newton black films and foam films. In the present work the concept of line tension
is treated as an excess thermodynamic quantity that brings into correspondence
two systems: a real system, with a transition region between the phases, and an
ideal system, without, i.e. where the finite-sized transition region is reduced to an
infinitesimally thin ‘line of contact’, or, ‘line of tension’, a one-dimensional ana-
log to the surface of tension mentioned previously. According to this analogy, an
expression for the excess energy corresponding to the one-dimensional defect of a
line of tension 7, suitable for our system of a polymer droplet on a rigid substrate
surrounded by air is

2rar, (2.3)

where a is the radius of the circular interface between the droplet and the substrate.

2.1.4 Adhesion

When two materials, 1 and 2, are in contact over an area A, their total energy is
U + 712 A, 712 being the interfacial tension. When separated to infinity, the total
energy becomes U + (71 + 72) A, and when the separation process is reversible and

adiabatic, the corresponding work expended per unit area, the difference between

double bubble we must recognize a certain negative tension in the line of intersection of three
surfaces of discontinuity.” (Gibbs [1961], p. 296) That is where Gibbs’s comments about line
tension unfortunately ended.
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the two energy states divided by A, becomes the definition of the Dupré energy of

adhesion, w:

Definition.

w ="+ — V12 (2.4)

In the case of the two solids 1 and 2 being of the same kind, 712 = 0 and
Eq. (2.4) reduces to w = 2+, the solid’s cohesive energy.

2.1.5 The Spreading Parameter

First defined by Carlo Marangoni in his 1865 doctoral dissertation (Ross and Becher
[1992]):

Definition.

S =7vsa¢ — (Y1 + 1), (2.5)

where S, L, and GG denote the solid, liquid, and gaseous phases.

S describes the spreading behaviour of a liquid on a solid substrate in the
presence of gas. For S > 0 the liquid wets the surface, forming a covering film, and
for S < 0 the liquid de-wets or partially wets the surface. S essentially defines a
competition between the surface energy of the solid-gas interface and the sum of
the surface energies of the solid-liquid and liquid-gas interfaces. Upon wetting, the
solid-gas interface area reduces while the solid-liquid and liquid-gas interface areas
increase, and vice-versa for de-wetting. The principle of minimization of energy
will determine which of the two processes is energetically favourable, depending on

which of the two terms is smaller, ys¢ or (vsz + Vra)-

2.1.6 Young’s Law

In his original essay of 1805 (Young [1805]), Thomas Young wrote:

“But it 1s necessary to premise one observation, which appears to be
new, and which is equally consistent with theory and experiment; that is,
that for each combination of a solid and a fluid, there is an appropriate
angle of contact between the surfaces of the fluid, exposed to air and the

solid.”



30 CHAPTER 2. INTRODUCTION

Ve gas or vapour

V) SINO

Figure 2.1: Cross section of a drop of liquid on a solid substrate and surrounded
by air, depicted along with the surface tension forces, v, acting at the three-phase
contact point. Mechanical equilibrium of the surface tension forces along the hori-
zontal implies Eq. (2.6).

Attributed to Young, is the equivalent, in words, of the following famous equation,

referred to as Young’s Law:*

Ysa = YsL + YLacost, (2.6)

where 6 denotes the angle at which the solid-liquid and liquid-gas interfaces meet,
with the convention of # = 0° corresponding to complete wetting and 6§ = 180°
to complete de-wetting, all values in between referred to as partial wetting, of the
solid by the liquid. The geometry is illustrated in Fig. 2.1.

There exist more than one ways of proving Eq. (2.6). The quickest, though
not most rigorous, is by vectorial summation of the horizontal components of the
forces in Fig. 2.1 when the drop is in mechanical equilibrium.® Equilibrium requires
the balance of the vertical components, also, hence the existence of a downward
orgsinf force to balance the vertical component of oj,. Physically, this corre-
sponds to a reaction force of the stress field on the surface of the solid caused by
the sum of the applied surface forces. It is interesting to note that, in cases of
adequately soft substrates, e.g. soft polymers, on top of which drops of adequately

strong interaction reside (small @), the aforementioned stress field causes finite

4Intriguingly enough, Adam [1957] explains why, according to his view, it really should be the
so-called Young-Dupré equation (W = v, (1+cos)) that should be called Young’s Law, instead
of (2.6), by locating the relevant passage in Young’s ‘Essay on the Cohesion of Fluids’ (Young
[1805], section VII) and translating prose to equation. He further argues that the Young-Dupré
equation would also do more justice to the importance of Young’s work than the obvious (2.6),
because it relates the contact angle to the relative adhesion of liquid to solid and of liquid to
liquid.

5This way also happens to be the first, employed by Thomas Young, himself (Young [1805]).
Due to the lack of development of thermodynamics at that time, the mechanical tensions vsg
and ~gy, are defined only by analogy to y.q, rendering this proof less rigorous.
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strain, which appears as micro-humps on the substrate surface (Shanahan [1985],
Shanahan and de Gennes [1987], Shanahan and Carré [1994]). In such cases, the
validity of Young’s Law is compromised to an extent depending on the size of
the micro-humps, since the interfacial boundary does not remain planar (Lester
[1961]). By considering the excess capillary free energy consumed during spreading
by the mechanical, viscoelastic hysteresis in the solid, it is possible to show how the
spreading properties may be modified (Shanahan [1988]). Scanning interferomet-
ric microscopy experiments are reported in Carré et al. [1996], demonstrating that
the mesoscopic surface deformation can significantly alter macroscopic phenomena,
revealing important links between the two scales.

A more elegant proof of Young’s law came in 1880 by Gibbs (Gibbs [1961],
chapter III), who developed the thermodynamics of solid-liquid-vapour systems and
establishing the study of surface-tension-related phenomena on more fundamental
grounds. For the reader’s satisfaction, a compact proof in the spirit of Gibbs’s

approach is offered:

Proof. A differential change, dU, in the excess free energy of this system with
respect to a differential change, dA, in the area of the solid covered, due to dis-

placement of the liquid drop, can be written as
dU = dA(va — Ysv) + dAyg cos(6 — db). (2.7)

The equilibrium® requirement, a minimum in the excess free energy, is

. dU
dlflxglo dA 0
In taking the limit dA — 0, df/dA drops out, behaving like a second-order differ-

ential, hence,

dU
T (Ys1 — Ysv) + Mg cos @ = 0.

Q.E.D. O

In closing this Section, I would like to say that many scientists in the field of
wetting and surface phenomena think of Thomas Young as the father of contact
angles and wetting. But probably the earliest direct recognition of such phenomena
was given by Galileo (Galilei [1612]), who might be called the grandfather of the
field.

6Shanahan [2002] offers a short-yet-concise and thought-provoking discussion on the meaning
of equilibrium for the case of a sessile drop surrounded by its vapour on a substrate.
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2.2 Literature Review

Whereas adsorption and deformation of isolated polymer droplets has attracted
considerable attention through experimental techniques (Granier et al. [1993], Granier
and Sartre [1995], Sommer et al. [1995], Johnson and Lenhoff [1996], Unertl [1998],
Portigliatti et al. [2000], Kirsch et al. [2005], Lau et al. [2002], Kugge et al. [2004],
Yamamoto et al. [2005], Tan et al. [2005], Lafon and Trannoy [2006], Engqvist
et al. [2007]), ranging from light scattering to scanning electron microscopy (SEM)
and atomic force microscopy (AFM), continuum theoretical and computational ap-
proaches (Seemann et al. [2001], Lau et al. [2002], Engqvist et al. [2007], Araujo
et al. [2008]) have fallen behind, with the exception of molecular dynamics (Kra-
marenko et al. [1995], Michel and Kreitmeier [2001], Liu and Chakrabarti [2009])
(MD) and Monte Carlo (Gottstein et al. [1997], Metzger et al. [2002], Livne and
Meirovitch [1988], Baumgéartner and Muthukumar [1991], Hegger and Grassberger
[1994], Binder and Paul [2008]) (MC) simulations, which offer treatments from a
microscopic viewpoint and are usually limited to short time scales for equilibra-
tion and to length scales in the 10 nm range (Binder [1995]). Structures usually
examined in experiments can be larger by one order of magnitude or more, calling
for an alternative approach. The first to develop one were Lau et al. [2002], em-
ploying surface physics and elasticity theory to construct a model that describes
the spreading of polymer droplets. Lau et al. [2002] also scanned profiles of latex
droplets adsorbed on silica using AFM. Recently, Araujo et al. [2008] developed a
simple computer model according to which a polymer droplet is conceptualized as a
spherical spring matrix, with each spring representing a polymer segment between
two crosslinks. Two types of forces were introduced in their algorithm, governing
the droplet’s wetting behaviour: elastic forces between crosslinks and attraction
forces between each crosslink and the substrate. Araujo et al. [2008] tested their
model with success against the experimental data of Lau et al. [2002]. Engqvist
et al. [2007] performed similar experiments to those of Lau et al. [2002], investigat-
ing statics as well as dynamics of spreading. They borrowed the theoretical model
of Lau et al. [2002] not for the purposes of testing it against their own experiments,
rather for illustrating its mathematical consistency, unlike Lau et al. [2002], who did
compare their theory against experiment. The comparison essentially comprised
the following steps: Given the droplet size and AFM-measured height, the droplet’s
contact angle with the substrate was deduced by geometry; the contact angle was
substituted into their theoretical model to produce a value for the spreading pa-

rameter as a function of the elastic modulus of the droplet; given the spreading
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parameter, Young’s law and the Dupré adhesion equation (Dupré [1869]) were com-
bined to deduce the adhesion energy; the adhesion energy was used in conjunction
with the Johnson-Kendall-Roberts (JKR) theory (Johnson et al. [1971]) to predict
the droplet-substrate contact radius; ultimately, this prediction was compared to
the AFM-measured contact radius, and the theoretical model was thus assessed.

I have the following reservations regarding this method: 1. For the stage of
recovering the spreading parameter, the droplet’s Young’s modulus was required.
That was obtained from mechanical testing of macroscopic polymer films made
up of such close-packed droplets; however it is not at all obvious (also noted by
Lau et al. [2002] themselves) that the modulus of a film corresponds to that of a
droplet. In assemblies of small-scale-sized objects or structures that introduce a
large amount of interface (such as the aforementioned array of close-packed droplets
comprising the polymer film) the surface-to-volume ratio becomes significant, caus-
ing the global properties to deviate from those of the constituents. Dingreville et al.
[2005] and references therein offer material in support of this argument. 2. For
the stage of deducing the adhesion energy, Lau et al. [2002] employed Young’s law
and the Dupré equation, both of which ignore any effects of elasticity altogether.
In a sense, this step defeats the original purpose of the model by treating the ad-
hesion energy as independent of elastic effects (it should, however, be recognized
that the value attributed to the spreading parameter, from which the adhesion
energy followed, incorporated both surface and elastic effects). 3. A final reserva-
tion concerns the use of AFM-measured contact radii. Measurements in the lateral
direction potentially bear considerable uncertainty due to AFM tip convolution
effect, therefore it would have been preferable to deduce the contact radii from
geometry, given the droplet sizes and measured heights.

The above was motivation to seek a way of utilizing such a theory more soundly.
I redeveloped in detail the model introduced by Lau et al. [2002], to produce a
free energy equation which differs somewhat from theirs due to minor algebraic
discrepancies in calculations (resulting in different coefficients in the equation of
the elastic contribution to the system’s free energy.) For the first time in the
literature has such a theory been employed to predict an effective elastic modulus
for adsorbed droplets of a range of nanoscopic sizes (5 — 100 nm) from their AFM-
measured heights (experiments of Lau et al. [2002], Engqvist et al. [2007], and
Glynos (Evangelopoulos et al. [2012])). Through a continuum theory approach, as
opposed to a microscopic theory, the model was not confined to a particular type
of polymeric material, as is, for example, the case with the work of Araujo et al.

[2008], where their computer code specifically models the cross-linked elastomeric
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structure. We offer an extensive discussion of our findings. These findings carry
implications for the appropriateness of such a (continuum) theory for meso- and
nanoscale systems and demonstrate its strengths and limitations as we approach
nanodroplets of single chains.

When it comes to nanoscale droplet spreading, line tension has been one the of
the most popular correction terms to the classical Young’s law. Indeed, a proper
thermodynamic account involves not only bulk and surface contributions to the free
energy of the system, but also a contribution related to the three-phase contact re-
gion; and the smaller the length scale concerned, the higher the relative contribution
of the latter to the total free energy. One of the first documented references of line
tension came with a footnote by Gibbs in one of his papers (Gibbs [1961]), where
he introduced it as a lower-dimension analogue of surface tension, with the distinc-
tion that not only positive but also negative values are observable. Line tension
has since attracted much theoretical (Rowlinson and Widom [1982], Toshev et al.
[1988], Toshev and Avramov [1993], Getta and Dietrich [1998], Dobbs [1999]), com-
putational (Bresme and Quirke [1998], Ingebrigtsen and Toxvaerd [2007], Werder
et al. [2003], Djikaev [2005]), and experimental (Gaydos et al. [1990], Toshev et al.
[1988], Li [1996], Wang et al. [2001], Pompe and Herminghaus [2000]) attention,
creating at the same time a lot of controversy, not just over its sign (Rosso [2005],
Amirfazli and Neumann [2004]), but also over its definition and what has been at
one time or another perceived by the concept (Schimmele et al. [2007], Schimmele
and Dietrich [2009]) including arguments, in the extreme case, for its redundancy
(Ward and Wu [2008]), provided other effects and trends that influence spreading
are properly accounted for. It seems that the consensus is currently led towards the
view that line tension is more complicated than what originally thought of (Schim-
mele et al. [2007]) and its measurement is extremely sensitive to the details of the
model employed (Schimmele et al. [2007]) and experimental procedure followed (Li
[1996]), even for a simple liquid. Only a couple authors have yet attempted to study
the three-phase contact line in polymeric systems (Liu et al. [1999], Vandecan and
Indekeu [2008]), and they do not deal with pure polymers but chains in solution or
colloidal suspension. The problems that arose with incorporating line tension into
the present model are reported in the relevant discussion sections. While I am not
dismissive of the possibility of line tension effects altogether, treating them goes
beyond the scope of this work. It is, however, quite telling, having mentioned the
above, that the model predicts reasonable results down to ~ 10 nm without taking
line tension into account.

Scale invariance does not absolutely hold regarding (intrinsic) properties of ma-
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terials. Specifically the elastic modulus, which concerns the present study, has
been shown, not just for polymers, to become size-dependent in the vicinity of the
nanoscopic scale, through both experiment (Cuenot et al. [2003, 2000], Chen et al.
[2006], Shin et al. [2006], Tan et al. [2007], Villain et al. [2002], Salvadori et al.
[2003], Nilsson et al. [2004], Kopycinska-Muller et al. [2005], Xiong et al. [2006])
and theory (Streitz et al. [1994], Shenoy [2005], Zhou and Huang [2004], Widom
[1991], Miller and Shenoy [2000], Yang and Zhao [2007], Villain et al. [2004], Gu
et al. [2007]), supporting either stiffening (Cuenot et al. [2000], Chen et al. [2006],
Shin et al. [2006], Tan et al. [2007]) or softening (Villain et al. [2002], Salvadori et al.
[2003], Nilsson et al. [2004], Kopycinska-Muller et al. [2005], Xiong et al. [2006])
with decrease in size. As a result, nanoscale-sized materials do not exhibit the
behaviour anticipated through an analysis of their macroscopic counterparts. And
polymers are a marked example (Forrest and Dalnoki-Veress [2001], Alcoutlabi and
McKenna [2005]). Whereas most investigations on polymers have focused on glass
transition temperature (Ellison and Torkelson [2003], Alcoutlabi and McKenna
[2005]) and structural relaxation (Akabori et al. [2003], Priestley et al. [2005]), their
elastic properties —especially of compliant polymers— have received less attention
(Torres et al. [2009]), owing to experimental challenges, such as the measuring in-
strument’s poor sensitivity (Pharr and Oliver [1992], Miyake et al. [2006]), imaging
resolution (Du et al. [2001]), and its interaction with the sample (Briscoe and Se-
bastian [1996]). Polymer molecules have an associated characteristic size, the r.m.s.
end-to-end distance, which scales as a rational power of the polymerization index.
This inherent length scale introduces the possibility of chain confinement effects
as the system size becomes smaller than the unperturbed molecular size (Forrest
and Dalnoki-Veress [2001]). Confinement effects, deformation-induced structure
rearrangement effects (Amitay-Sadovsky et al. [2002]), and substrate interactions
(Tsui and Pharr [1999], Miyake et al. [2006]), are key mechanical interactions that
cause the elastic modulus to deviate from that of the corresponding macroscopic
system. The present model provides a step towards estimating the elastic modulus
via a non-invasive experimental procedure, therefore avoiding a plethora of errors
associated with mechanical testing and shedding light on the relation between the
material’s response and intrinsic effects. The benefits of non-mechanical testing
are acknowledged by Torres et al. [2009]. Examination of the elastic modulus of a
purely polymeric substance of spherical geometry has not been previously under-
taken, except by Ishikawa et al. [2004], who used the direct peeling method with
atomic force microscope tip (DPAT) to separate spherical polymer aggregates from

a resist pattern and deduced the elastic modulus from the separation force, poten-
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tially involving the aforementioned drawbacks of mechanical testing, however. Thin
films have received the most attention and considerable work has also been done on
small molecules in nanoporous structures (Alcoutlabi and McKenna [2005], Forrest
and Dalnoki-Veress [2001]). Glynos et al. [2009] measured the Young’s modulus of
the shell of microspheres used as ultrasound contrast agents in medicine, reveal-
ing a decreasing Young’s modulus with increasing size, converging to the expected
value for the macroscopic material. Very few authors have investigated individual
nanofibers: Tan et al. [2005] examined nanostructural and elastic properties but
of a size too large for size effects to be observed; Shin et al. [2006] examined the
size-dependency of elasticity and found that the elastic modulus increased expo-
nentially with decreasing fiber diameter below 70 nm; Burman et al. [2008] set
the upper limit at 500 nm for observable size dependency, however via a different
mechanical testing method.

