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Summar y

The exponentiagjrowth of computationaresourcesover the past decades, combined with the
adventof modds and advanced computational tools, have assisted significantly in guiding the
design of improved polymer materials loigh technological importance in a broad range of
industrially relevant applications. Atomistic simulations have assisted a great rdeal |
understanding elusive microscopic phenomena manifesting themselves at polymer interfaces and
of their mechanisms and in establishing strueprperty relations; they have a drawback,
however, namelytheir high computational cost. Mesoscopic simulations the other hand,
employ a higher level of description arate quite useful in studying a variety of important
systems and phenomeatimesoscopic timend lengthscalesalbeitthe task of parameterizing

the effective interactions between coagsaired segments is rather complicated.

There is an alternative strategy, however, which is the primary focus of the present
thesis: fieldtheoretic methods. To carry out a figlteoretic computecalculation we require a
statistical field theory model of fuid. A statistical field theory is a description of a system in
which the fundamental degrees of freedom are not particle coordinates, but rather one or more
continuous fields that vary with position. More specificalye focus on one of the most
succesful theoretical frameworks for mmogeneous polymeric systembe so-called self
consistent field theory (SCFTDur primary goal is tdormulate, validate and develop SCFT
approaches, and then apphemin the description ointerfacialsystems involing high molar

mass polymer meltsnderequilibrium conditions.

The SCFT models of this research will comprise three main stages:
1. Validation The aim of this procedure is to allow for a comparison of fitle
theoretic model with previous atomistic simidas and experimental works in a
rigorous and predictable manner. This is a key step to ensure that the theoretical

models can successfully describe realistic systems.
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Summary

2. Structural propertiesThis will be the phase where the SCFT will be used to compute
structural properties diulk andinhomogeneousielts under equilibrium conditions.

3. Thermodynamic calculationsThis is the highest goal of the theoretical strategy
presented in this thesis. Through these calculations we will be able to determine
measurabléhermodynamic properties and behavior of high molar mass polymer/gas

andpolymer/solid interfaces.

A self-consistent field (SCF) theoretic approach, using a general excess Helmholtz energy
density functional that includes a square gradient term, is deiavgoolymer melt surfaces and
implemented for linear polyethylene films over a variety of temperatures and chain lengths. The
formulation of the SCF plus square gradient approximation (SGA) developed is generic and can
be applied with any equation of &g E0S) suitable for the estimation of the excess Helmholtz
energy. As a case study, the approach is combined with the Sdradwmbe (SL) EoS to
predict reduced density profiles, chain conformational properties, and interfacial free energies,
yielding very favorable agreement with atomistic simulation results and noticeable improvement
relative to simpler SCF and SGA approaches. The new SCF_SL+SGA apjsaasdd to
qguantify the dominance of chain end segments compared to middle segments at free
polyethylene surfaces. Schemaredeveloped to distinguish surfaedsorbed from free chains

and to decompose the surface density profiles into contributions from trains, loops, and tails; the
results for molten polyethylene are compared with the observablatomiistic simulations.
Reduced chain shape profiles indicate flattening of the chains in the surface region as compared
to the bulk chains. The range of this transitional region is approximatetynrie$ theradius of
gyration ). The inclusion of chairconformational entropy effects, as described by the
modified Edwards diffusion equation of the SCF, in addition to the square gradient term in
density, provides more accurate predictions of the surface tension, in good match with
experimental measurements a variety of polymer melts and with atomistic simulation

findings

A model for the prediction of key structural and thermodynamic propertislgmer
matrix nanocomposite@NC) is describedOur approachis applied tosingle spherical silica
(SiOy) nanoparticle or planar surfacegrafted with polystyrene chains and embedded at low
concentration in a matrix phase of the same chemical constitution. Our model is based on self
consistent field theory, formulated in terms of the Edwards diffusion equdtie properties of

the PNC are explored across a broad parameter space, spanning the mushroom regime (low

Xiv



Summary

grafting densities, small NPs and chain lengths), the dense brush regime, and the crowding
regime (large grafting densities, NP diameters, and cleaigths). We extract several key
guantities regarding the distributions and the configurations of the polymer chains, such as the
radial density profiles and their decomposition onto contributions of adsorbed and free chains,
the chains/area profiles, atite tendency of end segments to segregate at the interfaces. Based
on our predictions concerning the brush thickness, we revisit the scaling behaviors proposed in
the literature and we compare our findings with experiment, relevant simulations, anetanalyt

model s, such as Al exanderdés model for i ncompt

Finally, a method is formulated, based on combiningseifsistent field theory witthe
finite element method (SCFFEM), fetudying structural and thermodynamic features of three
dimensimal polymeric systems. Initially, this approach is tested on a planar
polyethylene/vacuum and a polyethylene/graphite system, hand in hand with atomistically
detailed molecular simulations as well as with one dimensional SCF approaches. This new
approachis employed topredict reduced density profilesd interfacial free energies, yielding
very favorable agreement wigltevious SCF studiethus validating the SCFFEM methodology.
An h-, r-, p- refinementprocesss developedo optimizethefinite elementmesh. Furthermore,
two new criteriaand an innovative successive substitution scharaéntroduced for accutea
convergence.The methodologyis employed on a more complicated system consisting of
polystyrene brushes grafted osilica walls immersed in pogistyrene melt. In most
implementations, the grafted chains are dealt with by smearing them acrospatadlel to the
surfaceof the modeled nanoparticle. The SCFFEM approach allows to distinguish the positions
where the grafted chains are tethersidice it does noemploy any smearing. The reduced
density profiles are compared against the-segiment distributions alorgpecific lines in the
system The structural properties andgrand potential contributionare obtained for a broad
range ofgrafting densities, molar massesd swelling ratios (i.e., ratio of the matrix to the
grafted chains),and are compared to experimental data, theoretical models, and earlier

simulation studies
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Wi Field evaluated after substituting the calculated reduced densities in iteration
scheme

wi " New field for next iteration

Wi, Chemical potential field of the bulk

Wi, Chemical potential field of the interface

A Weight factor of the integration point

W, the measure of the thickness of the sigmoidal curve

Z Corfigurational partition function

Zo Configurational partition function of ideal chain model

Zoo Configurational partition function of a free chain

Ziia The configurational integral of a single, atomistically esgnted, molecule
over all but three translational degrees of freedom

Z.r Configurational partition function of canonical ensemble

z Activity of grand canonical ensemble

Greek Symbols

b Inverse of the thermal energisT)™

2 Surface tension

XXXI



Nomenclature

Jsp

Xalc

Qconv

DA,
DAT?eId
Dwje™
DNito |

D W,

DVMeId
D W

D Véélid

ace )

Geometric factodepending on bonrdngles along the chain backbone
Interfacial tension of a solid/polymer interface

Surface tension of a solid

Surface tesion calculated by SCFFEM method with mesh with low accuracy

Surface tension calculated by SCFFD or by SCFFEM method with mesh with
high accuracy

Conformational entropy afy grafted chains subject to the field
Contributionto the Free Energyf thefield experienced by the grafted chains

Maximum difference between tfields of two iteratiors

max
C

A tolerance valuef Dwj

Cohesive interaction component (relative to the bulk melt chains) arising due
to segmensegment interactions in the polymer

Interaction energy between the density field and beegcal potential field

Translational and conformational entropy (relative to the bulk melt entropy)
of noninteracting matrix chains subject to a chemical poteiigl,,

Contribution of the potentianergy exerted from the solid

Dirac deltafunction.