The rest of Part I is structured as follows: A detailed exposition of the theoret-
ical model is given in Chapter 3, arriving at a free-energy equation which describes
the equilibrium state of adsorption. Chapter 4 sees the application of the model
on experimental work by Lau et al. [2002] and Engqvist et al. [2007], dealing with
50 — 100 nm droplets. Chapter 5 repeats a similar process for the experiments of
Glynos (Evangelopoulos et al. [2012]), dealing with 5 — 50 nm droplets. Results
and discussion sections are given separately relevant to each set of experiments in

the respective chapters. A brief conclusions Chapter 6 brings Part I to a close.
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Theoretical Model

3.1 Geometrical considerations

The geometry of the system is illustrated in Fig. 3.1, where the undeformed spher-
ical droplet (not to scale) is superimposed on the deformed droplet, adsorbed on
the substrate. Ry is the radius of curvature in the undeformed state (e.g. when
suspended in the same medium); R, the radius of curvature in the adsorbed state
(cap radius); p is the horizontal radius of the cap from the spherical symmetry
axis; h is the height at the apex; 6 is the contact angle between the solid-polymer
and polymer-air interface. h and 6 can be used equivalently as a measure of de-
formation upon adsorption, during which the droplet’s volume remains constant
by assumption of the polymer’s incompressibility (Brown [1999]). The effect of
gravity to be negligible compared to surface and elasticity effects in the given size
range (< 100 nm), in other words, the adsorbed cap retains a spherical shape. The
condition for this to be true is that h be less than the capillary length (Widom
[1995]) which is fulfilled in the present case. The volume, Vep, of the adsorbed cap

may be found by elementary calculus:!

0
Viap = / mp2(h)dh
h

RS
= % [cos® 0 — 3 cos 6 + 2] (3.1)

Incompressibility means V., = Vi, where 1} is the volume of the same droplet in

the undeformed state, and leads to a few useful relations (for which it is required

Detailed derivation in Appendix A.

37
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polymer particle
deformed into spherical cap

A dh = R d8 sinf
: undeformed spherical
substrate \ polymer particle
(x-y plane
or z plane)

Figure 3.1: Undeformed spherical polymer droplet (blue; not to scale) superim-
posed on deformed spherical polymer cap (black) adsorbed on substrate. Ry is
radius of curvature in undeformed state; R is the radius of curvature in adsorbed
state; p is the the horizontal radius of the cap; h is the height at apex; 6 is the
contact angle between solid-polymer and polymer-air interfaces.
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that @ € (0, 7), so that infinities are avoided):

AR3
3 0
= .2
i cos30 — 3cosh + 2’ (3:2)
giving R as R(Ry,0), or,
4R3 + h3
R= —ghQ , (3.3)

giving R as R(Ryp, h), from the geometric fact of cosf = (R — h)/R, which, itself,

may be re-expressed as

(3.4)

if Eq. (3.3) is applied to it.

It is important to realize that Egs. (3.2) and (3.3) are basically geometric rela-
tions, bearing sphericality and incompressibility as the only physical assumptions.
They relate a sphere and spherical cap of equal volumes. Incompressibility, viewed
as a constraint in the context of the above geometrical construction, reduces the
degrees of freedom associated with the adsorbed state by one: given an initial Ry,
a compressible droplet’s adsorbed shape and size can be fully specified given R and
h (or 6, equivalently), which can be seen mathematically by Eq. (3.1), whereas an
incompressible droplet’s adsorbed shape and size can be fully specified given only
h (or 0, equivalently), seen by Eq. (3.4), which then becomes a measure of the
deformation suffered upon adsorption. Here, A is directly measured experimentally

by AFM.

3.2 Physical considerations

For our system, the polymer droplet residing on the solid and surrounded by air,

we write the condition for equilibrium in terms of the Gibbs free energy differential:
dG = dUg +dU; =0 (3.5)

dUg represents contributions from elastic deformation and dU; from interfaces, with
fluctuations about the equilibrium state. For a simple liquid droplet, dUg = 0,
and (3.5) becomes the classical Young’s law. Clearly, a polymer droplet behaves
differently, for any elastic deformation induced by interfacial effects results in stress
development across the bulk in opposition to that deformation, due to the material’s

elastic nature. In what follows expressions are constructed for Ug and U; in terms
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of parameters which physically characterize the system and its interactions with

the environment.

To construct Ug the normal to the surface (z) component of the adsorption-
induced deformation field of the droplet, u,(p), is first considered as a function of
the radial distance, p, from the centre of the (circular) area of contact between the

droplet and the substrate:

2
p

A(p) =0 = Ro |1 = /1= (o/Ro?| =8 (1~ 3.6

w.(p) =6 - Ry o] =0 (1- 55 (36)

0 = 2Ry — h is the magnitude of deformation at the centre. The middle section

of Eq. (3.6) follows by geometry,® while the right-hand side is simply a first-order

binomial approximation. Equation (3.3) allows one to express the contact radius,

p = a, as a function of the undeformed radius, Ry, and the height of the cap, h:

a= Rsinf

1/2
_ (AR RN [ (BB /
B 3h2 R

]R3 B2 1/2
_ (88 7 (3.7)
3h 3

From contact mechanics (Johnson [1985]), application of an external stress of the

form
o(p) = 0o(1 = p*/a®) " * + o1(1 = p*/a®)'/?, p<a, (3.8)

on the surface of a semi-infinite half-space elastic medium, creates the displacement
field

Ta 1
uz(p) = K_P oo + 501 (1 - 02/a2> ) (3.9)

which is of the form of Eq. (3.6), where Kp = (1]5—52) is a measure of stiffness,
Ep is Young’s modulus, and v is Poisson’s ratio. An advantage of considering a
theoretical stress field comprising terms of the form o(p) = o;(1 — p?/a*)" is that
it allows one to calculate analytic solutions for u,(p). The particular values of
n = —1/2 and n = 1/2 correspond to uniform normal displacement of the loaded
circle and Hertz pressure, respectively. The former is the pressure that would arise
on the face of a flat-ended, frictionless cylindrical punch pressed squarely against an

elastic half-space, while the latter is the pressure exerted between two frictionless

2Detailed derivation in Appendix A.
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elastic solids of revolution (Johnson [1985]). Comparing the geometrical argument
for the displacement field, Eq. (3.6), with the elasticity theory result, Eq. (3.9), in

terms of powers of p allows us to determine values for the coefficients oy and o;:
Kp ) a
og=—|—-—=—
0 ™ a 2R0

Kp a
01— — | —
! ™ Ro

From a generic definition of work an expression can be formed for the elastic energy

(3.10)

of deformation due to a stress field 0,(x) in the z-direction inducing a deformation
field u,(x) over an area D. x represents any point in the z plane, and k is a

proportionality constant (in keeping with linear elasticity):

://uz 0. (x)du.
/ / b, (x)dus

kul(x) = - [ o.(x)u.(x) (3.11)
2/, 2 /5

The above can be used as general formulae for the elastic energy required to attain
u,(x) given k or o,(x). With D being the circular contact area between droplet

and substrate, Eq. (3.11) can be conveniently re-expressed in polar coordinates:

/p 0 /(,5 p)pdidp

— / 0. (p)us(p) pip.

Using Egs. (3.6) and (3.8) (or (3.9)) and by change of variables®

UE:W/Oapdp[ao(l_pQ/QZ)-l/le( — P la?)! ] (1 - p*/(2Ry))

ratoy,  ma*do,  watoy

3R, 3 15R,

= ma*dog — (3.12)

3Detailed Derivation in Appendix A.
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Substituting in coefficients (3.10)

U= nasie [0 o | _mdlKe[d  a ] ma*0Kp[a
T |la 2R, 3Ry @ |a 2Ry 3 m | Ry
_ e Kefa
15R07T R()
da? 1 a
= Kp |0%a— —— + —— | . 3.13
P{ ¢ 2R0+10R3] (3:13)

Ultimately, substituting Eq. (3.7), Kp, and § into the above gives Ug in terms of
Ry, h, Ep, and v:

Epg
(1—v2)

= Ug =

(i 2y
o (8RS W2\'? (2R, —h) \\3 3
2Ry —h)?* (22— %) -

2 Ry

(3.14)

(3.14) expresses the contribution to free energy due to the droplet experiencing

deformation quantified by h, given Rj.

To construct Uy we firstly note that the excess free energy contribution due to

all interfaces can be expressed in an additive manner:
Ur = A+ (ysp — 75)0 (3.15)

A is the polymer-gas interfacial area with associated interfacial tension vp, and O
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is the polymer-substrate interfacial area with associated interfacial tension ~sp.

0=0
A:/ 27p(0) RO
6

=0
0
= 27?/ Rsin 0 RdO
0
0
= 27TR2/ sin 6df
0
= A = 21 R*[—cosb)}

= 27 R*(1 — cos¥),

and
O = 7(Rsin0)*.

Using Eq. (3.3) and geometry (Fig. 3.1) enables one to re-express the above in
terms of the undeformed radius, Ry, and the cap height, h:

AR3 3\ 2
A=2r (M) (1 — cosf)

3h2
AR3 4 h3\?
O:W(%) Siﬂ20
AR} + h3\? R—h
“Z”f(W) TR
ARS 4 13\ R—h\"
O‘”(T) e
AR3+h3
ARS + B3\ ? ( 352 )—h
= A=or (01" S N/ —
317 (5)
3h2

4R3+h3
O _ - (AR PN 2( 3h2 )h—hQ
-7 3h? (4Rg+h3)2
3h2
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ARJ+ h*\* [ (4R3+h® 2_h AR} + h?
3h? 3h2 3h2

AR3 + h3
02271'(1?0——‘[_)}1—71'}12

= A=27

3h?

STR2  2mh?
A: 0
= TE
TRy  wh?
O==r — 3

Finally, substituting A and O back into Eq. (3.15) yields

U — 8T R} . 2mh? N 8T R} B mh? B 8T RS B mh?
1= 35 3 PG 3h 3 sp 3L 3 Tsa
_ (87R} n mh? n 8T R}
Y gie 3 PG 3N sp

L 7h? n mh? B 8T RS
= 3 Ysp 3 rsG 3L YsG

ST RS 7h?
= ———— (—pac — 5P + 756) + —5— (2% — Ysp + 756)
3h 3
8T RS mh?
=— S 3 S
3 (5) + 3 (3vpa +5)
Am ., (2R,\ Am _, ho\?
- _ - - — 1
3ROS( : )+ 3R0(3’7PG+S) (2R0 , (3.16)

where S = v5 — (ysp + vp) is the spreading parameter defined in Subsection 2.1.5.
Equation (3.16) expresses the excess contribution to free energy due to the exis-
tence of interfaces. U; depends on the chemical nature of the interfaces involved,
quantified through ~vp and S, and also, being an extensive quantity, on the interface

sizes, quantified through Rq and h.
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3.3 Minimization

As the system approaches equilibrium, fluctuations of the droplet’s height, A, pro-
gressively decrease about an equilibrium value which minimizes free energy, ex-
pressed in terms of a set of parameters. We, therefore, minimize Eq. (3.5) with
respect to h, after inserting Eq. (3.14) and Eq. (3.16), to recover an expression

relating the equilibrium value of h to parameters Ry, vp, S, Ep, v:

8R3
dd E (2R — h)? (% — 5% B2 3\ 1/2
- D ( 3 3h2> —2(2R0—h> (___'_8_}%0)

dh (1 —12) e, sr3\'/? 3 3h
(=5 +5)
SR3 > sr3\/? > sr3)%/?
sero -0 (B -5 (5+5) (5+F)
4R0 2RO
n 8RS p2 sR3\ /2
+<—%—WS)<—?+3—£> STRES 2, o ia g
AR? 3z 3 )=

(3.17)

As mentioned earlier, when some geometrical facts were established, given Ry,
h uniquely specifies the geometry of an adsorbed state. In the physical context, Ry
may depend on the length and number of chains in a droplet, its density, and the
solvent conditions, while h depends (according to the present framework) on the
set of physical parameters vp, S, Ep, and v. For experimental situations where h
was measured reliably (AFM-measured) and vp, S, and v were known or estimated,
Eq. (3.17) was solved for Fp. Findings are presented in Chapters 4 and 5.

Following up from Eq. (3.9), where Ep was defined as Young’s modulus in
the context of the specific contact mechanics theory, it should be noted that in
real terms and in the context of the present experiments Ep can be interpreted
as a relaxation modulus. Upon adsorption, the viscoelastic polymer droplets are
given time to relax, during which the internal stress decreases. Ep will, therefore,

represent a relaxation modulus relevant to the time scale of each experiment.
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Chapter 4

~ 100 nm — sized droplets

4.1 Experiments of Lau et al. [2002]

4.1.1 Description

Lau et al. [2002] performed an experimental investigation of the spreading of ~
100 nm-sized isolated latex droplets on a silicon substrate at room temperature.
Using an AFM in contact mode, the equilibrium height of the adsorbed latex
droplets was measured. The latexes used were formed by a soft core of partially
crosslinked styrene-butadiene copolymer molecules, surrounded by a stiffer shell
made of carboxylic comonomers. The ratio of styrene to butadiene comonomers in
the core allowed for adjustment of the glass transition temperature, T, of the latex,
while the degree of crosslinking, quantified through the gel fraction, GF, allowed
for adjustment of the elastic modulus of the core, though the relation between
GF and elastic modulus is not quantitative, because the crosslinking reaction is

accompanied by chain scission.

Table 4.1 contains data provided by Lau et al. [2002] that were used in the
present investigation. Columns, from left to right, display: name of latex, in
the form SB-(Ty)-GF; gel fraction, GF; glass transition temperature, T,; adsorbed
droplet height, h; droplet radius in the undeformed state, Ry; polymer surface
tension in air, vp; elastic modulus, Fy, of a polymer film of macroscopic dimensions,
formed by slow evaporation of the water of the latex suspension and exposing an

array of close-packed droplets adhering together by their shells.

47
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Latex GF (%) | Tg (°C) | h (nm) | Rp (nm) | vp (mJ-m~2) | Ey (MPa)
SB-(-2)-75 75 —2 26 87.5 53 0.63
SB-(11)-75 75 11 39 83.5 46 1.35
SB-(28)-75 75 28 49.5 83.5 48 1.92
SB-(-2)-92 92 2 46 74.0 54 0.6
SB-(-8)-43 43 —8 15.8 82.0 48 2.02

GF : gel fraction

Ty :  glass transition temperature
h: maximum height of adsorbed droplet
Ro @ radius of droplet in undeformed state
vp : surface tension of polymer in air
FEy\ o elastic modulus of macroscopic film

Table 4.1: Latexes in the form SB-(7,)-GF with properties as reported by Lau
et al. [2002].

4.1.2 Results

In order for our model, (3.17), to be employed for the prediction of the elastic
modulus, Fp, of the polymer droplets we also required values for the spreading
parameter, S, and Poisson’s ratio, v. As far as the Poisson ratio is concerned, a
good approximation is v = 0.5 for rubbery polymers (Riande et al. [2000]). As
far as the spreading parameter is concerned, it can be seen from its definition,
Eq. (2.5), that it was required to individually predict the surface tension of the

silicon substrate, vg, and the substrate-polymer interfacial tension, ygp.

Classical liquid-drop-on-surface and immersion calorimetry experiments (Buss-
cher et al. [1986], Douillard et al. [1995], Malandrini et al. [1997], Médout-Marere
et al. [1998]) lead to an estimate of 75 = 254 mJ/m? for the surface tension of a
freshly prepared, clean silicon surface, with a native oxide coating, always form-
ing on bare silicon exposed to oxygen-containing environment. This value is also
compatible with Portigliatti et al. [2000], where there is reference to the same

experimental system as with Lau et al. [2002].

To estimate the substrate-polymer interfacial tension, vsp, a mechanism is re-

quired that allows prediction of interfacial tension based on the respective surface
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tensions of the surfaces comprising the interface. There exist three basic semi-
empirical candidate models: the model of Girifalco and Good [1957], the oldest
and dating back to 1957; the model of Fowkes [1961, 1963], which came only a few
years later; and the model of van Oss, Chaudhury, and Good (van Oss et al. [1987])
(vOCG), a more modern take, of the late eighties. All three are based on the as-
sumption that surface tension is a direct measure of intermolecular interactions
in a given material, while the last two further assume surface tension as consist-
ing of independent additive components, each corresponding to a different type
of intermolecular interaction, for which reason they are known as surface tension
component (STC) models (for completeness, we ought to mention the most recent
improvement of the vOCG model (van Oss et al. [1987]) by Lee (Lee [2001]) in 2001,
whereby the basicity catastrophe is cured and the adsorbed vapour film pressure is
taken into account). Throughout this study all three will be used, each depending
on the available data for each set of experiments under examination (Lau et al.
[2002], Engqvist et al. [2007], and Glynos (Evangelopoulos et al. [2012])). For the
present case we employed the model of Girifalco and Good [1957]. It essentially
sums up the independent work of many authors (Freundlich [1922], Fowler [1937],
Fowler and Guggenheim [1939], Kirkwood and Buff [1949], Donahue and Bartell
[1952]) in the following statement:

M2 =n + 72 — 20(m)"?, (4.1)
where @ (precisely defined therein) is a ratio involving the energies of adhesion and
cohesion for the two phases involved, equal to a constant, and characteristic of the
system. In simpler terms, ® translates into a correction factor deviating from unity
to account for mismatch in intermolecular interaction type between the two media.
Carboxyl groups of the droplets’ shells carry both a basic (H-bond accepting) and
an acidic (H-bond donating) group, while styrene-butadiene of the soft core is
somewhat basic due to the m-bonds of the aromatic ring double bonds and of
the carbon-carbon double bond of the alkene group. Its cohesion is then brought
about by dispersive interactions as well as acid /base ones, which explains its fairly
high surface tension compared to most polymers. External carboxyl groups will
tend to bury themselves into the core so as to minimize the surface energy but
probably not all groups will have a chance to do that. The naturally oxidized
silicon substrate carries SiO, Si;O3 and other oxides, and is surrounded by a great
many silanol (OH—) and siloxane (R2SiO—) groups that make it acidic and basic

in the Lewis sense. As a result, the latex droplets will adhere well through H-
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Latex S (mJ-m~2) | Ep (MPa)
SB-(-2)-75 124.2 1.04
SB-(11)-75 122.5 3.07
SB-(28)-75 123.1 5.10
SB-(-2)-92 124.4 6.37
SB-(-8)-43 123.1 0.44
S : spreading parameter
Ep : elastic modulus of nanoscopic droplet

Table 4.2: Calculated data from our theory using Table 4.1 and literature-based
data.

bonds, dispersive and polar van der Waals forces, utilizing all of their intermolecular
force mechanisms, and the same will be true for silica. This means that we can
approximately set ® = 1 in (4.1) and express that as ysp = v5 + 1p — 2(757p)"/2.
Rewriting the spreading parameter, Eq. (2.5), in terms of the above gives S =
—29p + 2(75yp) /2, which was evaluated upon numerical substitution of 75 and p
for each droplet type (Table 4.1).

Having established all required parameters, h, Ry, vp, S, and v were substituted
into (3.17), which was solved with respect to Ep, for a prediction of the adsorbed
droplet’s elastic modulus. Table 4.2 summarizes all calculated data. Columns, left
to right, display: name of latex; spreading parameter, S; elastic modulus of the

droplet, Ep.

4.1.3 Discussion

As a preliminary test, Eq. (3.7) was employed to geometrically deduce the contact
radii of the adsorbed droplets, ageo, given their corresponding undeformed radii,
Ry, and heights, h, as reported in Table 4.1. The geometrical predictions, ageo,
are compared against the AFM-measured contact radii, a, of Lau et al. [2002] in
Fig. 4.1. For a tip considerably smaller than the object mapped, the AFM topog-

raphy will contain minimal artifacts revealing almost the real profile of the object.
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Figure 4.1: Comparison between geometrical predictions, age, (triangles), and
AFM-measured contact radii of Lau et al. [2002], a (squares), in support of spher-
ical geometry assumption for the adsorbed latex droplets.

However, in this case the tip radius of curvature is reported as 35 4 5nm (Portigli-
atti et al. [2000]), which is comparable in size to the measured nanodroplets, and
will, therefore, induce a significant convolution effect making apparent lateral sizes
larger. While the systematically larger (except one case, out of seven) experimen-
tally determined radii are attributed to the convolution effect, the clear qualita-
tive agreement supports the assumption of the spherical geometry of the adsorbed
cap-shaped droplet, precisely because the function ageo = geo(Ro, 1) (Eq. (3.7)) is
constructed based on that assumption. Viewing sphericality as a necessary, but not
sufficient, condition for equilibrium, the results of Fig. 4.1 suggest that equilibrium
is likely.

From the Ey; and Ep columns of Table 4.1 and Table 4.2, respectively, Fig. 4.2
can be generated. In comparing the two data sets, it is seen that the elastic moduli
of the macroscopic strips generally lie, in value, below those of the nanoscopic
droplets. The structure of the single droplet is different from that of the film,
which is made up of an array of close-packed droplets adhering together by their
shells, and one should not anticipate a direct comparison between Ey; and Ep.

Both Ey\; and Ep lie within the expected range for rubbery materials in gen-
eral, 10 — 10,000 kPa, to account for a range of chemical compositions, material
formation processes, ambient conditions, etc. As far as Ep is concerned, this is

encouraging because it means the model returns reasonable estimates. Kan and



22 CHAPTER 4. ~ 100 NM — SIZED DROPLETS

8 T T T T T
g 7| |
2 6l A ]
= A
3 o ‘
o 4} 4
e L
n 3 A 4
g L ]
8 2— B [ | T
> 1} A u i
L [ | [ | A )
O 1 1 1 1 1

SB-(-2)-75 SB-(11)-75 SB-(28)-75 SB-(-2)-92 SB-(-8)-43

Latex particle

Figure 4.2: Comparison between Ey; (squares) and Ep (triangles).

Blackson [1996] have specifically measured elastic moduli for a series of carboxy-
lated styrene-butadiene latex films and found it to be monotonically decreasing
from 1 GPa to 0.1 MPa with a temperature increase from —10°C to 150°C, a range
covering temperatures both below and above the glass transition temperature of
the latex.

The trend exhibited by Ey; as measured by Lau et al. [2002] is only generally
supported by the gel fraction, GF, and glass transition temperature, Ty, data for the
latexes, while the trend exhibited by Fp as calculated with the present model is in
complete agreement with GF and T,. GF corresponds to the degree of crosslinking
in the core, and is defined as the ratio of insoluble species remaining after swelling of
the droplets in a good solvent of styrene-butadiene copolymers (Lau et al. [2002]).
The larger the GF, the higher the degree of crosslinking and, hence, the stiffness of
the material, however not in a known quantitative fashion, because the crosslinking
reaction is accompanied by chain scission (Lau et al. [2002]). A higher T, also
increases stiffness. SB-(-2)-75, SB-(11)-75, and SB-(28)-75, all share the same GF,
therefore we can say that the increasing 7, is in accord with both Ey and Ep
increasing. A comparison between SB-(-2)-75 and SB-(-2)-92 should require the
latter to exhibit a higher elastic modulus. This is not seen with the measured Ey;
of Lau et al. [2002], but agrees with the prediction of EFp. As far as SB-(-8)-43 is
concerned, having the both the lowest T, and GF, it is expected to be the least stiff.
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Figure 4.3: Predicted moduli for the adsorbed polymer droplets plotted against
glass transition temperature for three structural classes: GF=43% (square),
GF=75% (circles), and GF=92% (triangle).

Indeed, this is observed with the smallest calculated modulus of EFp = 0.44 MPa,
but does not agree with Lau et al. [2002] Ey = 2.02 MPa. These inconsistencies
regarding SB-(-2)-92 and SB-(-8)-43 are attributed to the fact that £y refers to the
corresponding film, which, by construction, contains interface between the close-
packed constituent droplets, while the Fp calculated directly from AFM data is
completely compatible with the materials’ properties.

In Fig. 4.3, we offer Fp against T,, where we have divided points into three
classes based on GF. In the presence of more data we would expect GF=43% points
to generally lie in an area below GF=75% points, and GF=75% below GF=92%
points. This is generally observed with the few data at our disposal. Also, we
would expect a monotonic increase of Fp with increasing 7, within the same GF
class, which is observed with the few data of GF=75%.

All in all, data support that the equilibrium shape of a polymer droplet does
not depend only on surface forces, as for the simple liquid case, but is greatly
affected by the elastic modulus of the material. Data pertaining to the polymeric
droplets’ structure and material properties are in good numerical agreement with
the present model’s predictions. As a final remark following from the introductory
note concerning line tension, incorporating that as a one-dimensional analogue
of surface tension (Gibbs [1961]) in the present model while keeping the elastic

modulus constant at its bulk value resulted in unreasonably high predicted values,
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of the order of 10~8Jm™", 3 to 5 orders of magnitude larger than expected for

similar systems (Vandecan and Indekeu [2008], Seemann et al. [2001]).

4.2 Experiments of Engqvist et al. [2007]

4.2.1 Description

Engqvist et al. [2007] investigated the effects of temperature, time, and prepara-
tion method on the adsorption of isolated styrene-acrylic latex droplets on a silicon
substrate. Three types of styrene-acrylic latexes were used: L_o, Lsg, and Lgo,
the subscripts denoting glass transition temperatures of —20°C, 20°C, and 60°C,
respectively. Following evaporation of the solvent, these latexes received different
treatments during adsorption. One sample of L_oy was left for 1 week at room
temperature (RT), another was additionally ultrafiltrated (UF), while a third ul-
trafiltrated and left for 7 weeks at room temperature. One sample of Loy was given
48 hours to adsorb at room temperature, while a second a night at 105°C. Lgy was
left at 70°C for 60 hours. AFM imaging was performed at 23°C and 50% RH.
Samples, treatments, and all data provided by Engqvist et al. [2007] that we
use are summarized in Table 4.3. Columns, left to right, display: name of latex, in
the form Lz,, where T} is the glass transition temperature, followed by treatment
description; glass transition temperature, 7T; adsorbed droplet height, h; droplet
radius in the undeformed state, Ry; polymer surface tension in air, vp; Poisson’s
ratio, v; elastic modulus, )y, of a polymer film of macroscopic dimensions, formed
by slowly evaporating the water of the latex suspension and exposing an array
of close-packed droplets adhering together by their shells, measured exclusively at
room temperature (as opposed to the droplet spreading experiments, performed at
various temperatures). It is noted that the Ry values have come from dynamic light
scattering measurements of the droplets in diluted dispersions, where a reported
5% swelling compared to the dry state occurs, resulting in Ry carrying a small

positive error.

4.2.2 Results

In order for the continuum theory model, Eq. (3.17), to be employed for the pre-
diction of the modulus Ep, a value for the spreading parameter, S, was required.
To that end, the STC model of vOCG (van Oss et al. [1987, 1988a]) was em-

ployed, which the available data in this case deemed as appropriate. This model
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Latex Ty (°C) | h (nm) | Ro (nm) | vp (mJ-m~2) v | Enq (MPa)
(RT)
L_29 —20 39 98 40 0.5 0.2
RT, 1 week
L_o9 —-20 38 98 40 0.5 0.2

UF, RT, 1 week

L_29 —20 36 98 40 0.5 0.2
UF, RT, 7 weeks

Lao 20 97 t 89 40 0.5 12
RT, 12 h

Lao 20 86 1 89 40 0.5 12
RT, 48 h

Lao 20 51 89 40 0.5 12

105°C, overnight

Leo 60 59 107 40 0.5 1243
70°C, 60h
RT : room temperature
Ty :  glass transition temperature
h: maximum height of adsorbed droplet
Rp : radius of droplet in the non-adsorbed state
vp : surface tension of polymer in air
v : Poisson’s ratio of polymer material
Ey : elastic modulus of macroscopic film

t  From contact angles reported in Figure 2 of Engqvist et al. [2007], converted to heights through our (3.4).

Table 4.3: Latexes in the form Ly, and treatment (adsorption) conditions with
properties as reported by Engqvist et al. [2007].
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combines London dispersion, Keesom (dipole-dipole), and Debye (dipole-induced
dipole) forces into a single term, “LW” (Lifshitz-van der Waals), resulting in the
surface tension component v*W. Remaining surface tension contributions are at-
tributed to acid-base, “AB”, interactions, defined through v = 4™ 4+ 4B and
comprising two complementary kinds of behaviour, from acidic, v*, and basic, v,
groups, of which 74P is the geometric mean: 7*® = 2(y*y7)/2. Given that an
interface composed of two adjacent interfacial regions will have an associated in-
terfacial tension equal to the sum of the surface tensions of those regions as part
of the interface (Fowkes [1963]),

2=+ =2 [(WV Y2+ ()Y + (iv3) V] (4.2)

Regarding the substrate, the relevant literature is the same as with Lau et al. [2002],
who also used a silica substrate (Busscher et al. [1986], Douillard et al. [1995],
Malandrini et al. [1997], Médout-Marere et al. [1998]), leading to the following
values of surface tension components and total surface tension: &V = 39 mJ -

m %y =172mJ-m? ; 95 =78 mJ-m %95 =254 mJ-m >

Styrene-acrylic latex of the droplets, on the other hand, suggests almost exclu-
sively basic behaviour: the aromatic ring and double bond of styrene are slightly
basic, whereas the carbonyl groups of acrylate strongly basic. In this sense, the
latex should resemble a mix of poly(methyl methacrylate) (PMMA), polystyrene
(PS), or poly(tert-butyl-acrylate) (PtBA), and its v~ should be significant, while
should be next to zero (Lee [1996], Madani [2005]). Given the total surface tension
(Engqvist et al. [2007]) and an average v~ /v ratio of like polymers (Lee [1996]), we

25 4% =9mJ-m%9p =40 mJ - m2.

have: 75V =40 mJ - m %98 ~ 0 mJ-m~
Rewriting the spreading parameter, (2.5), in terms of the vOCG model, (4.2), gives
S = =2v+2 [(VEVAEY)2 + (v 95) % + (75 75) /2], which can be evaluated after

numerical substitution of the aforementioned tensions.

Having established all required parameters, h, Ry, vp, S, and v were substituted
into (3.17), and solved with respect to Ep, for a prediction of the adsorbed droplet’s
elastic modulus. Table 4.4 summarizes all calculated data. Columns, left to right,
display: name of latex, in the form L_op; spreading parameter, S; modulus of the

polymer droplet, Ep.
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S
EDZ

spreading parameter

Latex S (mJ-m~2) | Ep (MPa)
L_2o 78 1.15
RT, 1 week
L_99 78 1.08
UF, RT, 1 week
L_29 78 0.95
UF, RT, 7 weeks
Loo 78 6.62
RT, 12 h
Lao 78 5.72
RT, 48 h
Loo 78 2.89
105°C, overnight
Lo 78 2.22
70°C, 60h

elastic modulus of nanoscopic droplet at treatment temperature

o7

Table 4.4: Calculated data from our theory using Table 4.3 and literature-based

data. N.B.: Ep refers to treatment temperature and time scale.
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Figure 4.4: Comparison between geometrical predictions, age, (triangles), and
AFM-measured contact radii, a (squares), of Engqvist et al. [2007] in support
of spherical geometry assumption for the adsorbed latex droplets.

4.2.3 Discussion

In the same spirit as with the analysis of experiments of Lau et al. [2002], (3.7) was
used to geometrically deduce the contact radii of the adsorbed droplets, given their
corresponding undeformed radii, Ry, and heights, h, reported in Table 4.3. Our
geometrical predictions, age,, are compared against the AFM-measured contact
radii, a, of Engqvist et al. [2007] in Fig. 4.4 (we omit the ‘Lyg RT 12 h’ sample,
for which no measured contact radius is provided). As was the case with the
experimental data of Lau et al. [2002], the clear qualitative agreement supports
our assumption of spherical geometry of the adsorbed cap-shaped droplets.

Ry, h, E\, and Ep data are collected in Table 4.5 for convenience of comparison.
As previously mentioned, a reported 5% swelling compared to the dry state occurs
in dispersions, resulting in Ry carrying a small positive error. This means that
for a given measured h the calculated Fp carries a small negative error, as the
calculations assume larger strain under given surface forces. We, therefore, expect
the droplets to be slightly stiffer than what we report. Specifically for the present

range of sizes, +5% systematic error in Ry will result to about —5% to —10%
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FEy o
ED :

Latex h (nm) | Ro (nm) | Eyv (MPa) | Ep (MPa)
(RT)
L_og 39 98 0.2 1.15
RT, 1 week
L_29 38 98 0.2 1.08
UF, RT, 1 week
L_og 36 98 0.2 0.95
UF, RT, 7 weeks
Log 97 89 12 6.62
RT, 12 h
Loag 86 89 12 5.72
RT, 48 h
Loo 51 89 12 2.89
105°C, overnight
Leo 59 107 1243 2.22
70°C 60h

maximum height of adsorbed droplet

radius of droplet in the non-adsorbed state

elastic modulus of macroscopic film at RT

elastic modulus of nanoscopic droplet at treatment temperature

29

Table 4.5: Collecting data from Engqvist et al. [2007] and our calculations. N.B.:

E)\p refers to RT, whereas Ep to the treatment temperature and time scale.
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systematic error in our calculated Ep. Bearing that in mind, all calculated moduli
fall within the expected range for rubbery materials in general, 10 — 10,000 kPa.

At this point it ought to be stressed that polymeric systems can never be purely
elastic or purely viscous, and their modulus will in fact be associated with a time
scale (Ferry [1991]). Some observations discussed in the following paragraph relate
to that fact. Also to be noted is that, whereas the actual AFM measurements
were performed at RT, the adsorbed conformations and all AFM data for that
matter correspond to the (higher) treatment temperatures, at which the conforma-
tions “froze” upon return to RT in a time frame much shorter than the material’s
relaxation time.

In the L_5 series of 1 week, the ultrafiltration process leads to lower moduli,
i.e. samples filtered from surfactants will adsorb more spontaneously, seen from
a slightly reduced Ep. Comparison of the heights of the two ultrafiltrated L_og
samples indicates the existence of viscous effects, though weak, even for as long as
7 weeks after initial deposition of the sample, bringing about a very slow change of
conformation towards a state of increased wetting, and portraying the association
of larger time scales to lower elastic moduli. The effect is more prominent with the
Loy sample of RT, pertaining to much shorter time scales of 12 and 48 hours, which
resulted in the calculated 6.62 MPa and 5.72 MPa elastic moduli, respectively.

Investigating the effect of temperature, the Ly of 12 hours at RT may be com-
pared to that of overnight exposure at 105°C. The substantial impact of exposing
a sample to an environment of 85°C above its T, is only evident. Within a time
scale of the order of 10 hours, the elastic modulus is brought down to 2.89 MPa,
compared to the 6.62 MPa of the RT treatment.

Comparisons can also be made between droplets across different samples. For
example, comparing Log to L_sy on the basis of them having similar Ry, the higher
Ep of Loy is in agreement with the higher measured h. In a similar spirit, the
Log of 105°C may be compared to Lgy on the basis of their similar h. Lgg being of
greater Ry implies more spreading, which is in agreement with our calculated lower
Ep. These comparisons illustrate the mathematical consistency of our model.

A comparison incorporating both temperature and time effects could be made
between L_oy and Lgg. The former is treated at over 40°C above its T, compared
to 10°C for the latter, and for much longer periods, justifying its lower Fp. Given
that the two samples are not very dissimilar in size, their difference in Ep is also
manifested through their difference in h, L_9 experiencing more spreading.

Regarding a comparison between F); measured by Engqvist et al. [2007] and Ep

calculated from the present model, such can only be made for the L_5y sample, since
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the relevant experiments for the derivation of both quantities have been performed
at equal temperatures. It is seen from Table 4.5 that the droplet appears stiffer than
the film, in consistency with the trend observed with Lau et al. [2002] experiments,

where almost all droplets appeared stiffer than their corresponding films.
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Chapter 5

5—50 nm — sized droplets

5.1 Experiments of Glynos (Evangelopoulos et
al. [2012])

5.1.1 Description

Linear polybutadiene (PB) polymer chains of two different molecular weights,
79 kg/mol and 962 kg/mol were dissolved in an appropriate volume of toluene
in order for the solutions to maintain concentrations well below the critical overlap
concentration, ¢* (¢/c* ~ 0.3). Toluene was used as received (Fisher Scientific,
Loughborough, UK). In a typical experiment, a freshly cleaved mica surface (Agar
Scientific, Essex, UK) was incubated to a polymer solution for several hours. The
mica surface was removed from the solution and placed in 100 ml toluene bath
for 24 h and then rinsed exhaustively with 100 ml toluene to ensure the removal
of non-adsorbed PB chains. Subsequently, the samples were dried gently with a
stream of nitrogen. The resulting polymer structures were investigated by atomic
force microscopy. The PicoSPM (Agilent Technologies, California, USA) was used
operating in tapping mode in air. Commercially available SizN, (MikroMasch,
Talinn, Estonia), rectangular cantilevers, with a spring constant of 1.75 N/m and
resonance frequency of 130 — 160 kHz were used. The cantilevers were oscillated
5% below their natural resonant frequency and during imaging moved in a raster
fashion. Each sample was imaged at several different areas.

The size of the polymeric islands was determined by using the grain analysis of
the software Scanning Probe Image Processor (SPIP, Image Metrology, Hgrsholm,
Denmark). It is well known that the AFM tip can make an object lying on a surface

to look wider due to the convolution of the geometry of the tip and the shape of
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the object being imaged. Glynos [2007] extensively discussed the influence of the
tip geometry on the apparent dimensions of an object imaged with AFM. Using
similar geometrical arguments and assuming again that the object is a spherical
cap (substantiated through AFM measurement of its profile) the real volume of
the object imaged was estimated from its apparent height, apparent volume, and
radius of the probe tip. Samples were repeatedly imaged at room temperature
over the course of weeks and significant changes in the adsorbed state were not
observed, i.e. the contact angle did not change. Figure 5.1 contains representative
AFM images.