Attractive energy between SancHezcombe segments in adjacent sites
Heaviside step function

Influence parameter

Dimensionless influenceapameter

Influence parameter from Sancheacombe EOS

Isothermal compressibility

XXXii



Nomenclature

Si Thermal wavelength aitomi of a molecule

/ Symmetry measure of hyperbolic tangent curve

/. location of the integration poimhin Gauss Quadrature
m Chemical potential

m Chemical potential of bulk phase

m° Chemical potential of an ideal gas

3,1, X(mV,T) Grand canonical partition function

| Segment density

} Characteristic Sanchdzacombe density
F Reduced density

£ Microscopic particle density

T ouk Reduced bulk density

[ g Density of the endegments of a chain
Jg Gas density

Iy Liquid density

Im Z olecular density

J mass Mass density

I eqbuik Bulk segment density

ry SL density parameter

Ug Grafting density

Sps Sig Hamaker effectiveadii for PS and Si®
a Reduced segment density

Uags Reduced volume fraction of segments belonging to adsorbed molecules

XXXili



Nomenclature

e Reduced segment densityawf m matrix, anct = g grafted chains
Uend End segment reduced density

Utree Reduced volume fraction oégments belonging to free molecules
G Trial function

Uitoop Reduced volume fraction of adsorbed loop segments

Umiddie Middle segment reduced density

Utails Reduced volume fraction of adsorbed tail segments

/s Segment reduced detysof chain segments lying at reduced contour length s
G Flory-Huggins parameter

p Probability density function

a Probability density function probability distribution

N Number of configurations available to a systenm afoleailes

Finite element domain

W, Grand potential of bulk phase
Domain occupied by a single element
h Finite element domain approximation
W, WmV,T) Grand potential

w Absorption coefficiendf diffusion equation

XXXV



Nomenclature

Abbreviations

DFT Density functional theory

DPD Dissipative particle dynamics
EoS Equation of state

FOMC Fast Offlattice Monte Carlo
FEM Finite eement method

FF Free film

kMC Kinetic Monte Carlo

LAMMPS Largescale Atomic/Molecular
Massively Parallel Simulator

MC Monte Carlo

MD Molecular Dynamics
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1 I ntroducti on

In this short introductory chapter, the framework of the thiesisstablished. We will try to
introducethe readeto the world of nanoscale macromolecules by presenting and discussing the
main definitions utilized later in this thesiSloreover,we will explain the important role of
polymers in our lifewhy interfaces are of major technological importanieeyw polymer matrix
nanocomposites have been established as aofttite-art field in research and industgnd the
value of Self Consistent Field Theory in describing the complex structure of these polymeric

materials.
1.1 Polymers

In the literature, polymers refer to materials whose shared structural feature is the presence of
long covalently bonded chains of atom&ccording to thelnternational Union of Pure and
Applied Chemistry(IUPAC) definition of a polymef:fi aolymeris a substance composed of
molecules characterized by the multiple repetition of one or more species of atoms or groups of
atoms (constitutional repeating units) linked to each other in amounts sufficient to provide a set
of properties that do not vary markedly with the addition of one fewaof the constitutional
repeat i ngnonanmeiistthe gubstadce that the polymer is made of (usually coinciding
with the structural unif)and the process that converts a monomer to a polymer is called
polymerization When a structural unit is coacted to precisely two other structural units, the
resulting chain structure is calledimear macromolecule, whilst when existing structural units

are connected to three or more units in the same chain we tatkrathedmacromolecules. If

there is onlyone type of chemical unit the corresponding polymer is referred to as a
homopolymef if there aremore than one typeit is referred to as aopolymer Special units

calledend groupsare found where the polymeric chains terminate.



Chapter 1. Introduction

Polymers are chailike macromolecules, whichre composed of sequences of various
types of repeating units. Thereforeete can be infinitely many types of polymers depending on
the combinations and sequences of these units along the chain. Troe®téigarationrefers to
t he i p e r ma-steiciured of a tpa@ymer.o The configuration is defined by the
polymerization mdtiod, and a polymeric chain preserves its configuration until it reacts
chemically. Due to its flexibility, a polymer chain with a certain configuration can exhibit a very
large number of possible-dmensional folding shapes. This degree of freedom iecdhle

conformation

Most commercial synthetic polymers are considered to be flexible, because the natural
conformation of such a polymer, either in the molten state or dissolved in a solvent, is not a rigid
rod but rather aandom coil The flexibility necessary for polymer coiling is derived in many
polymers from relatively unhindered rotations around cdrbarbon single bonds along the
polymer backbone The fArandomod character o f a coiled
extremely large number of conformational states of the backbone homalgailable. A direct
result of this character is that the equilibrium behavior of polymerstgesiuations, such as
strong extension or compression, where the number of conformational states is rethiced
to that in the random coflSuch a reduction in available states is described macroscopically as a

d e c r e amfermational Bntropy 0

Even though mangeople probably do not realize it, everyone is familiar with polymers.
They are one of the most popular category of materials encountered in everyday use, since they
are the main components of plastics, rubber, resins, biomaterials, foods and adhdgivessPo
are remarkably involved in comfort and facilitation of human life and it is difficult to imagine
modern human society without polymers. Over the last decades, an explosive scientific and
technological revolution is underway and polymers play améaseole in it.. This isbecause
polymers constitute an amazingly versatile class of materials, with properties of a given type
(e.g., thermodynamic, rheological, mechanical) often having enormously different ,values
sometimesvenfor the same polymenidifferent physical statés’ Although a large number of
material scientists, chemists and chemical engineers, physicists, textile technologists,
meclanical engineers, pharmacists and other scientific groups are involved in the development

of projects related to polymetshere is still immerse room for development and improvement.



1.1 Polymers

Since most chemists and chemical engineers are now involved in certain aspects of
polymer science or technology, some have called this the pogeérActually, humans have
used naturally occurring polymererfcenturies without realizing that they were dealing with
macromolecules. Synthetic polymers appeared in the middle of the nineteenth century when
chemists startedsing polymeization reactionsvithout realizing that they were creating very
large molecwds® The realization that polymers are molecules made of covalently bonded
elementary units, called monomers (macromolecular hypothesis) was proposed by Staudinger in
1920° From 1930 to 1960 polymers entered a golden, dgeing which new types were
discovered and quickly emerged in commdrcagplications replacing naturatsourced
materials. At the same time, polymer synthesis tools were developed and refined. These include
seminal works such abat of Flory onthe swelling of a single chain in a good solvénthat of
Kuhn on macromolecular sizéSthat of Huggins and Flory on thermodynamio$ polymer

112 that of Flory and Stockmayer ogelatiort*** andthat of Kuhn, James, and Guth

solutions
on rubberelasticity>® The singlemolecule models of polymer dynamics were also developed
during this period by Roufeand Zimm!’ In the subsequent 20 years, the main principles of
modern polymer physics were developed. These include the Edwards model ofytherp

chain and its confining tub®,the modern view of semidilute solutions established by des
Cloizeaux and de Genn&sand the reptation theory for chain diffusion developed by de

Genneg® which led to the DeEdwards theory for the flow properties of polymer mélts.

During the following yeas, the attention of many scientists focused on the development
of exotic plastic materials with advanced properties based on novel monomer units. This
tendency in polymer development has been overdmntlee realizaton that polymers built from
readily avdlable, lowpriced environmentally friendlynonomer& 3! will continue to lead the
science innovatioff The combination of modern polymer synthesis strategies with theoretical
and empirical designing tools results in polymers with new or be#gned molecular
architectures® 3¢ Current research activity is largely focused on the class easséfimblet' *°
and nanostructuce composite$’ *> created by simultaneous control over macrophase and
microphase separatidf*®°! In this effort, the use of theoretical and computational tools is
imperative. Investigation and optimization of appropriate numerical simulations will allow the
exploration of the seldssembly bieavior and physical properties of new materials by reducing

the cost and the time of experimental processes.



Chapter 1. Introduction

1.2 Polymers atSurfaces and Interfaces

The generally accepted use of ternmerface refers to an intermediate three dimensional
boundaryregion separting two phases of matter with different physicochemical properties, in
thermodynamic equilibriur®? The phases separated by the interface can be of the same (e.g.,
solid/liquid, liquid/gas and gas/solid interfaces for a pure substance) or of differgnt (
immiscible fluids) chemical constitution. Fonany scientists, the wordgurfaceimplies the
boundary separating a solid or a liquid in contact with air or vapor phase, whereas the word
interfaceconjures up the notion of a solid/solid, liquid/liquad, liquid/solid contact. The use of
words surfaces and interfaces is probably redundant according to the above definitions.
Although the word interface would suffice, we use the words surface and interface because they

correspond to differentimages ingpe | e s 6 mi nds .

It is worthwhile to look at a few examples, so as to get a feeling of the technological
importance of understaing the behavior of polymers at interfaces. The quality of products
obtained through polymerocessing operations, such as extrusion and film blowing, is
profoundly affected by surfaaelated dynamic phenomerfaColloidal suspensions encompass
commercial products such as paints and Mk&dhesives constitute a category of materials
where moleculatevel design involving polymers at interfaces is of crucial importance. The
design of polymeric resins, encapsulants, and dielectrics used in the microelectronics industry
requires understanding of the behavior of polymers at interfaces. The thermodymamics
interfaces is governed by delicate microscopic phenomaertkerstandinghese phenomerand
the microscopic mechanisms that are associated with ifiefmajor technological importance

in a broad range of industrially relevant applications.

Each of te theoretical methods that are used to study polymer interfaces can be
categorized as being either an analytical or a simulation technique. Simulation methods for
studying polymer interfaces are nearly always based on microscopic models, which can vary
extensively in the level of detail of the simulated particles and the accuracy of theamdra
inte-molecular potentials that describe the interactions among them. The techniques most
frequently used for polymer simulations are Monte C&f6°%*° Molecular
Dynamics 026586961 9ng Brownian dynamic®' ®* The analytical techniques can be further
classified into microscopic or phenomenological. A phenomenological theory is one whose

starting point is a statistical mechanics description with the fundaimeatiables being
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collective variables (i.e., manayolecule), such as concentration fields. These theories generally
involve one or more phenomenological coefficients, such as interaction energy parameters,
viscosities, and elastic constants, whose maopg origins are not addressed by the theory.
Landa$>® theories of phase transitions and Gétilliard theory’ are familiar examples of

such an approach. In contrast, a microscopic theory is defined as one stéudsg point is a
statistical mechanics description using the generalized monomer coordinates and conjugate
momenta as the fundamental variables. Such microscopic approaches include lattifieldhean
theorie§® seltconsistent field theories?®*"®and certain scaling and renormalization group

theories’*
1.3 Polymer Nanocomposies

NanocompositeéNC) are multiphase solid materials where one of the phases has one, two or
three dimensions of less than 100 nanometers (nm) or structures havingcakabrepeated
distances between the diffetgghases that make up the material. The composite consists of two
main parts: thenatrix and the reinforcing phasélier). The main classification in NCs is based

on the different types of matrix phases: ceramatrix NCs, metamatrix NCs and polymer

matrix NCs. Depending on the reinforcing phase, nanoparticle (NP) additives are divided into
classes such agass, carbon, and aramid. The present thesis investigates pohatrer NCs
consisting of polymegr af t ed nanoparti cl ddedanddolymerwmatsx. ( i f i
Polymergrafted nanoparticles comprise two primary components: the nanopedtieland the

polymer brush The core can be either organic or inorganic and in many cases has a unique
functionality itself. While many different corgeometries have been successfully synthesized,

such as nanocubes, nanorods, or nanoplatelets, spherical cores are perhaps the simplest to
understand from a theoretical standpoint. In addition to the core geometry, there are numerous
varieties of materialshat constitute the core of Polymer grafted nanoparticles PGNP ranging
from the simple (silica), to functional (magnetite), optically active (gold), or even more
complex materials such as viruses and protein caffsitise matrix cha-brush interfacial

i nteractions may b egrdftingudansityaolynterychaine pet area tetheresh g t |
to NP surface), the degree of polymerization of the grafted chains (usually measured in humber
of monomer units) and of the polymer hdbg nanopatrticle size (core size and polymer brush

height), and its shape.
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Polymeric nanocomposites (PNCs) have been an area of intense industrial and academic
research for the past thirty years. No matter the measarticles, patents, or research and
development fundingefforts in PNCs have been exponentially growing worldwide over the last
twenty years. PNCs represent a radical alternative to conventional filled polymers or polymer
blends- a staple of the modern plastics industry. In contrasbhwentional composites, where
the reinforcement is on the order of microns, PNCs are exemplified by discrete constituents on
the order of a few nanometéfsin light of the diversity of PNCs, their potential is nearly
immeasurable. Among PNCs, PGNPs is a topic of drmsearch interest. It has been
demonstrated that dispersed spherical nanoparticlesymdd a range of multifunctional
behavior, including a viscosity decrease, reduction of thermal degradation, increased mechanical
damping, enriched electrical and/or magnetic performance, and control of tirexchanical