5.1.2 Results

The PB of molar masses M, = 78 kg/mol and M, = 962 kg/mol corresponded
to measured volumes of V' = 159 nm?® and V = 1937 nm?, respectively (den-
sity ~ 0.83 gcm™3). The range of heights of adsorbed PB droplets was mea-
sured to be approximately 1 — 25 nm, corresponding to a range of volumes of
1,000 — 1,000,000 nm® and a range of undeformed radii 5 — 50 nm, spanned
through polydispersity and a variable number of chains in the aggregates. Vol-
umes were converted into undeformed radii (V' = 4/37R3), which, combined with
AFM-measured adsorbed heights, returned the Ep moduli through the theoretical
model, Eq. (3.17), given also: the surface tension of the polymer in air, yp, the
spreading parameter, S, and Poisson’s ratio, v. As far as the latter is concerned,
a good approximation is 0.5 for rubbery polymers (Riande et al. [2000]). ~p is
obtained from literature (van Krevelen and Hoftyzer [1976], Falsafi et al. [2007])
and S estimated through Fowkes’s model (Fowkes [1961, 1963]). This is similar in
spirit to the vOCG (van Oss et al. [1987]) model, yet considers an alternative force
repartition, specifically v = v¢ + 4, where v9 refers to the dispersion interaction
contribution (“apolar”) and 4P collectively to hydrogen bond (4*), dipolar, etc.
contributions (“polar”). The alternative to the vOCG model, (4.2), now is

M2 = 71+ 72 — 2(7ins) 2 — 2(A) 2
=M+ —20018) "% = 2(918) 7 — .. (5.1)

PB is formed by polymerization of the monomer 1,3-butadiene, a hydrocarbon
diene molecule. The derived polymer contains single and occasional double covalent
bonds along the backbone, and consists exclusively of C and H atoms. Due to the

small difference in electronegativity between C and H (0.35 in the Pauling scale)



5.1.

0.75

b Range'0 1.50 ym

EXPERIMENTS OF GLYNOS (EVANGELOPOULOS ET AL. [2012]) 65

Z Range: 10.52 nm

Y Rangeb 1.50 pm

-0.75

s b Range:O 1.50 pm

Z Range: 30.35 nm - Z Range: 16.34 V
) Mo = ey e e
RS i P e JE Ny
, 2 » - o -
e s o ) . = ’
e v . - . =
o e ¥ ' )
[ t"-" 4 .
£ E -
g 3 ptee Wemkate
o i = =3 = <
4 © . , »
- - -$ R ?
= 5 o
LA : e
- .
o L
= e ] -
o . - - T LQ—_Ft‘:‘ .
2 ? S .’ .
. 3 X Rang%: 6 pm

~ X RangDe: 6 pm

Figure 5.1: Representative topography (left) and phase (right) tapping mode AFM
images of linear PB particles on mica, which was freshly cleaved and immediately

exposed to the PB solution. Top: M, = 78 kg/mol; bottom: M, = 962 kg/mol.
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we consider the polymer approximately non-polar, therefore interacting mainly via
dispersion forces with the environment. In the context of Fowkes’s theory this can
be stated as 7p ~ 8. Specifically, 7p = 32 mJ/m? (van Krevelen and Hoftyzer
[1976], Falsafi et al. [2007]), a value typical of hydrocarbons.

For mica (an extensive account of its surface properties can be found in the
work of Hu et al. [1995]), 7d = 30 mJ/m?~E = 90 mJ/m?; vs = 120 mJ/m?, with
vs simply being the sum of the dispersion (Schultz et al. [1977a], Bailey and Kay
[1967], Bailey and Price [1970]) and polar (Schultz et al. [1977b]) contributions, in
fair agreement with independently reported values of mica’s total surface tension
(Bailey and Kay [1967], Bailey and Price [1970], Christenson [1993]).

The spreading parameter, (2.5), written in terms of Fowkes’s model, (5.1), and
the previous assumption 7p ~ 74, illustrates that the interaction between mica and

1/2 ~ A similar conclusion

PB is governed by dispersion forces: S = —274 + 2(7¢48)
would be the product of an analysis from the perspective of the vOCG (van Oss
et al. [1987]) model (developed later in this article): the occasional double bond of
PB would render it with an ever-so-slightly basic character, while siloxane and other
groups make the mica surface mostly basic (van Oss et al. [1988b]), meaning that
any acid-base interaction cross terms between the two will be negligible compared
to the dominant Lifshitz-van der Waals terms. This fact also makes the value of S
more reliable in the context of contamination, which is hard to precisely take into
account: build-up of contaminants on a freshly cleaved mica surface would initially
mainly screen acid-base interactions, making the present analysis more tolerant
on contamination uncertainties. S can be evaluated following substitution of the
aforementioned surface tensions and components to give S ~ 0 mJ/m?.
Experimental data are graphically presented in Fig. 5.2, while calculated moduli
in Fig. 5.3.  Multi-chain aggregates of M,, = 78.8 kg/mol are represented by
the filled circular points, while multi-chain aggregates of M, = 962 kg/mol are

represented by the unfilled circular points.

5.1.3 Discussion

Overall, the multi-chain aggregates returned reasonable predictions for the elastic
modulus of PB. Points lie in the range from a few MPa to a few tens of kPa,
the majority being within 100 kPa — 1 MPa, exhibiting a decreasing trend with
increasing size. Dossin and Graessley [1979] report a stress relaxation plateau
modulus of 1.16 MPa at T' = 298 K corresponding to a time-scale of a few days.
Similarly, Hvidt et al. [1980] reports 0.66 MPa, Colby et al. [1987] 1.20 MPa, Fetters
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Figure 5.2: Height versus deconvoluted volume for 78.8 kg/mol multi-chain droplets
(filled circles) and 962 kg/mol multi-chain droplets (empty circles).

et al. [1994] 1.1 MPa, Carella and Graessley [1984] and Aranguren and Macosko
[1988] ~ 1 MPa, and Byutner and Smith [2002] a modulus in the range 10°—10° Pa
for time scales in the range 0.001 — 0.1 s for the melt state. It is expected that
the PB modulus bulk value is recovered for large enough droplet sizes where the
surface-to-volume ratio becomes negligible and the effective properties are governed
by classical bulk elastic strain energy (Sharma et al. [2002]). The reported elastic
moduli of Ishikawa et al. [2004], in the range of 10 —25 MPa for polymer aggregates
of a size range of 15 — 20 nm, are also an indication of what one should anticipate
in the relevant size range, however not to be compared directly against calculated
values for the experiments of Glynos (Evangelopoulos et al. [2012]), because the
polymer of Ishikawa et al. [2004] consists of hydroxystyrene as base and its modulus

has been measured by mechanical testing.

It should be noted that some values of the physical quantities used in the present
model (e.g. surface tension) come from literature without mention of the corre-
sponding uncertainty. Also, assumptions have been made (e.g. perfectly spherical
caps) of which the uncertainty is not obvious to quantify. Therefore, associating

error bars with the calculated Ep moduli is rather unreliable. However, judging
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Figure 5.3: Elastic modulus versus deconvoluted volume for 78.8 kg/mol multi-
chain droplets (filled circles) and 962 kg/mol multi-chain droplets (empty circles).
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from the results, it is anticipated that the accuracy of the predicted elastic moduli
is at least within the order of magnitude. In this context, much significance is not
attributed to the local maximum of the 962 kg/mol data.

In the PB experiments no change was observed in the adsorbed state even after
very long times (months in some cases). Given an entanglement molecular weight
of My, = 1.9kg/mol for PB (Rubinstein and Colby [2003]), it is argued that the
droplets of M, = 78.8kg/mol and M,, = 962kg/mol statistically contain 41 and
506 entanglement strands, respectively, held together by physical crosslinks which
prevent the material from flowing and lead to the observed elastic behaviour. One
manifestation of entanglement in long chains (M, >> M) is the near constancy
of the modulus in a stress relaxation experiment (Rubinstein and Colby [2003]).
The PB rubbery plateau region has a reported corresponding plateau modulus of
1MPa (Rubinstein and Colby [2003]), in agreement with the calculated range in
Fig. 5.3. The presence of more than one chains in an aggregate (approx. 6 —
70 chains in the 78.8kg/mol aggregates and 10 — 500 chains in the 962kg/mol
aggregates) reinforces the entanglement argument. An additional argument that
supports elastic as opposed to purely liquid behaviour of the PB nanodroplets
relates to chain packing and entropic elasticity. When a chain is stretched to
dimensions larger that its naturally attained root-mean-square end-to-end distance,
Ry, it reacts through an entropic force resisting stretching, due to its tendency to
increase its entropy. Similarly, when a chain is packed in dimensions smaller than
Ry it resists compression and exhibits effective elasticity (de Gennes [1979]). Given
an estimated Kuhn length of b = 9.64 for PB, corresponding to My, = 105g/mol
(Rubinstein and Colby [2003]), simple division gives N = 750 and N = 9162
Kuhn segments making up the 78.8kg/mol and 962kg/mol chains, respectively,
while the end-to-end expression, Ry ~ bN'/2, gives approximate characteristic
sizes of 720 nm and 8800 nm, respectively. These by far exceed the undeformed
dimensions of the PB nanodroplets, 5 — 50 nm, containing few to many chains
within (see above). Therefore, the effective elasticity is also supported through the
argument of packing. As a last point in the discussion for the legitimacy of treating
the PB droplets as elastic objects, the relaxation time of this polymer is discussed
(Rubinstein and Colby [2003]). The concept refers to the time it takes for a chain
or segment thereof to diffuse out of a tube-like region into which it is confined by its
environment (e.g. surrounding chains in a melt). The relaxation time is significant,
because it refers to a time-scale within which the chain’s motion is topologically
hindered by the surroundings and the material does not flow. Specifically for PB,

the relaxation time for a Kuhn monomer is {§; = 0.3 ns (Rubinstein and Colby
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[2003]). The relaxation time for an entanglement strand, &, scales as the square
of its length relative to the Kuhn monomer (Rubinstein and Colby [2003]), thus
for an entanglement strand containing N, = M, /My, = 18 Kuhn monomers
that will be & = & - N2 = 0.1 us. The whole chain will relax in a time given
by & = & - (N/N.)? (Rubinstein and Colby [2003], Milner and McLeish [1997]),
therefore the N = 750 (M, = 78.8kg/mol) chain will require £ = 7 us to relax,
while the N = 9162 (M,, = 962kg/mol) chain will require £ = 13 s to relax. Both of
these relaxation time estimates refer to scales shorter than those relevant to the PB
experiments (Evangelopoulos et al. [2012]). As these values refer to the bulk of a
melt, it is indicated that the effect of the substrate interactions (pinning) introduces
chain conformations that are difficult to disentangle, considerably increasing the
relaxation time near the substrate interface, due to confinement (Priestley et al.
[2005]).

Several sources in the literature are in agreement with the observed trend of an
increasing modulus with decreasing size: Miyake et al. [2006] evaluated the surface
and bulk elastic modulus of thick and thin polystyrene films, by AFM indentation.
Having eliminated the influence from the substrate material by indenting thick
films, they measured a surface modulus smaller than the bulk, one possible expla-
nation of which can be the existence of free space presented to the polymer segments
at the surface. For thin films, they found that the surface modulus increased con-
siderably with increasing deformation, suggesting an increased influence from the
substrate. This was explained by potential trapping/pinning of monomers against
the substrate, affecting the rest of the thin film above, which is a good candidate
explanation for the present observations also, where trapping would occur due to
the adhesion process itself. This pinning effect was also identified in the experi-
ments of Ge et al. [2000]. O’Connell and McKenna [2005] took the bubble inflation
of thin membranes biaxial test method (Green and Adkins [1970]) and scaled it so
that films of nanometer thickness can be tested. The important aspect of what they
did was the use of the imaging capability of the AFM to perform the measurement
of the deformation but not the indentation itself, thus avoiding contact mechan-
ics problems when the AFM is used as an indentation machine (VanLandingham
et al. [2001]). That work and a follow-up investigation (O’Connell and McKenna
[2006]) of supported polymer films of thicknesses from 276 nm to 13 nm revealed an
increase of stiffness by over two orders of magnitude at the smallest thickness, re-
covering the bulk value at around 200 nm to 300 nm. A smooth transition towards
the bulk value was observed with experiments of Tweedie et al. [2007], in agree-

ment with the trend in Fig. 5.3. Tweedie et al. [2007] applied contact loads over 5
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to 200 nm from the surface of amorphous polystyrene, poly(methyl methacrylate),
and polycarbonate. They observed that the apparent stiffness exceeded that of the
bulk by up to 200% independent of processing scheme, macromolecular structural
characteristics, and relative humidity, and attributed that to contact stress-induced
formation of a mechanically confined phase at the probe polymer interface. More
specifically, attraction toward and repulsion from the probe material would restrict
molecular mobility in the vicinity of mechanical contact with the probe. Balazs
et al. [2007] analyze this effect in terms of an enthalpic (intermolecular interac-
tions) and an entropic (stretching/alignment of chains with respect to the contact
surface) component. Recognizing that there was no probe-induced deformation in
the experiments performed by Glynos (Evangelopoulos et al. [2012]), it is argued
that the deformation due to adsorption on a substrate induces a very similar mech-
anism to the aforementioned. Lastly, an example of experiments indirectly related
to the elastic modulus size effect is provided: Priestley et al. [2005] analyzed the
structural relaxation of polymers near surfaces and interfaces. Relative to that of
the bulk, the rate of structural relaxation at the substrate interface was reduced by
a factor of 15, exhibiting a nearly complete arresting of relaxation, and implying
an increase of the effective stiffness.

Referring the reader back to Fig. 5.1, a relation between particle size and phase
signal is pointed out: Larger particles appear darker in phase image than smaller
particles. The phase signal is dependent on a number of factors, including vis-
coelasticity, adhesion, long-range forces and contact area (Cleveland et al. [1998],
Tamayo and Garcia [1996]), however the observation is compatible with the finding
of a decreasing elastic modulus with increasing size, through the contribution of
(visco-)elastic properties to the phase signal (Magonov et al. [1997]).

For single-chain droplets < 5 nm (data not shown), the present continuum
theory fails. Structures obtain a pancake-like shape.de Gennes [1976] Monomers
then become trapped / pinned against the surface, and, while the “modulus” (if it
be assumed legitimate for a moment to talk about modulus at that length scale)
ought to, therefore, be high, the theory predicts nonsensical values. This might
potentially be more than simply a limitation in size, that is revealed. It appears that
the presence of several, as opposed to one, chains in a droplet makes a difference in
its adsorption behaviour, as discrepancy is observed between multi- and single-chain
droplets of similar size: in the size range of 2.5 x 103 nm?® ——4x 103 nm?, aggregates
consisting of M, = 78.8 kg/mol chains exhibited adsorbed heights in the range
4.5 nm — —5.4 nm (Fig. 5.2) with corresponding moduli shown in Fig. 5.2, while
single chains of molecular weight M, = 962 kg/mol exhibited adsorbed heights in
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the range 1 nm — —4 nm (data not shown in graphs), which returned nonsensical
modulus values. This distinction between single chains and chain aggregates of
similar size is reinforced by the MC simulation results of Part II. The reader is
referred to Subsection 9.3.2 for the relevant discussion.

For completeness, reference is made to the effect of droplet size on surface
tension, introduced theoretically by Tolman [1948]. The surface tension of a droplet
of a single pure substance can be expected to decrease with decreasing droplet size.
This idea has not been taken on board for the following reasons: Firstly, a decrease
of the fluid-air interface tension means that spreading becomes more energetically
favourable, opposing our observed trend of increased de-wetting with decreasing
size (explained with an increased elastic modulus). Inclusion of a size-dependent
surface tension would, therefore, demand an even higher predicted elastic modulus
or some other effect to compensate for an increased wetting tendency. Secondly,
the effect of droplet size on surface tension becomes significant only when the
droplet size approaches or reaches the order 10™°m and the decreasing surface
tension function becomes steep only below 5nm (Xue et al. [2011]), which is the
lower limit in terms of the droplet sizes investigated in the experiments of Glynos
(Evangelopoulos et al. [2012]). Tt is thus justifiable to presently ignore the effect of
a varying surface tension. Perhaps, once the role of line tension is disambiguated, it
could be used in conjunction with a variable surface tension, as a future refinement.

As a final remark following from the introductory note concerning line tension,
incorporating that as a one-dimensional analogue (Gibbs [1961]) of surface tension
in the present model while keeping the elastic modulus constant at its bulk value
resulted in a size dependent line tension (increasing with decreasing size), a fact
nowhere reported in the literature to the best of my knowledge, except in one
case (Furuta et al. [2009]) where the opposite trend is observed (decreasing with

decreasing size).



Chapter 6
Conclusions

A theoretical treatment of the spreading of a polymer droplet on a substrate has
been considered. It was illustrated that the theoretical model under investigation
can be used as a non-invasive method of extracting an elastic modulus for the
droplet when an experimental measurement of its adsorbed height is available. As
an advantage, one avoids errors and complications involved in direct mechanical
testing. The significance of both surface and elasticity effects in the adsorption
behaviour of a polymer droplet was established, and the model’s limitations were
illustrated. All available experimental data supported the theoretical predictions.
Specifically: The experiments of Lau et al. [2002] dealt with styrene-butadiene latex
droplets of various gel fractions and glass transition temperatures in the ~ 100 nm
regime adsorbed on silica. The AFM-measured adsorbed heights confirmed the
assumed spherical shape and led to predicted elastic moduli of the anticipated
magnitude, given the material. Furthermore, these predictions and their trend were
in complete agreement with the gel fraction and the glass transition temperature
properties. The experiments of Engqvist et al. [2007] took into account different
glass transition and treatment temperatures, as well as treatment times in the
spreading of their styrene-acrylic latex droplets. All three parameters came into
agreement with the moduli predicted by the present model. The predicted moduli
pertaining to droplets of the work of both Lau et al. [2002] and Engqvist et al.
[2007] were, on the whole, of higher value than the moduli of macroscopic strips
of corresponding consistency. This was attributed to the difference in structure,
the strips being made up of an array of close-packed droplets adhering together
by their shells. As far as the experiments of Glynos (Evangelopoulos et al. [2012])
are concerned, AFM-measured adsorbed heights of PB on mica revealed a trend

of decreasing elastic modulus with increasing droplet size, progressively tending
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towards the bulk material value. This size effect is supported by the literature for
related systems, though a consensus has not yet been reached (Yang et al. [2010]).
It was the experiments of Glynos (Evangelopoulos et al. [2012]) that illustrated the
theory’s limitations. For droplets of radius ~ 5 nm or less, the theory predicted
nonsensical values. Also, between aggregates and single chains of similar size, the
former exhibited reasonable moduli, while the latter returned nonsensical values,
suggesting a difference in adsorption behaviour between such systems, and, hence,
the inapplicability of the present theoretical model for the single-chain type.