properties 483

The practice of adding nanoscale particles to reinforce polymeric materials can be traced
back to the earlysars of the composite industry in the second half of the 19th century. In 1856,
Charles Goodyear attempted to formulate nanopatticighened automobile tires by blending
carbon black, zinc oxide, and magnesium sulfate particles with vulcanized ¥itber909,
another example was the cleginforced resin known as Bakelite, which wiasoduced as one
of the first masgproduced polymenanoparticle composites and fundamentally transformed the
nature of practical household materifisThen, a long period of time passed till PNCs
development was stimulated by restaat Toyota where polyamide nanocomposites with
improved toughness, stiffness and heat distortion temperature balance became available in
1993%%° During the next decades, an explosion of experimental research occurred in the areas
of nanocomposites based on inorganic materials, polymer based nanoparticle filled composites
and naturally occurring systems of nanocompo&it&#s part of this renewed interest in NPs,
theoretical researchers also started seeking designing rules that would help them engineer
materials with tailobmode properties. For ceramic NPs, one can argue that the interface width is
still small relative to the filler size or the filkko-filler distance; thusextension or modification
of standard composite theory or modeling approaches may be sufficient. For polymer NPs, the
modification of the matrix may extend over several radii of gyration from the particle surface. In
turn, this situation reswdtin novel macroscopic properties, which are dictated qualitatively and
guantitatively, by the behavior of the confined polymer that forms the modified matrix. The

development of rigorous models that describe these new materials, and particulartiegh in
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understanding of their properties, are still in their infancy. The greatest stumbling block to the
largescale production and commercialization of NPs is the dearth okffestive methods for
controlling the dispersion of the nanopatrticles in thelymeric hosts. The nanoscale particles
typically aggregate, and this usually negates any benefits associated with their nanoscale
dimension. The second challenge is associated with understanding and predicting the properties
of these upgraded materialshieh are intimately connected to their internal structure and

morphology.
1.4 Sel-Consistent Field Theory of Inhomogeneous Polymeric Systems

Understanding the formation and structure of these rich morphologies demands predictive
theoretical frameworks that mde used to describe phase behavior and structural properties of
polymeric systems. Ideally, the theory should take the molecular properties of the polymers as
input and be able to predict the thermodynamically stable phases, the phase transition
boundarés among them, as well as the physical properties of the phathelow computational

cost. Towards this goal, a variety of theoretical methods have been developed to study the
phases and phase behavior of inhomogeneous polymeric systems.

One of the mostsuccessful theoretical frameworks for inhomogeneous polymeric
systems, including polymer blends, polymer solutions and block copolymers, is the self
consistent field theory (SCFT). The polymeric SCFT has its origin in the work by Edwards in
the 1960°° This theoretical framework was explicitly adapted to treat block copolymers by
Helfand in 1978 and later imprtant contributions to the theory were made by Hong and
Noolandi among other&.The most fruitful application of SCFT to polymeric systems is the
study of phases and phase transitions of block copolymers. In particular, powerful methods have
been developed over the last decades to obtain highly accurate solutions of the S@Biisequa
using numerical techniques. The earliest attempts to obtain numerical solutions of SCFT for
block copolymers were made by Helfand and coworketsater, Shuff> and Whitmore and
coworker§® have computed phase diagrams of block copolymer melts and solutions using
approximate numerical techniques. SCFT has been employed to investigate numerous polymeric
systems with advanced properties in recgaars. The first thredimensional numerical
solutions of block copolymer phases were obtained by Matsen and ¥ohfuk utilized the
crystalline symmetry of the ordered phases and prowaadt numerical solutions to the SCFT

equations. This technique has been applied to a variety of block copolymer systems. Further
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development of the SCFT included the theory for Gaussian fluctuations in ordered *phases,
numerical techniques for solving the mean field theory in real £pawe fully fluctuating ield-
theoretical simulation¥. There is a large body of literature on the SCFT of polymeric systems,
including a number of valuable review articfé8%*°book chapters and book&?®*Based on
thesenumerous studies, it can be stated that SCFT daanpowerful basis for the study of

inhomogeneous polymeric systems.

The selfconsistent field theory can be outlined in terms of three fundamental steps.
Firstly, the shape of the polymeric fluid can be designated by an ideal chain model describing
the satistical mechanics associated with the conformational states of a single polymer chain.
Secondly, a partickbased statisticahechanical system is mathematically transformed into a
field-based description. Within this fiellhsed description, the mabwdy interactions are
replaced by the interaction of each particle with certain fluctuating fields and the Hamiltonian of
the system has a functional dependence on these fields. Lastly, further appoximations can be
implemented based on the previous stepspdrticular, a saddipoint approximation of the
functional integral leads to the mefeld approximation of the system. The resulting méalal
equations, or SCFT equations, can then be solved analytically or numerically, providing
information about thestructure and property of the inhomogeneous polymeric phases. This

theoretical framework is flexible in that it applies to any statistizathanical system.
1.5 Motivation

1.5.1 Molten Polymer Free Surfaces atEquilibrium

The thermodynamics of simple fluids andlymer melts in contact with a gas phase have been
explored in great detail in previous works via theoretical approaches and atomistic
simulations’*+1%12 Thin Jiquid films exposed to gas phasesboth sides, the stalled freely
standing liquid films (FF), have attracted considerable research interest and
attention®294100102.107.108113 |+ hag heen shown that film thickness has a considerable effect on
thermodynamics: thick polymer films exhibit bulk properties inirtiventral regior?” whilst

thin films display altered thermodynamics affecting their stability (emergence of disjoining
pressure}®>11%112 \oreover, the properties of thin films and the phase behavior of block
copolymers have been studied extensively byans of seltonsistent field theory

(SCFT)9294100.10L1he imnortance of including nonlocal terms in polymer denaitst the
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Helmholtz freeenergy functional to deal with the inhomogeneous environment of surfaces and
interfaces ks generally been recognized by numerous autior¥* **° Besides surface tension,

the knowledge of the macroscopic properties of polymer interfaces is quite important, since they
dictate the stable configurations of the system (contact angles, film wettability, phase separation,
etc.). Even though SCFTak been used extensively to predict and explain the structure and
phase diagrams of block copolymers and polymer blend systems, few authors have applied it to
investigate the properties of homopolymeric interf&¢é3'*** To be more specific, several of

the following issues have not yet been addressed in literature:

)] Investigation of the structure and thermodynanoédinear polyethylene films over a

variety of temperatures and chain lengths, using theTS@Eonjunction with the Square
Gradient approximation

i)  Bottomup comparative studies regarding the structural features (reduced density profiles,
chain confomational properties) and thermodynamics (e.g., interfacial freergies) of
thin films among SCFT cdnmed with Square Gradient Approximationapproaches with
particle-based methods such as molecular dynamics.

iii)  Hardly any studies report schemes tatidiguish surfaceadsorbed from free chains and to
decompose the surface density profiles into contributions from trains, loops, and tails.
Sideby-side comparisons with atomistic partidb@sed simulations are rarely addressed
in theliterature.

iv) Thereare also limited studies that provide accurate predictions of the surface tension, in
good match with experimental measurements and atomistic simulation findings over a
broad variety of polymer melts.

1.5.2 Nanoparticles inPolymer M atrix

Polymer chains anchoraxh the surface of solid particles are widely used to stabilize inorganic
nanoparticles (NPs) inside a host polymer mdtix>°1%¢ In most cases, the embedded NPs
tend to stick to each other due to attractive forces between'fhemder certain conditions, the
entropic cost related to the configurational restriction of grafted chains when the particles get
closer to each other is able to keep the particles separated. The key factors influencing NP
separation are their size, the nmlar weight of grafted and matrix chains, and the surface

grafting density.

When the matrix chains wet the grafted polymer brush, they are able to interpenetrate
with grafted chains and therefore diffuse inside the space occupied by the polymer brush,
leading to the eventual dispersion of NPs across the polymer matrix. It has been shown that in



Chapter 1. Introduction

most casesywhen matrix chains are longer than the grafted chains, it is harder for them to
penetrate into the interfacial region due to the higher entropy logsettgerienceé®® This
phenomenon is known as fnautophobiugpresdsustet t i n
phenomena in order to enhance the dispersion of NPs across the polymer*matian

grafting density is lower than a threshold value, the particle cores are no longer screened by the
grafted chains surrounding them, so they attract each other, leading to aggregatios. This i
known as fial | o@Bhndadyietcal®®dlerived expdrimegtally a phase diagram
denonstrating the regions where autophobic, allophobic dewetting, and complete wetting

OCcurs.

Major experimental work has been conducted to understand the behavior of polymer
grafted NPs and their influence on the properties of the composite matéH&l Atomistic
molecular dynamics simulations have been performedldyro et al:*® while Meng et af:*°
andKalb et al**° have performed coarsgained molecular dynamics simulations representing
the polymer chains by the Krem@rest beagpring model. Dissipative particle dynamics
(DPD)**! and density functional theory (DFf§ simulations addressing systems of polymer
brushes are also reported. Vogiatzis et*aHevised a hybrid particield approach called
FOMC (Fast Offlattice Monte Carlo) which is a coargeained class of Mont€arlo
simulations, where the nonbonded intti@ns are described by a mefld inspired
Hamiltonian.A usefulapproach for investigating the structure and thermodynamics of polymer
grafted NPs and brushes SCFT.******* However, the literature lacks results from SCFT
simulating realistic NFholymer systems such as silica in contact vpitysrtyrene(PS), with
industrial relevance over a broad parameter space:

v) Even though radial segment density profile distributions of matrix and grafted chains have

been studied excessively, there are hardly studies focused on comparison of SCFT results
with other experimental and simulation works.

vi) Reports extracting thdensity profiles of the grafted and matrix chains, which provide a
direct picture of their conformations across the parameter space and the density profiles of
the matrix chains decomposed into ecamatri bu
scarce.

vii) A considerablenumber of the aforementioned studies do not take into account the
contributions to the grand potential or contributions of the chain stretching energy .

viii) There is a limited number of SCFT works tive literature reporting the profes of
chains/area, the chain end segregation at the interface and the brush thickness over an

10
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extensive parameter space involving the molecular weight of the chains, grafting density
and the size of the nanoparticles.

1.5.3 Self Consistent Field Finite ElementMethod

Spectral and quasipectral methods are predominant tools for solving three dimensional SCFT
problems, but they are inflexible in handling geometrically complex domains, since they can be
applied on problems exhibiting some kind of symmetry. Thrgim limitation in the frequeney

domain approaches encourages consideration of alternate real space approaches, such as the
finite element method (FEM).

FEM is a widely used analysis and design technique and enjoys plenty of advantages and
privileges. Fistamong these advantagesthe ease of handing complex geometries. Coeapar
to purely spectral methods, the FEM does not require masking techniques in order to address
complex geometries. Another benefit when using the FEM is that is not limited taliperio
systems and naturally allows the use of heterogeneous and mixed boundary conditions.
Additionally, real space methods allow local mesh adaptation to selectively increase the
resolution in a targeted region without requiring increased computational @ffer the entire
geometry of the investigated system. The FEM particular, can incorporate rigorous a
posteriori error estimates (due to its inherent variational character) for mesh adaptivity, which
enable substantial computational profits. Furtheemdhere is a push to design solvers and
frameworks (lke MUMPS™? for real space approaches that are suitable fdogeent on next
generation computational clusters. Motivated by these factors, some researchers developed real
space formulations of the SCFT problem using the finite element mEthbdEven so, there
are several aspects in which staetehe-art SCFT combined with FEM (SCFFEM) literature is
lacking:
iX) The majority of the aforementioned studies are appieedieal model systems, offering

good qualitative information regarding the structural properties of copolymers. There is a

scarcity of studies where SCFT approaches are applied to realistic model systems,

comparing the observables of mesoscopic simulations to detailed atomistic simulations
and experiments.

X)  There are no SCFFEM works theliterature reporting structural propertiesf polymeric
melts at interfaces.

xi) There are no SCFT studies applied in grafted polymeric interfaces with explicit
representation of long polymer chains grafted on solid surfaces.

11
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xii) There are no SCFFEM studies assessing the interfacial free energglyher/solid
interfaces with attradte segment/wall interactions.

1.6 Aim of the Thesis

Based on the aforementioned realizations, the aim of the present PhD thesis is to formulate,
validate and develop a SCFT approach, and then apply it in the desovipiomogeneous and

inhomogeneous systems involving high molar mass polyneéis im equilibrium conditions.
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The SCFT models of this research will comprise three magest

1. Validation The aim of this procedure is to allow for a comparison of the thealretic
model with previous atomist&imulations and experimental works in a rigorous and
predictable manner. This is a key step to ensure that the theoretical models can
successfully describe realistic systems.

2. Structural propertiesThis will be the phase where the SCFT will be used to compute
structural properties dfulk andinhomogeneousielts under equilibrium conditions.

3. Thermodynamic calculationsThis is the highdsgoal of the theoretical strategy
presented in this thesis. Through these calculations we will be able to determine the
thermodynamic properties and behavior of high molar mass polymer/gas and

polymer/solid interfaces.
1.7 Outline of the Thesis

In the following Chapter, a brief setfontained summary of a generic SCFT formulation
compared to other molecular simulation concepts is provided. We limit ourselves to the absolute
minimum of definitions and methods to be presented, trying not to sacrifice consiatehcy
rigor. Chapter 3 of the thesis deals with the development of a formulation of SCFT coupled
with square gradient theory for predicting properties of free surfaces of molten polymers indirect
comparison with atomistic simulations and experimental ddia. scope of this chapter is to
compare the local density profiles and several structural properties of theoretic models, with
those obtained from atomistic simulations, as well as the prediction of the surface tension of
various polymers in a broad rangé temperatures. Chapter 4 of the thesis implements the
strategy developed in Chapter 3 to address systems of grafted polymeric NPs. This allows for
the description of structural properties of polymer grafted NPs with various size, grafting density
andchain length related to previous simulations and the contribution of entropic and cohesive
energy terms. In Chapter 5, the Edwards diffusion equation is solved with the finite element
method. Each Chapter is selbntained, incorporating its own introdwsoti (Ssummarizing
previous work and experimental findings) and the main conclusions reached. However, a
separate list of the innovations at three levels (methodology, physical insight and computational
tools) is provided in Chapter 6. Finally, in Chaptern/autlook of the closely related future

work is presented.