It was explained in the introductory note that consideration of a line tension
contribution in our model would go beyond the work of this article. However,
it is interesting to note at this point that the experimental nanoscale results were
shown to be interpretable by a moderate increase of modulus (as expected for these

nanometer-scale sizes) without the incorporation of line tension.
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Abstract

Polymer nanodroplets interacting with attractive substrates under poor solvent
conditions are investigated by means of a Monte Carlo (MC) simulation. Droplets
comprised single- and multi-chain architectures in different sizes. Different archi-
tectures of equal size were juxtaposed in terms of their state of adsorption for both
weakly and strongly attractive substrates. The simulations illustrated architectural
effects which brought out a distinction between single- and multi-chain droplets in

terms of their adsorbed dimensions.
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Chapter 7

Introduction

7.1 Background Theory

7.1.1 Physical Concepts

The size of linear chains can be characterized by their square radius of gyration,

defined as the mean square distance between monomers and their centre of mass:

N
R = % SO(R: — Bow)? (7.1)
i=1
where 7 is an index denoting the monomer.

In environments known as solvents, suspended polymer chains attain an isotropic
globular conformation with a radius of gyration which scales with the number of
monomer units, IV, as R, ~ N*, where p is the Flory exponent, characteristic of
the solvent quality and equal to 1/3 in poor solvent, 1/2 in theta solvent, and 3/5
in good solvent (Rubinstein and Colby [2003]). The solvent quality is character-
ized by p and determined by the chemical specificity of the solvent molecules with
respect to the chemical specificity of the polymer at a given temperature. This is
understood from the fact that the actual size that a chain attains in a given sol-
vent is determined by the competition between self-attraction (monomer-monomer
interaction in the solvent field) and thermal motion, in other words between the
lower potential energy of a compact conformation and the higher entropy of an ex-
tended/swollen configuration. This competition is present in every thermodynamic
system and is formulated through the minimization of the potential & = [ — T'Sg,
known as Gibbs free energy and previously defined in Section 2.1. The limiting

cases of poor and good solvents are called non-solvents and athermal solvents,
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respectively. Also, at some special temperature, called the ©-temperature, the po-
tential energy - thermal motion competition creates an environment that emulates
theta-solvent statistics (u = 1/2). These statistics also coincide with those in a
melt, i.e. a solvent whose molecules are identical to the polymer which is dissolves.

If the solvent quality deteriorates enough, a collapse transition from an ex-
tended (Fig. 7.1(a)) to a compact (Fig. 7.1(b)) conformation may occur. Given
that in good solvent the monomer-monomer interaction is dominated by short-
range repulsion, while in poor solvent the short-range repulsion competes with the
monomer-monomer attraction (in a given separation range), the transition from
the extended to the compact globular state can be viewed as a gas-to-liquid tran-
sition. If the presence of an attractive substrate is also considered, competition
between the lower potential energy near the substrate and the higher entropy away
from it may result in a transition from a desorbed (Fig. 7.2(a)) to an adsorbed
(Fig. 7.2(b)) state (Fleer et al. [1993], Jones and Richards [1999]). All in all, we
have an interplay between two possible transitions: from an extended to a compact
configuration, induced by varying the chain’s effective self-attraction (through the
solvent quality), and from a desorbed to an adsorbed configuration, induced by
varying the chain’s attraction towards the substrate (through the substrate type).
In three-dimensional space, the interplay between these possible transitions gives
rise to five! phases: desorbed extended (DE), desorbed collapsed (DC), adsorbed
extended (AE), adsorbed collapsed (AC), and surface attached/adsorbed globule
(SAG) (Bouchaud and Vannimenus [1989], Kumar and Singh [1993], Singh et al.
[1999]).

In order to make the above description more concrete, we introduce a parametriza-
tion through the reduced variables w = ¢°¥ and w,, = e#P (Mishra et al. [2003],
Rajesh et al. [2002], Singh et al. [2001]). If 5 is an inverse temperature, F the
attractive potential energy between two non-consecutive monomers, and F,, the
attractive potential energy between the surface and a monomer (both defined so
that greater values imply stronger attraction), then w and w,, are probabilities for
collapse and adsorption, respectively (N.B.: we define energies E and E, so that
greater values imply stronger attraction). As a consequence, a lower temperature
(greater /3) and a stronger monomer-monomer attraction (greater E) result in a
statistically more compact configuration, while a lower temperature (greater ) and
a stronger monomer-substrate attraction (greater Ey,) result in a statistically more

adsorbed configuration. At a given temperature, the interplay between E and FE,

Four in two dimensions, where the surface becomes a line and the adsorbed collapsed (AC)
state does not occur (Mishra et al. [2003]).
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(a) (b)

B

Extended state. Compact state.

Figure 7.1: (a) Extended and (b) compact states of a polymer chain.

(2) (b)

UL,

Desorbed state. Adsorbed state.

Figure 7.2: (a) Desorbed and (b) adsorbed states of a polymer chain.
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alone determines which of the aforementioned five phases the polymer chain will be
in, as all physicochemical properties, such as the chemical nature of the solution’s
constituents, are parameterized by these two energies. Specifically: if F and E,
are both small in magnitude, the polymer assumes a swollen, random-coil config-
uration (DE phase) with R, ~ N* and p = 3/5; if Ey, is small and E large, the
polymer assumes a compact globule configuration away from the substrate (DC
phase) with Ry ~ N* and p = 1/d in d-dimensional space; if E,, is large, the
polymer sticks close to the surface, with a finite fraction of its monomers attached
on it, while the rest transversely extend away from it. In this case, depending on
whether E is small or large, the polymer can be found in either the AE or AC
phase, respectively. In the former case, the size in the transverse to the substrate
direction scales as ~ N* where ;4 is the Flory exponent mentioned earlier in
d — 1 dimensions; in the latter case, the transverse size scales as ~ N1 ip
d-dimensional space (Rajesh et al. [2002]) —the AC phase does not exist for d < 3
(Mishra et al. [2003]). In three-dimensional space, such as with our simulations,
p' = 3/4, therefore the polymer growth rate transversely to the attractive surface
is lower in the AC than in the AE case, as expected. Lastly, the SAG phase is to be
thought of as intermediate between the DC and AC phases in terms of the degree
of affinity with the surface. Here, the polymer exists as a collapsed globule of finite
density attached to the surface. Its size in both the parallel and perpendicular to
surface directions scales as N'/¢, while the number of monomers in contact with
the surface scales as N@ 1/ in d dimensions. It is important to note that even
though the SAG is considered a separate phase, its surface energy density scales
as N~/2, and, therefore, vanishes in the thermodynamic limit, leaving it with the
same free energy per monomer as the DC phase (Singh et al. [2001], Mishra et al.
[2003]). This makes the transition between the SAG and the DC a surface transi-
tion. A qualitative phase diagram relevant to 3-dimensional space is presented in
Fig. 7.3.

As mentioned earlier, the solvent quality is dependent not only on the chemistry
between solvent and polymer, but also on the temperature of the system. In real ex-
periments, phase transitions may, therefore, be induced either by a change of envi-
ronment, such as evaporation of the solvent or introduction of an interface near the
polymer, or by a change in temperature. In computer experiments, such changes
are simulated by fluctuating £ and F,,, which parameterize not only monomer-
monomer and monomer-substrate interaction, but temperature, also. This is pos-
sible through an effective equivalence between E and 3, and E|, and [, which can

be seen mathematically from the products SE and SF, in the expressions of w and
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AC
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SAG

DE
DC
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Figure 7.3: Qualitative phase diagram depicting the five distinct available states,
desorbed extended (DE), desorbed collapsed (DC), adsorbed extended (AE), ad-
sorbed collapsed (AC), and surface adsorbed globule (SAG), for a polymer chain
in 3-dimensional space. Asterisks (*) denote critical values at which transitions
occur.
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wy, respectively. This means that neither E should be associated strictly with the
probability of collapse, w, nor E, strictly with the probability of adsorption, wy,.
Through their equivalence with temperature, varying E can also have an effect on
wy, while varying E, can also have an effect on w. For example, an increase in
(poorer solvent) will result not only in a more compact conformation but also in a
more adsorbed one, a fact observed in both real and computer experiments.

The parametrization in terms of F and F, explained in this Section conveniently
makes the connection with the parametrization employed in the present work’s
MC simulation, where the context of a specific random walk model allows for a

quantitative interpretation of w and w, in Section 8.

7.1.2 Computer Simulations and the Monte Carlo Algo-

rithm

Computer simulations have become an accepted form of experimentation in a sim-
ilar way that literal experimental investigation became an accepted form of re-
search following the historical period of science when the scientific process featured
a purely philosophical-theoretical character. Interestingly enough, and in contrast
to literal experimentation, the computer simulation plays a double role. The first
role is to serve as an experiment to be compared with theory, and there are a few
reasons that can make a simulation preferable to a real experiment. High complex-
ity of a real system is one: The ability to independently regulate different physical
effects that come into play during the course of an experiment is an advantage
of the simulation which is difficult to be had when dealing with a real system.
Other reasons that can make a simulation more appealing than a real experiment
can be cost, as well as the non-desirability of a real experiment. The results of
a nuclear reactor meltdown might be of interest, however the consequences of the
corresponding experiment not quite sought after. Lastly, some experiments are
simply not possible. We cannot reproduce the internal workings of a star or recre-
ate the universe. The second role of a computer simulation is that of a model to
be tested against experimental results. In case the model is proven successful, the
simulation can further offer insights towards the discovery of new results. The rela-
tionship between theory, simulation, and experiment is depicted in Fig. 7.4. Given
the increasing sophistication, processing capacity, and availability of computers,
the all-important role of simulations in the scientific method is more evident than
ever.

A main advantage of computer simulations is an environment free from inessen-
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Theory —— testtheory —— Simulation

Figure 7.4: Relationship between theory, simulation, and experiment.

tial details of real systems which may disguise essential features of the phenomena
under study. One can reduce the unnecessary complexity of a real situation to
an idealized model situation, where the fundamental features become evident. In
the present work’s context, an ideally flat, rigid, defect-free substrate of a simu-
lated experiment will allow a polymer chain to freely adsorb and attain equilibrium
conformation, whereas a rough, chemically heterogeneous substrate might hinder
or prevent equilibration altogether. For another example, a polydisperse polymer
sample in a real solution might introduce molecular-weight—dependent behaviour,
while a simulation can allow a perfectly monodisperse sample. It is not to be
assumed, however, that simulations are free of shortcomings. For example, only
short time-scales are available for equilibration and accessible length scales are in
the 10 nm range (Binder [1995]). What is more, not all properties of real systems
can be directly measured in a simulation. Conversely, most of the quantities that
can be measured in a simulation do not correspond to experimental data, for ex-
ample the instantaneous positions and velocities of all molecules of a liquid. The
bridge between computer data and useful data is statistical mechanics, which also
lies at the heart of a MC simulation. In what follows, we present the fundamental
algorithm.

In a MC simulation the evolution of a system is developed in such a way that it
does not proceed according to some pre-determined dynamical fashion (e.g. accord-
ing to Newton’s laws of motion), rather in a stochastic manner which depends on a
sequence of randomly generated numbers (relevant to Step 2 in the algorithm that

2

follows).” With a second, different sequence of random numbers, the simulation

20f course, truly random numbers are unpredictable in advance and can, therefore, not be
generated by any pre-composed algorithm; they can only be produced by some physical process,
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does not give identical results but yields values which agree with those obtained
from the first sequence to within some ‘statistical error’. The ultimate goal of the
MC method is to evolve the system to its thermodynamical equilibrium state. It is
emphasized that the stochastic manner by which equilibrium is approached renders
the meaning of time differently from, say, a MD-simulation context, where simu-
lation time corresponds to physical time. With MC, the system explores different
coordinates (microstates) of its phase space (Landau and Lifshitz [1980]) under the
requirement that transition to a future coordinate abides by the laws of statistical
mechanics.

It is simplest to introduce the fundamental algorithm (Metropolis et al. [1953])
through the example of a polymer chain. If r’V are the position vectors of all
monomers and U (rY) the energy of the corresponding configuration, then the prob-
ability of the system attaining that configuration is proportional to the Boltzmann
factor exp[—BU(r")] (Landau and Lifshitz [1980], Frenkel and Smit [2002]).

e Step 1: Calculate the energy of the configuration, U(r?).

e Step 2: Select a particle at random and give it a random displacement, r’ =
r+ A.

e Step 3: Calculate the energy of the new configuration, U (r'V).

e Step 4: Accept the new configuration with probability
min (1, exp{—BUE™) —UTV)]}). (7.2)

In terms of the MC code of this Thesis, U is determined by the monomer-monomer
and monomer-substrate interactions as defined in Section 8, while the displacement

may be any of the four types of local MC moves defined therein.

7.2 Literature Review

Macromolecules adsorbed on surfaces have and still receive a lot of interest. A
brief overview of computer simulation treatments of this topic is given through
influential references (in approximate chronological order), which are by no means

exhaustive of the literature.

such as radioactive decay. Series of truly random numbers have been recorded but would be very
cumbersome to use for Monte Carlo simulations. It is left to be said that the pseudo-randomness
of a numerical sequence produced by a computer is, indeed, one source of error in the simulation’s
results (James [1990]).
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One of the first documented simulations is that of DiMarzio and McCrackin
[1965]. One-dimensional chains without excluded-volume interactions in two-dimensional
space (square lattice) were treated using the MC method. The reflecting-boundary
method generated initial configurations of 50-, 100-, and 200-monomer chains, large
numbers of which were required in order to calculate reliable averages of the num-
ber of segments on the surface and the coordinates of the ends of the chains. These
quantities were studied as functions of the adsorption energy, and a main conclusion
of that early work was that an adsorbed polymer can belong to either of two classes
of behaviour: for strong adsorption, the molecule lies flat on the surface with per-
pendicular dimensions independent of molecular weight; for weak adsorption, the
molecule desorbs altogether. A year later, Bluestone and Cronan [1966] performed
a similar investigation of the adsorbed chain thickness as a function of the ad-
sorption potential, this time in three-dimensional space, where the monomers were
confined on the sites of a cubic lattice. McCrackin [1967] also extended his previ-
ous work (DiMarzio and McCrackin [1965]) to three dimensions, further adding the
excluded-volume effect along chains which now comprise up to 300 segments. The
number of segments on the surface and the coordinates of the ends of the chains
calculated in McCrackin’s previous work alter, here, considerably under strong ad-
sorption conditions, due to the excluded-volume effect: the fraction of segments
on the surface is reduced by a factor of about 2 and the average distance of the
end of the molecule from the surface is increased by a factor of about 2 for the
longest of chains. Clark et al. [1975] considered a lattice with a square-well po-
tential to describe the monomer-monomer and monomer-surface interactions. The
effect of solvent quality on the chain conformation was studied, revealing a ten-
dency for long tail formation protruding into the solution phase when the solvent
is good, and loop formation when the solvent is bad. Clark and Lal [1978] evalu-
ated the effect of surface coverage (regulated through the monomer-monomer and
monomer-substrate potential) on the configurational properties of adsorbed chains.
Properties considered included the dimensions of the adsorbate chains, thickness
of the adsorbed layer, fraction of the segments attached to the adsorbent plane,
and the density distributions of segments in the layer. Their study revealed only a
small dependence in the low and medium coverage regime, but a dramatic depen-
dence in the high regime. Eisenriegler et al. [1982] studied the influence of a hard
wall on the configurations of both ideal and non-ideal long flexible chains. Linear
dimensions parallel and perpendicular to the wall and the chains’ probability distri-
butions were studied, as well as the behaviour of monomers as a function from their

distance from the wall. In this seminal work, it was shown that polymer adsorption
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is related to a surface phase transition in magnetism, and that, in order to describe
the situation correctly, novel surface exponents must be taken into account. These
results were later used in scaling theory arguments (de Gennes and Pincus [1983]).
Kramarenko et al. [1995] investigated the adsorption of single chains of various
lengths (N = 16, 32,64, 128) and degrees of stiffness by MD. They calculated the
degree of adsorption through the fraction of surface-bound monomers, the radius
of gyration, and the average length of loops and tails. Their radius of gyration
calculations confirmed the scaling behaviour predicted by Eisenriegler et al. [1982],
while loop and tail statistics characterized the adsorbed morphology, to conclude
that stiffer chains adsorb more easily. Chremos et al. [2008] employed Langevin MD
to study: (a) isolated polymers on surfaces with various solvent qualities; (b) many
polymers on surfaces in good solvent; (¢) many polymers in bad-solvent conditions.
In going from (b) to (c¢), Langevin dynamics was appropriate for simulation of the
good-to-bad-solvent quench that occurred in real experiments upon evaporation
of the good solvent. Of particular importance, was the simulated reproduction of
the experimentally observed bimodal cluster distribution at low-to-moderate poly-
mer concentrations and over a broad range of adsorption potentials. Calculations
included the fraction of monomer units bound to the surface, the height of an
adsorbed polymer film, and the radius of gyration of an adsorbed polymer chain
consisting of 50, 100, and 200 beads. Ivanov et al. [2009] presented a compara-
tive study of the conformations of flexible and semi-flexible polymer chains under
variable solvent conditions tethered to a planar wall with both an adsorption po-
tential incorporating both a short-range square well and a long-range decaying tail
(~ r73). One aim was to construct diagrams of states (similar to Fig. 7.3) as a
function of temperature and adsorption strength and compare between the flexible
and semi-flexible cases. In general, no differences were found. Another aim was
to clarify the effect of flexibility on the adsorption-versus-collapse behaviour. It
was found that the effect was considerable, provided the chain was near the ad-
sorbing wall and under poor solvent conditions. The same year, Karaiskos et al.
[2009] simulated tethered chains under athermal solvent conditions, where the con-
formational characteristics and shape of the anchored chains were compared with
predictions from SCF'T.