13
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2 Theoretical Backgroun

In this chapter,we present definitions antbackground knowledge that will outline the
framework of the new concepts and methods to be developed in the subsequent chapters. As a
starting point of our discussion, wautline the perspectives that are adopted in building a
physical model and how thatadel can be translated into mathematics. Then, the statistical
properties of coarsgrained particldoased models of single polymers are described, and these
models of singleehain statistical mechanics are extended to include the presence of an external
field. The description of this external field completes the pattiefeeld transformation We

descrie how field theoetic models can be constructed for a variety of many chain
inhomogeneous polymer systems. The important case et@adfstent fieldheory (SCFT) is
illustrated, which is obtained by imposing a mdiahd approximation. As a final point, square

gradient theory and the Sanchez Lacombe Equation of State (EoS) are briefly described.
2.1 Modeling Perspective andScales

An important challengeated byresearchers ofomplex materials is that the structure and
dynamics of these materials are characterized by extremely broad spectra of length and time
scales.One of the first decisions to be made is #mproachto be adoptedn modeling
Approacles for modeling materials consist of many levels, each level addressing phenomena
over a specific window of length and time scales. &pproachof primary interesterestars

with ab-initio andatomisticmethods, continigewith mesoscopienethods and exends to field

theoreticmethods.

15



Chapter 2. Theoretical Background

2.1.1 Atomistic Z ethods

2.1.1/aFirst Principles (abkinitio) Simulation Methods

At a reasonably fundamental level, one could describe a polymeric fluid usingi@alguantum
mechanics and retain the nuclear coordinates and electronic degrees of freedom of the atoms
composing te polymer and solvent molecuté® In quantum mechanics, a complete description

o f the microscopic state or Ami crosta@eo of
which is a function of the position coordinates of all nuclei and elect’dh&>? Electronic
structure calculations in the Befdppenheimer approximatiocgtempt to solve the electronic
Schrédinger quantum mechanical equation giverptigtions of the nuclei and the number of
electrons in order to yield useful information such as electron densities, energies and other

properties of the system. The solution of these equations comes with high computational cost.

First principles appro&es require essentially no empirical or experimental knowledge
to characterize the interactions among the fundamental particles composing a fluid. Their
application to real materialsthough, is still limited. Even if we employ the fastest
supercomputer \h the largest memory, we can treat at most atfmusandatoms,so pure ab
initio simulationis inappropriate for modeling polymeric fluids, where each polymer molecule

typically contains more than this number of atoms.

2.1.1/bAtomistic Smulation Methods

The next higher level of description, which we shall refer tahesatomisticlevel, is based on
eliminaing the electronic degrees of freedom and inggihe nuclear coordinates classicabhy
quantum mechanically*®¥**The elimination of the electronic degrees of freedom leads to
classical potentials expressing the potential energy as a function of the nuclear cod#dinates
These can in principle be obtained by carrying out ab initio quantum chemical calculations on
small sets of atoms, or more typically by applying empirical potentials that contain parameters
characterizing the range and strength of the -ntmtear ineractions. In this classical
perspective, each nucleus becomes an fiat omo
the nuclear mass. The Hamiltonian of the systémis equal to the sum of the kinetic and

potential energis of the atoms,

H(r“,p”)zézp—r‘n uen 2.1)
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wheren is the total number of atoms in the systemis the effective mass of théh abm, and

n

"= (r*, .x") and p"= (p', ...p") denote the Cartesian coordinates and momenta

respectively. The r8dimensional space from which the coordinates of the system

n

r'= (r Lo “) take on values is referred to @sniguration space The $1-dimensional space

from which the momentp” = (p, ...p")take on values is referred to m®mentum spacein

many applications it is convenient to use generalized, rather than Cartesian coordinates. The

two sets of coordates are related through a wedfined transformation.

When referring to polymer simulations, each molecule contains thousands of atoms. A
strategy for handling the apparent difficulties associated with fully atomistic simulations of
inhomogeneous polyenr s i s -groaifircm atrtsee fl ui d model . I n t
lumped into larger entities referred to f@sarticleso These particles interact by new effective
interaction potentials that must beparameterized. The coargeaining procedwg requires a
re-parameterization of the system which can be regardediagmoreof an art than a science.

At the lowest level, one can group adjacent atoms to form a particle, for example lumping each
CH; unit into a particle along a polyethylene chaamd then using empirical knowledge or
guantum chemical calculations to fit parameters in potential functions describing bonded and
nonbonded interacti onuitechatoodn ga ppa rotaicchl ehsa. s Shueceh
successfully to simulate oligomerfluids and singlghase polymeric fluids of low molecular

weight, but does not go very far in alleviating the serious spatial and temporal limitations of

fully atomistic simulations of inhomogeneous polymers.

2.1.1/cThe Monte Carlo (MC)Method

Monte Carlo metbds achieved a considerable improvement in the fieldaierialssimulations

in terms ofsimulation time Monte Carlo is a numerical method of solving stochastic models
without determination of the analytical representations of the sySt¥mf®9'"°The Monte

Carlo (MC) method is more of a@asistical technique, which involves discrete random walks for
sampling the phase space according to a certain probability distribution (e.g., Boltzmann) to
solve problems involving materials or other systems. The Monte Carlo technique ajaplibe

in the ab initio representatiotoo.

In their simplest version, MC simulations of simple fluids are carried oatteynpting

trial moves for the molecules from a uniform distributiand subsequently accepting or
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rejecting these moves, such that the longieege (Markov chain) of configurations generated
asymptotically samples the probability distribution of interest (typically dictated by an
equilibrium ensemble)MC algorithms can also involve sampling from other distributions,
which do not have to be apéital. Metropolis MC normally simulatesiaequilibriumensemble

of statistical mechanicand is used focalculation of structural and thermodynamic properties

of the systenas ensemble averages. TKimetic Monte Carlo (KMC) methadon the other
hand,tracks the temporal evolution of a system as a sequence of thermally activated infrequent
transitions. Aomic migration occurring as a sequence of atomic jumps, is an example of such
an evolutionaryprocess. Rate constants for the individual transtcan be computed from the
atomistic potential energy hypersurface and the atomic masses through the theory of infrequent
(rare) events MC techniques have the advantage of being able to explore probable (i.e.,
relevant) regions of configuration space diyi by permitting substantial configurational
rearrangementd hey canequilibratesome complex systems, such as polymer melts, orders of
magnitude more rapidly than molecular dynamics techniques, by devising and implementing
moves that do not mimic thectaal physical dynamics, but ensure rigorous and vigorous
sampling of the equilibrium probability distribution among microstates.