Not only the statics, post adsorption, but the kinetics from a desorbed to an
adsorbed phase has received interest and revealed information about the adsorbed
phase itself. Metzger et al. [2002] studied this transition with a bead-spring model
of a polymer chain with one end permanently attached (tethered) to a surface

by means of a MC simulation. Chain lengths ranged from 16 to 256 monomers.
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The bead-spring interaction between monomers was realized through two Lennard-
Jones potentials (9-3 and 10-4). The authors concentrated on the transition from
a non-adsorbed configuration, where only one end was attached to the surface
(“mushroom configuration”), to a strongly adsorbed configuration, where the ma-
jority of the monomers were attached to the surface (“pancake configuration”),
through an intermediate adsorption-transition regime. Sikorski [2001] extended
the study of the adsorption transition to different molecular architectures. Lin-
ear chains were compared to star-branched and ring chains. He found that all
architectures obey scaling laws. Also, that weakly adsorbed ring polymers tend to
be considerably more adsorbed than linear and star, a difference which becomes
less pronounced as the strong-adsorption regime is approached. Morphological
details such as trains, loops, and tails, and their distributions for the above geome-
tries were presented subsequently in Sikorski [2002] and Sikorski and Romiszowski
[2005]. Descas et al. [2004] focused on the mean number of (linear) chain con-
tacts with the adsorbing wall, on the chain’s radius of gyration perpendicular and
parallel to the wall, on the probability distribution of the free end, and on the den-
sity profile for all monomers. This time by means of isothermal MD simulations,
Liu and Chakrabarti [2009] considered both homopolymer chain and “protein-like”
copolymer chain adsorption. Their results indicated that when adsorption was
strong enough, a scaling description of the adsorption mechanism worked well for
both good and poor solvent conditions. When, on the other hand, adsorption
was not strong enough, the chains adsorbed partially, and one needed to consider
effects of this partial adsorption in the scaling description. Heine et al. [2003],
using MD, studied the kinetics of spreading of very large hemispherical droplets
of 200,000 monomers, containing chains of length 10, 20, and 40 monomers. Such
large droplets allowed the simultaneous study of the bulk and precursor foot re-
gions. Starting from a hemispherical droplet, it was found that the precursor foot
forms immediately and spreads diffusively for each system where the surface in-
teraction strength is above the wetting—non-wetting transition. The bulk region
of the droplet was found to spread at a significantly slower rate. The effect of a
higher- N architecture resulted in the transition from non-wetting to wetting occur-
ring at higher adsorption potentials. Samsonov and Ratnikov [2006] also studied
spreading kinetics of nanodroplets. The total system size in this case was 3000
monomers, comprising many chains (polymer droplets), but also the extreme of
3000 nonbonded atoms (simple droplet). Kinetic curves for the first (lower) mono-
layer radius are analyzed for both types of nanodroplets. It was concluded that,

similar to macroscopic spreading, nanoscale spreading is characterized by different
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regimes. Polymer spreading kinetics are more complex, and different spreading
regimes cannot be always identified. A study involving multiple phase transitions
was undertaken by Rissanou et al. [2009]. The collapse from an extended to an
compact state under the attractive effect of a surface was investigated for rather
long chains, up to 5000 monomers (adsorption-versus-collapse transition). It was
shown that adsorbed polymer chains assume “globular” or “pancake” configura-
tions depending on the competition between adsorption strength, cohesive energy,
and entropy. Also, it was shown that the dependence of the adsorbate thickness on
chain length ranges between three-dimensional (hemispheres) and two-dimensional
(pancake) objects.

Milchev and Milchev [2001], Milchev and Binder [2001], and Milchev et al.
[2002] are of special relevance to the present work: The adsorption of polymer
melt sessile droplets, specifically homopolymer chain aggregates, was simulated on
a flat, structureless, solid, substrate of variable (attractive) potential, under poor
solvent conditions. The system was realized by a MC coarse-grained bead-spring
model, where the anharmonic springs representing bonds were described by the
finitely extensible nonlinear elastic (FENE) potential and the nonbonded inter-
actions were described by the Morse potential. The attractive substrate potential
was an inverse-cube function of distance. Milchev and Milchev [2001] experimented
with droplets of 4096 to 512 monomers for chains of length N = 32. It was found
that at weak adhesion the droplet contact angle grew steadily with the decrease of
drop size, ultimately leading to dewetting below a critical size. This led Milchev and
Milchev [2001] to incorporate a corrective term in the classical Young’s equation.
The corrective term is a function of line tension (as defined in Subsection 2.1.3)
that increasingly competes with the surface tension terms with diminishing droplet
size. This augmented form of the classical Young’s equation, known as the Gretz
relation, recovers the description of a size-dependent contact angle, as observed
with the weakly adsorbed drops of Milchev and Milchev [2001], for an appropri-
ate sign and magnitude of the line tension. For strong adsorption, on the other
hand, no size dependence of the contact angle was observed. While a treatment
with the Gretz relation is correct for sufficiently large drops, for nanodroplets the
discreteness of matter cannot be neglected and this continuum approach becomes
questionable. The smallest drops simulated by Milchev and Milchev [2001] con-
tained only 16 chains or 512 monomers and were seen to hover over the substrate.
The contact between drop interface and substrate ceased to exist and one could
say that the contact angle reached 180°, i.e. complete dewetting (if it is temporar-

ily assumed that it is legitimate to talk about contact angles at such small sizes).
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Although the long-range surface forces still kept this droplet in the vicinity of the
wall, its spherical shape was distorted and resembled rather a prolate ellipsoid.
This deviation from the cap-shaped spherical form suggested that a quantitative
description in terms of the Gretz relation is hardly possible. Qualitatively, how-
ever, their MC simulations supported a positive value for the line tension. Milchev
and Binder [2001] experimented with droplets of 2048 or 4096 monomers for chains
of lengths N = 16 and N = 32. The existence of a dewetting limit found in the
previous study was confirmed. Analyzing the capillary wave spectrum of the in-
terfacial fluctuations, the surface tension of the polymer was extracted. Via the
anisotropy of the local pressure near the wall, the wall excess free energy of the
polymer melt was found, and the Young equation was tested. Milchev et al. [2002]
experimented with droplets of 2048 monomers for chains of lengths N = 32 and
N = 16. They derived the surface tension and free energy in the same way as
previously. They showed that Tanner’s law for the kinetics of drop spreading holds
also on nanoscopic scales, and confirmed earlier predictions of the existence of a
precursor film with a transition region surrounding the spreading droplet. In spite
of the fact that these three works aim at answering different questions from the
ones set in this Thesis, a couple of indirect comparisons can be drawn between
their results and those of the present work (viz Subsection 9.3.2).

With exceptions such as Clark et al. [1975], Milchev and Milchev [2001], Milchev
and Binder [2001], Milchev et al. [2002], Ivanov et al. [2009], and Rissanou et al.
[2009], the majority of literature deals with polymer adsorption in good solvent
conditions. A principal reason is the deceleration of kinetics in a poor solvent
environment (Mukherji et al. [2008]), requiring considerably more simulation time,
which is already expensive for large systems such as polymers. The simulations
presented in this Thesis contribute to understanding the poor solvent case better.
The specific issue regarding the effect of the internal structure of the particle on its
state of adsorption (under poor solvent conditions) that this work addresses has,
to the best of my knowledge, not been dealt with in the literature.

The following review works are noted: Fleer et al. [1993], Eisenriegler [1993]
explain polymers at interfaces through both theoretical and experimental devel-
opments up to that date. Baschnagel et al. [2003] present a topical overview of
both MD and MC simulations utilizing simplified coarse-grained models. Specif-
ically, the focus is on bead-spring chains and either Lennard-Jones crystalline or
smooth impenetrable surfaces. Cases reviewed range from single-chain adsorption
from dilute solution, through sub-monolayer monomeric or polymeric lubricants, to

crystallization of dense polymer films. Binder and Paul [2008] give a brief overview
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of recent methodological advances made with the Monte Carlo sampling of equi-
librium properties of simple lattice models of polymer systems with representative
applications, one of which involves the adsorption transition and its interplay with
the collapse (coil-to-globule) transition. Descas et al. [2008] is another recent re-
view of scaling and computer simulation methods in the study of equilibrium and
dynamic properties of chains on surfaces under good solvent conditions. This re-
view concerns chains that are tethered on the surface and emphasizes the role of
critical parameters (viz the critical adsorption strength and cross-over exponent)
in a correct description and understanding of such polymer adsorption phenomena.

The rest of Part II is structured as follows: A description of the simulation
method is given in Chapter 8. Chapter 9 offers, combined, the simulation’s results

and their discussion. A brief conclusions Chapter 10 brings Part II to a close.



Chapter 8

Simulation Method

An ideal simulation method for polymers at interfaces would consider long chains
(N = 10%) with potentials being calculated from the simultaneous motion of all
nuclei and electrons (the Car-Parrinello method —Galli and Pasquarello [1993]).
However, such an approach is not feasible due to the large spread between sub-
atomic and molecular time scales. E.g.: a single chain of N ~ 103 in good solvent
requires a relaxation time of ~ 1079 s, while inclusion of the electrons requires a
time step of ~ 10717 s (Baschnagel et al. [2003]). The disparity of 11 orders of
magnitude simply cannot be covered by present day computers. What is more,
the total number of particles simulated (electrons and nuclei) is limited to some

hundreds or thousands.

A typical necessary simplification that was employed in the present simulation is
called coarse graining. This general scheme replaces the atomistic description with
a lower-resolution coarse-grained model that averages or smooths away fine details.
In the present case, each monomer was reduced to a point (though represented by
a spherical bead), constrained on the vertices of a three-dimensional cubic lattice,
which defined the simulation space, and associated with an effective contact poten-
tial which assumed a value depending on whether contact was made with another
monomer or the substrate. This choice of coarse graining is justified by the fact that
for uncharged linear polymers large-scale behaviour is governed by chain connec-
tivity, excluded volume interactions, monomer-monomer, and monomer-substrate
interactions, rather than bond length, bond-angle vibrations, and chemical speci-
ficity (Varnik and Binder [2009]). Next follows a description of how each of these

important effects were modeled.

The chain connectivity occurred along the cubic lattice, which had unit length

equal to the monomer-monomer bond length and can be thought of as an infi-
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nite half-space, bounded by the z = 0 plane. The polymer chains, however, were
constrained inside a simulation box of dimensions L x L x LZ, as a truly infinite sim-
ulation space would require infinite computer capacity. The box’s bottom surface,
the substrate upon which chains were adsorbed, coincided with the z = 0 plane and
the box’s vertical walls had periodic boundary conditions (PBC) imposed on them
in order to avoid confinement effects due to the presence of the walls; the bottom
and ceiling were impenetrable. L, LZ > 8 ~ 10 x R, is typically required (Rissanou
et al. [2009]), in order to avoid self-interaction of the chains through the periodic
walls (finite size / self-correlation effects), as well as simultaneous interaction with
both the bottom and ceiling (bridge formation). In keeping with the coarse-grained
approach, the substrate was also treated at a generic level. The heterogeneity and
irregularity of real substrates influences the properties of the material in contact
and may destroy an eventual formation of order (Patrykiejew et al. [2000]). The
substrate was, therefore, typically treated as a perfect crystal. It was flat, rigid,
homogeneous, and impenetrable.

The excluded volume effect was implemented through self-avoidance of the
chain, which was “fully flexible” or “freely jointed”, i.e. there was no associated
potential with bending between bond vectors of adjacent monomers.

Following up from Section 7.1, where the parametrization in terms of £ and E,
was introduced, the simulation code considered the monomer-monomer potential,
E (in units of thermal energy kgT), between non-consecutive monomers located
on consecutive lattice sites, and the monomer-substrate potential, E, (in units
of thermal energy kgT), between the substrate and any monomer adjacent to it.
For a given chain, E quantifies the solvent quality, with increasing absolute values
corresponding to decreasing solvent quality, £ = 0 being the athermal solvent.
Each site of the chain adjacent to another non-consecutive site contributes an
amount E to the free energy of the system, with a probability for this to happen to
be equal to w = exp””. Each site of the walk adjacent to the substrate contributes
an amount FE, to the free energy of the system, with a probability for this to
happen to be equal to w,, = exp’F».!

Based on the analysis in the bulk (Rissanou et al. [2006]), the choice of E' = 0.45
throughout all the simulation experiments can be characterized as that of a poor
solvent. Based on the analysis near an adsorbing substrate (Rissanou et al. [2009]),
the adsorption-desorption threshold is specified around E,, = 0.25.

A Monte Carlo step (MCS) was defined as one attempted move.? The following

Ly and wy, were introduced in Section 7.1.

2The alternative common definition of N-attempted moves for an N-constituent system is
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Figure 8.1: Local Monte Carlo (LMC) moves implemented in the algorithm.

types of local (small-scale) Monte Carlo (LMC) moves were employed, respecting
lattice positions and chain connectivity: a) end rotation, whereby the last monomer
of either end of the chain is free to rotate; b) crankshaft motion, whereby a group
of internal monomers may perform a jump from one set of coordinates to another;
¢) reptation, whereby a monomer from one end of the chain will be transferred to
the opposite end, simulating reptation as observed in nature, as the chain seems
to essentially flow through a ‘tube’ of fixed shape; d) normal jump, similar to
crankshaft motion, but for the sequence of monomers constituting the chain end.
The LMC moves are illustrated in Fig. 8.1. The popular configuration bias Monte
Carlo (CBMC) routine (Frenkel and Smit [2002]), involving moves whereby a sec-
tion of given length constituting one end of the chain is cut off and relocated to
the opposite end, was not implemented, as poor solvent conditions rendered the
large-scale movements of the CBMC method highly inefficient.

Further to the MC code, a smaller-scale programme was written, which evalu-
ated the radius of gyration, all of its components, and their cumulative averages.
To this end, an expression equivalent to Eq. (7.1) was used, which bypasses the

necessity of a pre-evaluated centre of mass (Rubinstein and Colby [2003)):

R = i SO (R - R, (5.1)

=1 j=1

often encountered.
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where ¢ and j are indices denoting the monomers, each pair entering twice in

2
gz’

the respective position vector component. Of particular interest were the lateral,

the double sum. Each component, R Réy, R2 | was separately evaluated from

R;xy =R + R;y, and perpendicular, R} , to substrate components. All radius
of gyration values presented later in the text are root-mean-square quantities, i.e.
the square-rooted values of the above expressions.

The rest of this Chapter provides a description of the simulation process, along
with results and discussion of those. The simulation process involved three distinct,
consecutive phases. Phase I - Initial Conditions involved the creation of suitable
conformations (relatively compact and securely adsorbed) from preliminary ones of
random shapes and positions. Phase II - Equilibration and Aggregate Formation
involved the creation of aggregate structures from the single chains of Phase I and
equilibration of all samples under appropriate solvent and adsorption conditions.
Phase III - Production Runs was the ultimate phase, during which meaningful sta-
tistical data relevant to the samples’ equilibrium adsorption states were collected.

As a final note, a system/sample/experiment is uniquely specified by the follow-
ing complete set of parameters: Nt (total monomer number), N (monomers per
chain), £ (monomer-monomer potential), and F,, (monomer-substrate potential).
The visual molecular dynamics (VMD) software (Humphrey et al. [1996]) was used
for visualization of chains in their simulation boxes. Images have the origin of the

coordinates at the corner of the box.



Chapter 9

Results and Discussion

9.1 Phase I: Initial Conditions

Three preliminary single chains of sizes N = 1000, N = 5000, and N = 10000,
in random shapes and at random positions relative to the substrate were used to
begin the first phase of the simulation with. It was, hence, necessary to manipulate
each in appropriate ways to create suitable initial conditions for input into the next
phase. This means relatively compact configurations securely adsorbed.

Chains had to be artificially displaced near the attractive substrate in order
to maximize the chance of adsorption through brownian motion. A moderately
attractive potential (Fy, = 0.3) had to be used in order to prevent immediate ad-
sorption of the extended configuration in a two-dimensional fashion, which would
have made the subsequent formation of a three-dimensional spherical cap a consid-
erably slow process.! The three preliminary conformations and the corresponding

initial conditions these gave rise to are depicted in Figures 9.1, 9.2, and 9.3.

9.2 Phase II: Equilibration and Aggregate For-

mation

Prior to any meaningful statistical analysis it is imperative to run a preparatory
phase of equilibration, by the end of which appropriate states are generated for
input into the last phase, of the production runs. Appropriate states would be

spherical-cap—shaped adsorbates that are statistically indistinguishable (i.e. equili-

1By trial and error, it was observed that when the transition from the extended to the col-
lapsed state occurs simultaneously with the transition from the desorbed to the adsorbed state,
attainment of the desired initial conditions occurs fastest.
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Figure 9.1: Preliminary (top) and initial (bottom) conformation of the Nt = 1000
system. Simulation parameters: E = 0.45, F,, = 0.3; box dimensions: 350 x 350 x
350; duration: 10" MCS. (perspective view)
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Figure 9.2: Preliminary (top) and initial (bottom) conformation of the Nt = 5000
system. Simulation parameters: E = 0.45, F,, = 0.3; box dimensions: 350 x 350 x
350; duration: 107 MCS. (perspective view)
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Figure 9.3: Preliminary (top) and initial (bottom) conformation of the Nt = 10000
system. Simulation parameters: E = 0.45, E,, = 0.3; box dimensions: 350 x 350 x
350; duration: 10® MCS. (perspective view)
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brated) from the conformations that succeed them in the last phase. N.B.: Systems
of the size of several atomic diameters only are strongly fluctuating objects and their
shape often deviates from the spherical-cap shape expected for mesoscopic droplets,
however on average the systems are spherical (Milchev and Binder [2001]). For the
specific purposes of the present investigation, phase II also involved formation of
aggregates, by “cutting up” the N = 1000, N = 5000, and N = 10000 single chains
into smaller ones of length N, while preserving the total monomer number, Nr.

The procedure is explained next.

Single chains were divided in as many ways possible so that they contained
smaller chains of equal length while the total monomer number within the system
would be kept constant. The permissible lengths for the internal chains were given
by observing the constraint n = Np/N € N*, where n is the number of chains
constituting the aggregate, i.e. all chains were required to have equal length. Also,
n was constrained (bounded above) by the requirement that N had a lower limit,
below which an aggregate suffered scission, i.e. one or more chains or chain ag-
gregates became permanently? detached from the original structure. This lower
limit varied between different systems and was found to depend on Nt and E.
A lowest value of N = 100 was attempted for all simulated aggregates. For most
aggregates, N = 100 was found to lie below the lowest limit of scission. It was,
therefore, a good choice of value in that it allowed the simulation to explore that
limit. Table 9.1 presents all simulated structures; twenty nine, including single

chains.

In phase II, each of the twenty nine structures had to be equilibrated at poor
solvent conditions, specifically E' = 0.45, and under the influence of both a mildly,
E,, = 0.3, and a more strongly, F, = 0.416, attractive substrate. This entailed a
total number of fifty eight systems that had to be equilibrated (hence fifty eight
separate computer experiments), before any meaningful statistical data could be
collected in phase III. For convenience and only in relative terms, Ey, = 0.3 shall,
henceforth, be referred to as weak adsorption and Ey, = 0.416 as strong adsorption.?
What is more, it should be clear that the set of [Ny, N] uniquely specifies the

structure, out of the twenty nine, while the set of [Np, N, E] uniquely specifies

2Permanent is meant in a statistical sense, because of the nature of the system and the simula-
tion method. An instantaneous or very brief detachment of a sub-structure cannot be considered
significant of the thermodynamic stability of the aggregate as a whole. The phenomenon of
scission is discussed in Section 9.3.

3Indeed, no absolute or of a more general context characterization is intended by those terms.
Definitions and uses can vary dramatically across the literature; e.g. Milchev and Binder [1996]
consider both ‘strong’ and ‘weak’ to lie above 1kT.
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Nt = 1000 | Nt =5000 | Nt = 10000
x x 10000
x 5000 5000
x 2500 2500
x x 2000
x 1250 1250
1000 1000 1000

x 625 625
500 500 500

x x 400
250 250 250
200 200 200
125 125 125
100 100 100

Table 9.1: Simulated structures stemming from each of the Nyt = 1000, Nt = 5000,
and Nt = 10000 single chains. Fields marked with ‘x” do not satisfy the require-
ment of an integer number of chains of equal length contained within each aggre-
gate, leaving a total number of twenty nine different structures under investigation.
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the system/experiment, out of the fifty eight. Figure 9.4 illustrates two examples of

equilibrated aggregates containing a different number of chains but of equal length.

It is difficult to generally predict how long equilibration takes, the system’s rate
of response being heavily dependent on its morphology, size, ambient conditions
etc. (Allen and Tildeslay [1991]). One can, however, be guided by the general
rule of statistical physics which dictates that statistical quantities will fluctuate
about steady mean values at equilibrium. Observation of such fluctuations is a
good indication of equilibrium. Strictly speaking, this observation is a necessary
but not sufficient condition for equilibrium, because meta-stable states deceptively
reproduce similar fluctuations in the shorter term. An example of such a statistical
quantity is the radius of gyration, R,, as defined in Section 7.1. R, and its com-
ponents in the lateral, ng, and perpendicular, R,_, to the substrate dimensions
were used to monitor equilibration and subsequently characterize the size and pro-
portions of the samples. Though it is difficult to make quantitative predictions on
equilibration times, there are a couple of qualitative comparisons that can be made
within the context of a simulation environment.

The first and more obvious statement is that larger systems require longer times
to equilibrate. This was seen, for example, with the sample of Fig. 9.4, where an
aggregate of 20 chains of length N = 250 required 10 times the number of MCS an
aggregate of 4 chains of length N = 250 required.

Also, a structural effect was observed. Within the same Nt category, aggregates
of lesser N equilibrate faster. This is reasonable if one considers that shorter
chains within the aggregate attribute more degrees of freedom. Figures 9.5 and
9.6 illustrate this effect through the evolution of R, and its cumulative average
(defined in Section 8), which smooths out the dense fluctuations of the former.
Figure 9.5 presents N = 250, N = 625, and N = 10000 systems of the Nyt =
10000 category under weak adsorption conditions, while Fig. 9.6 presents the same
systems under strong adsorption conditions. The Nt = 10000 category is chosen
because it illustrate this structural effect in a more pronounced manner due to a
broader N-range and overall size. The time required to equilibrate the N = 250
system of Fig. 9.5 can be directly compared with those of Fig. 9.4, and be found
consistent with the aforementioned size-dependent effect.

It is not obvious to comment on the effect of the substrate potential on equi-
libration time from the available data, because the initial configurations are not
equidistant from their respective equilibria, in terms of radius of gyration values

(this can be seen in the range covered along the graphs’ ordinates). In general,
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Figure 9.4: Equilibrated, weakly adsorbed (E,, = 0.3) aggregates in poor solvent
(E = 0.45). Top: Nt = 1000, N = 250; box dimensions: 80 x 80 x 80; equilibration
time: 10" MCS. Bottom: Np = 5000, N = 250; box dimensions: 100 x 100 x
100; equilibration time: 10® MCS. At any instant the equilibrated aggregates
will appear non-spherical, however on average the structures are spherical caps
(orthoscopic view; each colour denotes a different chain; boxes approximately to
scale).
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Figure 9.5: Radius of gyration (blue solid line) and cumulative average radius of
gyration (red dashed line) vs time, for N = 250, N = 625, and N = 10000 of the
Nt = 10000 category, illustrating equilibration and the steady state beyond under
weak adsorption conditions (Ey, = 0.3). A progressively slower equilibration rate
is seen with increasing N.
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Figure 9.6: Radius of gyration (blue solid line) and cumulative average radius of
gyration (red dashed line) vs time, for N = 250, N = 625, and N = 10000 of the
Nt = 10000 category, illustrating equilibration and the steady state beyond under
strong adsorption conditions (F, = 0.416). A progressively slower equilibration
rate is seen with increasing V.
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however, strongly attractive surfaces require more MCS for equilibration, because
kinetics are substantially slower under strong adsorption conditions (Rissanou et al.
[2009]).

9.3 Phase III: Production Runs

Following phase II - equilibration and aggregate formation, the production phase
of the simulation began, during which meaningful statistical data relevant to the
samples’ equilibrium adsorption states were collected. For all samples, phase III
lasted approximately two to three orders of magnitude longer (in MCS) than phase
II. No significant deviations from the mean R, values established from phase II
were observed, reinforcing the assumption that phase II successfully equilibrated
all structures.

The data collected during phase III for the forty nine simulated systems (fifty
eight attempted minus nine that suffered scission) are presented in Figures 9.7-9.18.
The points in the graphs represent statistical averages of radius of gyration values
and their components in the zy and z directions. Each point corresponds to an
average from approximately 1000 to 2000 conformations/microstates intermittently
collected during the production runs. The aim was to sample from at least 1000
instances, for the results to be statistically reliable. Where possible (depending on
time constraints), up to double that number was reached. Care was taken so that
the microstates sampled were as statistically uncorrelated as possible, by allowing a
large number of MCS in between.? Error bars represent size fluctuations exclusively
—as there are no measurement errors involved in a computer experiment. They
measure one standard deviation (+/ — o) from the sample of data that make up
each point.

The radius of gyration data are presented and discussed in the following se-
quence: To begin with, single chains are exclusively examined (Figures 9.7-9.8).
Subsequently, single- and multi-chain structures are juxtaposed in context of the
size category in which they belong; Nt = 1000 (Figures 9.9-9.10), Nt = 5000 (Fig-
ures 9.11-9.12), and Nt = 10000 (Figures 9.13-9.14). Figures 9.7-9.14 incorporate

4Tt is not trivial to define the statistical correlation between two states as a function of their
separation in MCS units and to predict at what separation that correlation tends to zero. There-
fore, an ad hoc rule of thumb was considered, whereby enough MCS were allowed so that the
majority of the monomers experienced one step of random motion. This, however, should not be
a strict rule. Sampling too often might be redundant (the same information being reused), but is
not practically wrong. Sampling more densely over a given simulation range is at least as good
as sampling less densely.
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both weak and strong adsorption conditions, as well as the perpendicular- and
lateral-to-surface components of the radius of gyration. Where appropriate, they
are presented in logarithmic scale. Figures 9.7-9.14 represent the totality of data
collected during phase III. Finally, all data are juxtaposed in context of adsorption
potential; weak (Figures 9.15-9.16) and strong (Figures 9.17-9.18).

9.3.1 Single Chains

Figure 9.7 presents the perpendicular, R, , and lateral, Rgxy’ components of the
radius of gyration for all single chains residing on both a weakly (E,, = 0.3) and a
strongly (Ey, = 0.416) adsorbing substrate.

Pertaining to the Ry graph, the E, = 0.416 data lie below the E\, = 0.3 data for
all N, as expected, because stronger adsorption conditions flatten the chains more.
Also, a relatively small dependence of the chains’ perpendicular dimensions on chain
length / molecular weight, N, is observed. Namely, for an overall increase of N by
one order of magnitude, Ry of E, = 0.3 increases by approximately 1.7 times and
R, of Ey = 0.416 increases by approximately a factor of 1.4. The R, dependence
becomes weaker with increasing N (the slope of the graph is less between N = 5000
and N = 10000 than between N = 1000 and N = 5000). It is a known fact that as
N — o0 an adsorbate’s thickness becomes independent of N. This has been shown
theoretically, for example through scaling theory (Rubinstein and Colby [2003]), as
well as experimentally. Attention is drawn to recent experiments of Glynos et al.,
where single chains of molecular weights 38.6 kg/mol, 78.8 kg/mol, and 962 kg/mol
were measured at 1.04 nm, 1.15 nm, and 1.84 nm, respectively, in adsorbed height.
Once again, height dependence weakened with increasing molecular weight, while,
overall, an increase in molecular weight by over an order of magnitude resulted in
the adsorbed height changing approximately by a factor of 1.8 (AFM-measurement
errors of height are reported around 0.3 nm).

The relative error within each adsorption category decreases with increasing
chain length (errors bars remain approximately constant while R, increases). This
finds its justification in the fact that larger subsystems?® in statistical physics exhibit
more stable equilibria, hence expected to fluctuate less, relative to their size.

Pertaining to the Rg:cy graph, the E,, = 0.3 data lie below the F,, = 0.416,
mirroring the Ry, graph. The dependence of Rgxy on N is slightly greater than of
R, . This is in agreement with the scaling theory prediction that the adsorbate

thickness is independent of molecular weight, implying that molecular weight is

5As defined in, for example, Landau and Lifshitz [1980].
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Figure 9.7: Perpendicular (top) and lateral (bottom) components of the radius of
gyration, Ry, vs chain length, IV, for all single chains on a weakly (£, = 0.3) and
a strongly (Ey, = 0.416) adsorbing substrate. a is one lattice unit of length.
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Figure 9.8: Radius of gyration, R,, vs chain length, N, for all single chains on
a weakly (Ey, = 0.3) and a strongly (F,, = 0.416) adsorbing substrate. a is one
lattice unit of length.

distributed along the surface rather than on top of existing layers. On the other
hand, the Rgxy increase might be less than anticipated, because there are two
dimensions in which the chain has the freedom to spread —a chain on a one-
dimensional substrate would reflect this scaling theory prediction better. The larger
spreading tendency and dimensions of the E, = 0.416 chains are reflected in larger
error bars compared to the Ey = 0.3 chains. The decreasing relative error trend

with increasing N is observed similarly to the Ry graph.

Figure 9.8 presents the total radius of gyration, R,. R, follows the trend of Rga:y’
due to the latter’s dominant contribution in comparison to that of R, . Relative
errors for EFy, = 0.416 are greater than for E, = 0.3. Stronger adsorption slows

down kinetics and, as result of this, simulation data tend to be noisier.
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9.3.2 Single Chains and Aggregates

Figures 9.9-9.14 present the perpendicular component, R, , lateral component,
R
structures residing on both weakly (FE,, = 0.3) and strongly (F,, = 0.416) adsorbing

g,y and total magnitude of the radius of gyration, R,, of single- and multi-chain
substrates. The entirety of single- and multi-chain structures are juxtaposed in
context of the size category in which they belong: Nt = 1000 (Figures 9.9-9.10),
Nt = 5000 (Figures 9.11-9.12), and Nt = 10000 (Figures 9.13-9.14).

Examination of the R, components of the Ny = 5000 (Fig. 9.11) and Ny =
10000 (Fig. 9.13) systems reveals a feature central to the present results: There is
a distinction between single- and multi-chain systems in regard to their dimensions
perpendicularly to the substrate upon which they are adsorbed. An increase in size
is observed from one to many chains, under both weak and strong adsorption
conditions, somewhat more pronounced in the latter case. The increase is not
gradual but steps up from one to many chains with a common plateau (with the
exception of some two-chain aggregates discussed below). This result implies that
there is a fundamental difference about the way in which a single chain interacts
with an interface compared to the way a chemically identical aggregate of chains of
the same total mass does. The following explanation is set forth: In the single chain
case, adsorbed monomers / trains will drive their neighbours towards the substrate
sheerly by mechanical connectivity. After a single chain is dissected, segments are

freed up and settle on average further away from the substrate.

The above result is reinforced by experimental findings of Glynos et al.. As
mentioned in Part I, where part of those experiments was presented, single-chain
droplets could not be treated by continuum theory due to very low adsorbed height.
Structures obtained a pancake-like shape (Fleer et al. [1993]) and monomers became
trapped/pinned against the surface. The presence of a single chain, as opposed to
several, in a droplet made a difference in its adsorption behavior, as discrepancy
was observed between aggregates and single chains of similar size. Specifically, in
the size range of 2.5 x 10% nm? to 4 x 103 nm?
M,, = 962 kg/mol exhibited adsorbed heights in the range 1 nm — —4 nm, while

aggregates consisting of M;, = 78.8 kg/mol chains exhibited adsorbed heights in

, single chains of molecular weight

the range 4.5 nm to 5.4 nm. What is more, the smallest single chains (similar-sized
aggregates did not exist for comparison) also exhibited adsorbed heights so low as
to not be treatable by continuum theory. It is, therefore, suggested that single

chains, irrespectively of size, attain a fundamentally different adsorbed state.

Reference can be made to the works of Milchev and Binder [2001] and Milchev
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Figure 9.9: Perpendicular (top) and lateral (bottom) components of the radius of
gyration, R, vs chain length, N, for the single chain and aggregates of Np = 1000
on a weakly (F, = 0.3) and a strongly (E,, = 0.416) adsorbing substrate. a is one
lattice unit of length.



9.3. PHASE III: PRODUCTION RUNS 113

0
8.5!
8.0/
75!
7.0}
6.5
6.0/
5.5/

Rg/a

T
Fm
Fm
i
1

0 ) ] ) ) ]
0 200 400 600 800 1000
N/a

Figure 9.10: Radius of gyration, R,, vs chain length, IV, for the single chain and
aggregates of Ny = 1000 on a weakly (£, = 0.3) and a strongly (£, = 0.416)
adsorbing substrate. a is one lattice unit of length.
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Figure 9.11: Perpendicular (top) and lateral (bottom) components of the radius of
gyration, R, vs chain length, N, for the single chain and aggregates of Np = 5000
on a weakly (F, = 0.3) and a strongly (E,, = 0.416) adsorbing substrate. a is one
lattice unit of length.
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Figure 9.12: Radius of gyration, R, vs chain length, IV, for the single chain and
aggregates of Nt = 5000 on a weakly (E, = 0.3) and a strongly (F,, = 0.416)
adsorbing substrate. a is one lattice unit of length.
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Figure 9.13: Perpendicular (top) and lateral (bottom) components of the radius of
gyration, IR, vs chain length, N, for the single chain and aggregates of Nt = 10000
on a weakly (Ey = 0.3) and a strongly (E,, = 0.416) adsorbing substrate. a is one
lattice unit of length.



9.3. PHASE III: PRODUCTION RUNS

16

15

14

Rg/a

13

12

11

117

N,=10000
- ° EW:OA16 I
BRI RUNIER
EEEETRE TR TS P ]
IiéO III "'iﬁoo IldéOO

N/a

Figure 9.14: Radius of gyration, R,, vs chain length, N, for the single chain and
aggregates of Ny = 10000 on a weakly (F, = 0.3) and a strongly (F,, = 0.416)

adsorbing substrate. a is one lattice unit of length.



118 CHAPTER 9. RESULTS AND DISCUSSION

et al. [2002], which was introduced in Section 7.2, for an indirect comparison regard-
ing aggregate adsorption. Milchev and Binder [2001] simulated chain aggregates on
a substrate of variable (attractive) potential, under poor solvent conditions. Their
results included density profiles of the cross section of adsorbed aggregates. Bear-
ing in mind that such small systems may exhibit considerable fluctuations about
their equilibrium shape and size, it can be argued from the density profiles that
aggregates of 64 chains of length N = 32 exhibit a similar adsorbed height with
aggregates of 128 chains of length N = 16 (equal total monomer number of 2048).
Milchev et al. [2002] simulated similar systems and their results included contact
angle estimates. It can be seen that aggregates of N = 32 and N = 16 (equal total
monomer number of 2048) exhibit very similar contact angles (for a wide range of
adsorbed states, from complete dewetting to complete wetting), implying similar
adsorbed heights. Both of these works indirectly support the R, plateau shared
by multi-chain aggregates.

The contrast between single chains and aggregates is less apparent in the Ny =
1000 (Fig. 9.9) data, because the magnitude of the error bars (size fluctuations) is
large compared to the data points’ difference in value. The single chain’s dimensions
are still smaller than those of the aggregates, but only by a little. It is speculated
that the overall smallness of these systems, being overwhelmed by the substrate
attraction, drives them towards a pancake- than droplet-like shape.

There are minor distinctions between the F, = 0.3 and E,, = 0.416 systems, in
terms of the comparison between single chains and aggregates. Firstly, the increase
in R, appears proportionately larger for E, = 0.416. Secondly, the location
of £, = 0.3 points corresponding to two-chain aggregates, namely Nt = 5000,
N = 2500 (Fig. 9.11) and Nt = 10000, N = 5000 (Fig. 9.13), potentially implies
a narrow transition region between single chains and aggregates. The existence of
this region is less obvious in the F, = 0.416 cases, where points corresponding to
two-chain aggregates lie much closer to the multi-chain average.

All Rgacy data mirror, in trend, their corresponding R,  data about the hori-
zontal. Where there is an increase in R,_, there is a decrease in Rgzy, and vice
versa, which is reasonable and means that polymers exhibit a positive Poisson’s ra-
tio. The total radius of gyration, R, follows the trend of Rgxy, due to the latter’s
dominant contribution in comparison with that of R,_.

As briefly explained in Section 9.2, not all of the aggregates retained their
cohesion during the simulation runs. A few underwent scission, that is chains or
aggregates of chains became detached from the original structure. Following an

event of scission, aggregate constituents recombined if their random walks brought
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them sufficiently close together. The probability of recombination was considerably
increased by the imposed periodic boundary conditions, which essentially confined
motion inside the box. It, then, follows that systems spent a percentage of time in
an aggregated state and the rest in a segregated state. Through ergodicity, it can
be asserted that these percentages reflect the aggregates’ stability. The stability of
an aggregate renders it more or less meaningful —and possible— to analyze them.
That is to say, a rather unstable aggregate indicates an unlikely observable in a
real experiment. Also, an unstable aggregate would require a multiple of simulation
time (quite considerable for the larger aggregates) in order for a minimum amount
of data pertaining to its aggregated state to be gathered. Structures that appear in
Table 9.1 but for which corresponding data points are missing from graphs of this
section have been too unstable for a meaningful analysis to have become possible.
Namely, these are: Np = 1000, £y, = 0.3, N = 100; Nt = 1000, E, = 0.416,
N =100 and N = 125 and N = 200; Nt = 5000, £y, = 0.3, N = 100; Nt = 5000,
E, = 0.416, N = 100 and N = 125; Ny = 10000, E,, = 0.416, N = 100 and
N = 125.