2.1.2 Mesoscopic Methods

Higher levels of coarsgr ai ni ng than the fAunited atomo
Sgouros et & lumped 52 monomers within a polymer backbone into a single lredidear
polymers, wo main approaches have been developed for the mappiagpmwistic polymer
segments into beads. A bead can be assigned either at the center of mass of a segment or at the
coordinates of the central atom(s) of a segment. The task of parameterizing the effective
interactions between those beads is rather comgticktarmonic oanharmonic spring models

can be employed to describe the connectivity, sfilitey characteristics and architecture of
beads belonging to the same chain and/or adjacent chains (slip springs). Potentials describing
interactions between ndsonded beads on the same or different polymer chains are determined
by empirical forms. A common choice is the Lenndomes potential’, or excess free energy
potentials (relative to an ideal gasaifairs), calculated from an equation of state (E6S)A
disadvantage of this approach is that experimental irgpueeded, so simulation results are
predictive only to the extent that a model system has already been paramefemiziber
drawbackof a coarsegrained description is that phenomena which depend on atwalie
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packing effects in the fluid cannot beptared with this approach. Nevertheless, computer
simulations of mesoscopic partidb@sed models of polymeric fluids have been quite useful in
studying a variety of important systems and phenomena such as polymer brushes, block
copolymers, and cohesiveltae of polymer adhesives and glass€s.”

2.1.3 Field-Theoretic Methods

In the mesoscopic approach of modeling polymer fluids described above, the fundamental
degrees of freedom aparticle positions and momenta. It is the phase sppaened byhese
coordinates that is explored in a partibeessed computer simulation. There is an alternative
strategy, however, which is the primary focus of the present thesistHegdetic methosl To

carry out a fieletheoretic computer simulation, we require a statistical field theory model of a
fluid. A statistical field theory is a description of a system in which the fundamental degrees of
freedom are not particle coordinates, but rather @nmore continuous fielde/(r) that vary

with positionr.>’® We can associate the relevamtfields of a polymeric fluid with spatially
varying chemical potentials. From the perspective of a patiméed model, the fundamental
problem of equilibrium statisticahechanic¥®is to evaluate a configurational partition function
(configurational integralpf the form

Z=pjr" expg bU (") (2.2

whereb [ RgT) (s the inverse of the thermal energy and") is the potential energy of an
particle system. The corresponding equilibrium problem for a field theory model is to evaluate
an analogous expressianvolving a functional integral over the fi¥k):

Z=fpwexpg bU[w| (2.3)

The advantages of fielheoretic methods for studying inhomogeneous polymers can be
easily understah First of all, there is the flexibility of working with a field theory that
originated from either an atomistic or a mesoscopic perspective. In addition, the spatial
resolution of the field theory can be adjusted by giving the relevant fields a firceramser
representation. There is also flexibility in the way the fields are represented and discretized (e.qg.
finite differences, finite elements, or spectral representations), which leverages the large body of
knowledge surrounding the numerical solut@ipartial differential equations. With such an
approach, it is possible to modé&br example polymer alloys exhibiting both macrophase and
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Chapter 2. Theoretical Background

microphase separatidf’ Such morphologies would be more difficult to be obtained with an
atomistic, or even a coargeained, particldbased simulation. Another important advantage of

using fieldtheoretic models is that they serve adass for most analytical theories of
inhomogeneous polymet&A large body of experimental data has been interpreted using

this theoretical frameworland a common language involving parameters in mesoscopic field

t heories, such as Flory Achi 0 parameters an
providing access to the behavior of these same field theory models across a broader range of
parameterspace, fieleheoretic models can couple very effectively with existing theory and

experiment.
2.2 SingleChain Models

In order to investigate the theoretical description of a polymeric fluid, we have to introduce the
notion of the ideal chain models. An a@echain model describes the statistical mechanics
associated with the conformational states of a singfeerturbedgolymer chain. We will try to
analyze the differences of most prominent ideal chains models. The present discussion of the

topic will be bief, with references to the literature that is relevarthi® subjecf.**°

2.2.1 From Flexible Polymers to Ideal Chains Models

The dains ofcomma synthetic polymers exhibit elasticity, as a result of relatively unrestricted
rotations about carbooarbon single bonds along their backboreesd are considered to be
flexible Nevertheless, a large number of synthetic polymers and biopolymers drantgbend

over large distances as a result of accumulated bond strains. These arestamifiedible or
rigid-rod polymers, depending on their length and degree of flexibility. In the present work we

address flexible macromolecules.

The effective inte@actions between segments along a flexible polymer chain are
manifested with two types of contributions as shownFigure 2.1: local, (shortranged
interferences) which are exerted between neighboring segments talwrbackbone and are
strongly dependent on the bond geometry and energetics of the chainprndal (long
ranged interferences) which are exerted between topologically distant segments, when the
conformation of the chain brings them spatially cloBeEx c |l uded vol umebo [
preventing two segments from occupying the same position in space, belong to the nonlocal

category.
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2.2 Single Chain Models

Figure 2.1. Local and nofocal interactions along a polymer chain

In principle, longranged interferences are never completely absent. However, two
situations are commonly encountered in which loangged interferences are essentially
negligible®*?'®rhe first one is observeih a dilute solution of a homopolymer of high
molecular weight at the- temperature, while the second one concerns a homopolymer chain
embedded in a melt of chemically identical homopolymerse Tatter was described
theoretically by P.J. FIl ory with the famous

experimental and simulation evidence.

When the above solvent and/or temperature conditions occur, a single chain may behave
asifitdoemot Afeel 06 nonl oc alunpertaribed Tharotdels thatsakeantod i s
account only shontanged interferences in the statistical mechanics of a polymer chain are
referred in literature amleal chain modelsldeal chain models are importantthe theoretical
description of polymeric chains, since they render feasible the theoretical calculation of the
statistical probability distribution of the equilibrium chain conformations, one of the most

fundamental problems in the statistical mechawicpolymers.

2.2.2 Freely Jointed Chain Model

A usually applied model witlvery similar behaviorto a polymeric chain is the freely jointed
chain model.In the freely jointed chain model, all interactions, except for the connectivity
between structural unitgre neglectedThe chain conformationadopted by a linear flexible
polymer chaincan be described with the path of a random flight of constantostEpe terms
random flight model and thresimensional random walk are used interchangeablyh&

literature.
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Chapter 2. Theoretical Background

In the freely jointed model, the chain is
lie at positiong, r; ...,ry and are connected by bond vectioysb,, ...,bn, Wherebi=rj-ri.; as
depicted inFigure2.2. This sequence consists ¥#1segments, antl bonds. All bonds are of
the same lengtlh and the direction of each bond is randdma coarseyrained representation
each fnAsegmento stands f oanda elaarhg efirb omat iiosn

between such sections.

Figure 2.2. A freely jointed chain modelith N+1 particles(indicated by the sphereapdN equally sized steps
(indicated by thearrows connectig the sphers). The particle positions with respect &oCartesian coordinate
system are denoted kg, r; ..., ry, bond vectors b, b, ...,by, and the chain entb-end vector byR..