Based on the above set, it is proposed that the following factors determine
the probability of scission: Firstly, the degree of entanglement. Indeed, systems
of greater N and Nt exhibited higher cohesion. For example, within any Nt
category, there was not an unstable system of greater N than of a stable one. Also,
under weak adsorption, while the Ny = 1000, N = 100 experienced scission, the
Nt = 10000, N = 100 did not. The effect of N, however, dominates over that of
Nr. Secondly, the contact area between chains. For a given monomer-monomer
potential, corresponding to some probability of attachment of a monomer of one
chain to a monomer of another chain, a greater N and Nt would increase the overall
probability of inter-chain attachment. Though pertaining to the same variables and
exhibiting similar trends, physical crosslinking and inter-chain monomer-monomer
attachment are distinct mechanisms promoting cohesion. Thirdly, the effect of the
substrate. A greater F, increases the likelihood of a sub-part of the aggregate to
be detached and be individually adsorbed on the substrate.® For example, in the
Nt = 1000 system, while only the N = 100 structure experienced scission under
weak adsorption, both the N = 100 and N = 125 structures experienced scission
under strong adsorption.

Figures 9.15-9.18 contain the entirety of data previously shown in Figures 9.9—

6Though not explored by the present simulations, the solvent quality, E, would obviously be
expected to play a role. Given that E = 0.45 for all simulations, it can be asserted that cohesion
was promoted, in respect of the solvent conditions.
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9.14 re-illustrated in context of the two potentials, £, = 0.3 (Figures 9.15-9.16)
and E,, = 0.416 (Figures 9.17-9.18), under which polymers adsorbed. If Fig-
ures 9.9-9.14 allowed the reader the opportunity to compare between the weakly
and strongly adsorbed state, then Figures 9.15-9.18 allow the opportunity to com-
pare between the different size categories. Nt = 1000, Nt = 5000, and Nt = 1000
systems are now superimposed on the same graph, while the sequence of presen-
tation of the perpendicular component, R, , followed by the lateral component,

Rg:cy’ and, finally, the total magnitude of the radius of gyration, R,, is preserved.

In all graphs, Nt = 10000 samples lie above Nt = 5000 samples, which lie
above Nt = 1000 samples, each category occupying a distinct region with virtually

no overlap between error bars.
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Figure 9.15: Perpendicular (top) and lateral (bottom) components of the radius of
gyration, R, vs chain length, IV, for the single chain and aggregates of Ny = 1000,
Nt = 5000, and Nt = 1000 on a weakly adsorbing substrate (E,, = 0.3). a is one
lattice unit of length.
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Figure 9.16: Radius of gyration, R,, vs chain length, N, for the single chain and
aggregates of Ny = 1000, Ny = 5000, and Nt = 1000 on a weakly adsorbing
substrate (Ey = 0.3). a is one lattice unit of length.
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Stronger Adsorption (E _=0.416)
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Figure 9.17: Perpendicular (top) and lateral (bottom) components of the radius of
gyration, R, vs chain length, N, for the single chain and aggregates of Nt = 1000,
Nt = 5000, and Nt = 1000 on a strongly adsorbing substrate (Ey, = 0.416). a is
one lattice unit of length.
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Figure 9.18: Radius of gyration, R,, vs chain length, N, for the single chain and
aggregates of Ny = 1000, Ny = 5000, and Nt = 1000 on a strongly adsorbing
substrate (Fy, = 0.416). a is one lattice unit of length.



Chapter 10
Conclusions

A MC computer simulation of polymer nanodroplets adsorbed on a substrate under
poor solvent conditions has been performed. Droplets came in three different size
categories, of Np = 1000, Nt = 5000, and Nt = 10000 total number of monomers.
Each category comprised a range of architectures in terms of the length, N, of
the chains contained within a droplet, N being constant across chains of the same
droplet. Architectures ranged from single-chain droplets of N = Nt to many-chain
droplets/aggregates. Both weak and strong adsorption potentials were investigated.
The quantity under study was the radius of gyration, R,, and its components along
the perpendicular, R,_, and lateral, Rgzy, to the substrate directions, quantifying

the droplets’ adsorbed dimensions.

Regarding a comparison between single chains only, a relatively small depen-
dence of Ry, on N was observed, which became weaker with increasing N. This
finding was supported by both theory and experiment. Regarding aggregates, dif-
ferent architectures of equal Nt were juxtaposed. The simulations illustrated a
distinction between single- and multi-chain droplets: An increase in R, was ob-
served from one to many chains, under both weak and strong adsorption conditions,
somewhat more pronounced in the latter case. The increase was generally not grad-
ual but stepped up from one to many chains with a common plateau. This finding
was supported by the experiments of Glynos et al. As also mentioned in Part I
(where part of these experiments is discussed), in a given size range, single-chain
structures obtained a pancake-like shape and monomers became trapped/pinned
against the surface, while aggregates obtained a spherical-cap—shaped conforma-
tion. Indirect evidence in support of the multi-chain plateau was to be found in
Milchev and Binder [2001] and Milchev et al. [2002], where density profiles and

contact angle measurements implied similar adsorbed heights between aggregates
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of 16 and 64 chains of an equal total monomer number of 2048.



Chapter 11

Summary, General Conclusions,
and Further Work

Part I considered a theoretical treatment of the spreading of a polymer droplet on
a substrate under poor solvent conditions. It was illustrated how the continuum
theoretical model proposed can be used as a non-invasive method of extracting
an elastic modulus, Fp, for the droplet when an experimental measurement of its
adsorbed height is available. For the first time in the literature has such a theory
been employed for adsorbed polymer droplets of a range of nanoscopic sizes (5 —
100 nm). The advantage of such an implementation is the avoidance of errors and
complications involved in direct mechanical testing, allowing one to shed light on
the relation between the material’s response and intrinsic effects. Another benefit,
stemming from the continuum nature of the model, as opposed to a microscopic
theory, is that it is not confined to a particular type of polymeric material. This is
because different types may be modeled through an according choice of values for
macroscopic parameters. Having established all required parameters, h, Ry, vp, S,
and v, for a droplet, the theoretical model, represented by Eq. (3.17), was solved
with respect to Ep.

The aforementioned range of droplet sizes was covered by samples in experi-
ments of three different authors: Lau et al. [2002], Engqvist et al. [2007], and Glynos
(Evangelopoulos et al. [2012]). Lau et al. [2002] dealt with styrene-butadiene la-
tex droplets of various gel fractions (GF) and glass transition temperatures, Ty, in
the ~ 100 nm regime adsorbed on silica at room temperature. Using an AFM in
contact mode, Lau et al. [2002] measured the equilibrium height of the adsorbed
latexes. The AFM-measured adsorbed heights confirmed the assumed spherical

shape and led to predicted elastic moduli of the anticipated magnitude, given the
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material. Lau et al. [2002] also measured the elastic modulus, Ey;, of a polymer
film of macroscopic dimensions, formed by an array of close-packed droplets like
the aforementioned adhering together by their shells. Fy; as measured by Lau et al.
[2002] was only generally supported by the GF and T, data for the latexes, while the
trend exhibited by Ep as calculated with the present model is in complete agreement
with the GF and T,. This is attributed to the fact that Ey refers to the corre-
sponding film, which, by construction, contains interface between the close-packed
constituent droplets, while Ep, calculated directly from AFM data, is completely
compatible with the materials’ properties. Engqvist et al. [2007] investigated the
effects of temperature, time, and preparation method on the adsorption of isolated
styrene-acrylic latex droplets in the ~ 100 nm regime on a silicon substrate. Three
types of styrene-acrylic latexes were used: L_op, Log, and Lgp, the subscripts denot-
ing glass transition temperatures of —20°C, 20°C, and 60°C, respectively. Using
an AFM in contact mode, the height of the adsorbed latex droplets was measured.
The AFM-measured adsorbed heights again confirmed the assumed spherical shape
and led to predicted elastic moduli of the anticipated magnitude, given the ma-
terial. The experiments of Engqvist et al. [2007] took into account different glass
transition and treatment temperatures, as well as treatment times in the spreading
of their styrene-acrylic latex droplets. All three parameters came into agreement
with the moduli predicted by the present model. Lastly, the experiments of Gly-
nos (Evangelopoulos et al. [2012]) measured heights of PB polymer droplets in the
5—50 nm range on a mica substrate by AFM at room temperature. In conjunction
with the present theoretical model, these experiments revealed a trend of decreas-
ing elastic modulus Ep with increasing droplet size, progressively tending towards
the bulk material value. This size effect is supported by the literature for related
systems, though a consensus has not yet been reached (Yang et al. [2010]). Equally
importantly, the experiments of Glynos (Evangelopoulos et al. [2012]) revealed the
continuum theory’s limitations: For single-chain droplets of (undeformed) radius
~ 5 nm or less, the theory predicted nonsensical values. Also, between aggregates
and single chains of similar size, the former exhibited reasonable moduli, while the
latter returned nonsensical values, suggesting a difference in adsorption behaviour
between such systems, and, hence, the inapplicability of the present theoretical
model for the single-chain type.

All in all, the investigation in Part I concluded on the following: the significance
of not only surface forces, as for simple liquid droplets, but also of elasticity effects
in the adsorption behaviour of a polymer droplets; the extent of a continuum

theory’s validity as one approaches the nanoscale; a droplet size effect on the elastic
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modulus.

The following are set forth as proposed future work: Firstly, to seek experi-
mental data involving chain aggregates of (undeformed) radius ~ 5 nm or less. As
mentioned previously, this apparent size limitation might potentially entail more,
as single-chain droplets of any size failed to be treated successfully by the the-
ory. As these might be challenging structures to create, a computer simulation
might complement in this respect (see later). Secondly, following from the relevant
discussion in Subsection 5.1.3, further theoretical investigation on the effects of a
size-dependent surface tension and of line tension, independently, or in a combined
fashion, for such polymer droplets as those investigated herein, has potential to
contribute to the field.

Part II considered a MC computer simulation of a polymer nanodroplet ad-
sorbed on a substrate under poor solvent conditions. Droplets came in three dif-
ferent size categories, of Nt = 1000, Nt = 5000, and Nt = 10000 total number of
monomers. Each category comprised a range of architectures in terms of the length,
N, of the chains contained within a droplet, N being constant across chains of the
same droplet. Architectures ranged from single-chain droplets of N = Nt to multi-
chain droplets/aggregates of N = 100, with all possible integral combinations in
between. Both weak, F,, = 0.3 and strong FE,, = 0.416 adsorption potentials
were investigated. The quantity under study was the radius of gyration, R,, and
its components along the perpendicular, R, , and lateral, Rga:y7 to the substrate
directions, as a means of characterizing the adsorbed dimensions of the droplets.

Single chains were examined first. A relatively small dependence of R, on N
was observed. Namely, for an overall increase of N by one order of magnitude, R,
of By, = 0.3 increased by approximately 1.7 times and R,_ of E, = 0.416 increased
by approximately a factor of 1.4. The R, dependence became weaker with increas-
ing N. These findings are supported by both theory, such as the scaling prediction
of an adsorbate’s thickness becoming independent of N as N — oo, and experi-
ment, such as the recent experiments of Glynos et al. Following the investigation
on single chains, different aggregate architectures of equal Nt were juxtaposed. In
the Nt = 5000 and Nt = 10000 categories, the simulations illustrated a distinction
between single- and multi-chain droplets. An increase in R, was observed from one
to many chains, under both weak and strong adsorption conditions, somewhat more
pronounced in the latter case. The increase was generally not gradual but stepped
up from one to many chains with a common plateau. It is speculated that in the
single chain case, adsorbed monomers / trains will drive their neighbours towards

the substrate sheerly by mechanical connectivity. After a single chain is dissected,
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segments are freed up and settle on average further away from the substrate. This
is a point which brings Part I and II together, as the above result is reinforced by
the findings discussed in Subsection 5.1.3, where single-chain droplets could not be
treated by the continuum theory model of Part I due to very low adsorbed height.
Structures obtained a pancake-like shape and monomers became trapped/pinned
against the surface. Equal-sized droplets containing several chains, on the other
hand, did attain spherical-cap conformations, for which the theory returned sensi-
ble elastic moduli. The distinction between single chains and aggregates was not
seen from simulations in the Nt = 1000 category.

The above point allows for a further connection with Part I to be made, regard-
ing the nature of the limit of the continuum theory at very small sizes (~ 5 nm),
and a way of using lattice simulation as a way to validate the continuum theory
can be proposed for future work: If a quantitative correspondence can is made
between the unit length of the simulated chain and the unit length of the real
PB chain (with the Kuhn segment as the common denominator, for example),
then simulating relatively small Nt systems might substitute for the lack of real
multi-chain structures at those very small sizes. Further to that specific size range,
a simulation can offer an alternative to the real experiment more generally, as
one can design a system which is not only free of experimental uncertainty and
unnecessary features, however also precisely designed. For instance, one of the
largest uncertainties in the application of the continuum theory model came from
literature-reported surface tension values (Subsection 5.1.3). To the advantage of
simulations, several techniques have been developed to calculate surface tension,
from a mechanical definition and calculation of pressure components (Walton and
Gubbins [1985]), through a thermodynamic definition and calculation of free-energy
(Bennett [1976]), to finite-size scaling (Binder [1982]). Further future work ideas
could include: Droplet shape analysis as per Rissanou et al. [2009] and Ivanov
et al. [2000], for a more complete consideration of the adsorbed state. Calcula-
tion of the mean height of a collection of monomers at the top of droplets. This
calculation would enable a more direct comparison with AFM-measured heights
than the currently used Ry,. There is correlation, of course, between R, and the
droplet height, measured in a real experiment, however R, can more generally
be affected by other properties such as the internal distribution of monomers and
chains. Therefore, calculation of a mean height would come to much closer cor-
respondence with what the AFM tip measures in reality. In the discussion of the
difference between the adsorption behaviour of single- and multi-chain systems in

Subsection 9.3.2, the following explanation was set forth: In the single chain case,
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adsorbed monomers / trains drive their neighbours towards the substrate sheerly
by mechanical connectivity. After a single chain is dissected, segments are freed up
and settle on average further away from the substrate. Here a couple methods are
proposed as a quantitative verification of this hypothesis: 1. Statistical analysis
of the internal structure of a (multi-chain) droplet in terms of the location of its
constituent chains and monomers. The analysis could include calculation of the
number of chains in contact with substrate, the number of monomers in contact
with substrate, and the number of monomers per chain in contact with substrate.
2. Calculation of the stress tensor (Doi and Edwards [1991]) inside the droplet.
Deformation of the polymer due to adsorption will give rise to internal stress. Fol-
lowing appropriate definition of a tensor quantifying stress as the ratio of force to
cross-sectional area in specified directions, the tensor could be evaluated through-
out the volume of the polymer structure and could be compared between the cases
of different numbers of chains making up a droplets of equal mass. If the afore-
mentioned hypothesis is correct, then is it anticipated that stress will be higher in
a single-chain structure, due to the fact that adsorbed monomers and trains will
drag neighbouring segments towards the substrate, manifested in a flatter (more
deformed) structure overall. Both the statistical analysis of the internal monomer
and chain structure and the calculation of the stress tensor may reveal informa-
tion that is impossible to measure in a real experiment and potentially clarify the

mechanism that drives single chains to adsorb differently from aggregates.
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Appendix A

Analytical Derivations

A.1 Derivation of Eq. 3.1

0
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h
0
= / 7p*(0)Rd sin 6
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0
0
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0

o
= 7rR3/ —(1 — y?) sin O(dy/sin 0)
0

0
— R / (v — 1)dy
0

=rR3 [y3/3 — y] zzg

3
=R [COZ f —cosf — (C();O - 1)}

3
= % [cos® 6 — 3cos b + 2] (A.1)
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- — —

Figure A.1: Geometry of deformation upon adsorption.

A.2 Derivation of Eq. 3.6

Refer to Figure A.1. By superimposing the undeformed onto the deformed state,
it can be seen that the extent of deformation in the z direction will equal w,(p),
i.e. the magnitude of the undeformed arc coordinate below the substrate. From

the Pythagorean theorem,

(u(p) + h — Ro)? = B —

w.(p) = Ro— h+ /B3 - p?
w.(p) = 2Ry — h — R, {1 _ (W) /Ro]

us(p) = = Ro [L = VI=(p/FoP] .

where § = 2Ry — h is the central deformation.

A.3 Derivation of Eq. 3.12

Up = w/oa pdp [ao (1—pa?) ™ 1oy (1- pz/az)lﬂ] 5 (1= p*/(2Ry)).



A.3. DERIVATION OF EQ. 3.12
Changing variables v = (p?/a®) = dp = a*du/2p,
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Appendix B

List of Symbols

Latin
E — monomer-monomer potential
Ep — elastic modulus of polymer droplet
Ey —  elastic modulus of macroscopic polymer material
E,, — monomer-substrate potential
h — adsorbed droplet height
I — thermodynamic internal energy
K — rigidity
M, — molecular weight
M, — molecular weight of a Kuhn monomer
My, — molecular weight of an entanglement strand
N — chain length (polymerization index)
Nt — total number of monomers in a system
N — set of natural numbers
P — pressure
Ry — undeformed polymer droplet radius
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APPENDIX B.

radius of gyration

spreading parameter

entropy

glass transition temperature

theta temperature for a polymer solution
free energy contribution from the bulk
free energy contribution from defects
volume

Dupré energy of adhesion

surface energy

surface tension

Flory exponent

Poisson’s ratio

relaxation time

relaxation time of a Kuhn monomer
relaxation time of an entanglement strand
line tension

Gibbs free energy

LIST OF SYMBOLS



Appendix C

List of Abbreviations

AC — adsorbed collapsed
AE - adsorbed extended
AFM - atomic force microscopy
CBMC - configuration bias Monte Carlo
DC — desorbed collapsed
DE — desorbed extended
DNA - deoxyribonucleic acid
DPAT - direct peeling with AFM tip
FENE — finitely extensible nonlinear elastic (potential)
GF — gel fraction
HDPE - high density polyethylene
JKR — Johnson-Kendall-Roberts
LDPE — low density polyethylene
LMC - local monte carlo
MC - monte carlo

MCS — monte carlo step
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MD
MFET
PBC
PDMS
PMHS
PS
PVC
RG
RT
SAG
SAW
SCFT
SEM
STC
STP
vOCG

APPENDIX C. LIST OF ABBREVIATIONS

molecular dynamics
mean-field theory

periodic boundary conditions
polydimethylsiloxane
polymethylhydrosiloxane
polystyrene

polyvinyl chloride
renormalization group

room temperature

surface attached globule
self-avoiding walk
self-consistent field theory
scanning electron microscopy

surface tension component

standard temperature and pressure

van Oss Chaudhury Good
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