The configurational partition function of a single chain canygessed by mequation

similar to eqR.2:

Z,=fr " expg bU () gV ) exp @ (M) (2.4)

N+1

wherer " stands for the set dfl +1 particle positions antl, is the potential energy associated

with a particular conformation of the polymer. The natat{jir "™ , fflb" is shorthand for a

3(N+1)and N-dimensional integral over thé&l +1 particle positionsand N bond vectors,
respectively,within a threedimensional domain ofolumeV. For an ideal chain model,

contains only interaction potential terms reflecting shamngedinteractiors. The subscript O is

used to indicate that we are discussing the properties of a single, ideal chain.
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2.2 Single Chain Models

A full desciption of the conformational statistics of the simple modeFigjure 2.2 is

provided by the probability density functipr(b,,b,...b)? p(b”). This is defined so that

P (b,.b,...b,) db,ch, ...dh, [)(b“) " equals the prolmlity of finding the chain in a
conformation where the bond vector for bond 1 is betvigeand d;, the bond 2 is betwedn

and b, A A A, Naisimbtweeribeandbda.nir the ideal chain case, there are no
constraints on the arrangements & gegments due to excluded volume effects, therefore the
orientations of adjacent bond vectors are statistically independent. The probability density
function for the partition function of chain conformations is of the form

p (b") :(N) a(by) (2.5)

n=1

Where
i (b )=id(|b| b) (2.6)
n 4pb2

with U(r) being the Dirac deltéunction.

To continue the mathematical treatment of conformation, it is necessary to introduce
measures for the size of a polymer chain. One such measure is the distance between the two end
segments of the chain. As shown Rigure 2.2 and in Figure 2.3, the eneto-end vector is
defined aRke=rn-rpoand the lengtiRe=|R¢| as the endto-end distancelThe endto-end vector can

be conveniently expresd;easRe:é_zlbi. The isotropic distribution of thé; implies that

b = 0 and, hence, a vanishing first momentRer

Figure 2.3. Definition of the eneto-end vectoiR, and of the radius of gyratidR,.
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Chapter 2. Theoretical Background

A measure of the polymer coil of high importance is the nsgaare endo-end distance,
defined as either an ensemble or a time average of the squared norm of-thxemhdector.

The second moment of the end to end vector can be written as:

(R7)=((a1b,) O&LD)) =
=(a), & .bb.) = &b, + A adbb.)

The absence of directional correlation between different bonds makes the second term of the

@2.7)

above equation equal to zero, leading to the characteristic of random flight model resul
(R2)=Nb’ (2.8)

and the roetmeansquared endo-end vector of the freely jointed chain model

e

(RZ) =N (2.9)

The important point in eg.9 is that the endo-end distance is multiplied by a factor@ihen
the chain length is multiplied by a factor&f Such a property is called a scaling property. The
exponent3=1/2 appearing in .9 is called thescaling exponenbf an ideal chain and the

scaling property is related to the fractal nature of the chain conformation.

The mearsquared endo-end distance of a linear polymer chain is not an expeiiig
observable quantity. Gfigherexperimental relevance is the-calledradius of gyrationof the

chain around its center of mass. We define the center of mass by

N

a mri 1 N
Mo = 12 = ar, 2.10
S ! (2.10)

i=0

and the radius of gyratidRy is defined by

(I
Rgzzma (ri 'rcm)z (211)
i=0

According to the Lagrange Theoreffi for any collection of particles, the squared radius of

gyration can be alteatively expressed in terms of the interparticle distances as
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2.2 Single Chain Models

1
R2= 212
°(N+ 1)2%125 iy (2.12)

Using this theorem, Debye prov&tthat in the context of the freely jointed model and in the
limit of N>1, the following equation connects the radius of gyration of the chain with is end

to-end distance:
<R92> :—<R;> (2.13

Eqgs 2.8,2.9 and 2.13 reveal some remarkable features of the freely joimtesin model .Of

interest, though, are not only the moments of the above measures, but also the entire distribution

of the eneto-end vectoRe. In general, the probability density functidt(R,; N) of the eneto-

end vectorR . is defined as

P(R,; N) = fiib" dg& A n (o) (214)

Although it is not easy to treat the Dirac dditaction appearing in eR.14, it can be rewritten

in a convenient form using the Fourier transform of the delta function, defined by

ffk €°.Using this form we can veite eq2.14 as:

1
dir) =
)= 2oy

(2.15)

J.N- M

P(Re;m:ﬁﬁk df'p (b )expelk;is Ah

n=1

P(Re; N) is thus expressed as the inverse Fourier transform of a proddadexftical integrals:

P(R,N) =

1 . ) \ N
% fpkexp(kR . )§ dfj exp@b , ) b) 2 (2.16)
The integral oveb; can be evaluated using spherical coordinates, knéth the reference axis:

Fib,exp( ik @, )a (b,)
[ﬁdqudﬁpsin f exq kb cos) gl§db) (2.17)

- 4pk? |

in(kbcogy) ‘8"  sir{kb)
kb ﬁ kb

le-s
4pb2 2pb2ns|n @ goskb cos )q:ég

And therefore
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Chapter 2. Theoretical Background

1 .. .ésin(kb) %
P(R.; N)=ankexp(|k r@e)ge%b) § (2.19)

The latter equation was first derived by Lord Rayleigh for random flighN sfeps, who also

evaluated analytically the integral for values Nf up to N =6. By far the most interesting case

N
ésin(kb) @
is for N>1, where the quantityé% g becomes very small, unlesb is close to zero.
e a
Under these conditions:
ésin(kb) ' & kb2 © 8 Ko
Then
o 3/2 Qo 2
a 3 0o _a R
P(R_;N) = A ex = 2.20
RN = 7 0Pz (220

Thus, the endo-end vector of a freely jointed chain follows a Gaussian distribution in three
dimensions, with zero mean and varia<R§2>. This is a general result for long unperturbed
chains. It provides a good approximation of the exact distribution of long endughQ) freely
jointed chains at not too high extensions.

The important notion of conformational entropy isnifested in e.20. In making the

transition from the full phase space distribution function of the freely jointed ﬂwé&iﬁ ) to the

reduced probability distribution function of the etmend vector,P(R,; N), we have integrated
over all sets of fixedength bond vectorb consistent with the constraint of a fixed eoeend
vector Re. This integration amounts to an erenation of the available conformational states.
Because all states occur with uniform probability in the freely jointed model, the result is a

purely entropic contribution to the free energy of a chain with constrainetbemil vectorR :

A= KTIn AR, N %Re

|2

(2.21)

The quadratic dependence on chain extedﬁigm this expression can beewed as an

Aentropic springod potential. Fewer confor mat
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2.2 Single Chain Models

. . K, T, .
extensions, so the free energy increases \®f. Mor eover, th eSN_EZH sprin

softens in inversproportion to the guare of the polymer coil size.

2.2.3 BeadSpring Model

Another important category of ideal chain models is designated asspeag models. These
models are easier to handle mathematically than the freely jointed mételdeaespring

modé can be represented as a collection of beads connected by elastic Sgrengnds are

now of variable length and each bond vedors distributed independentlyith a statistical
weight proportional teexpg- bh(|b|) with(b_) =0and the probability density function is given
by

D ({bub,,.by })t D({b}) =db,) b,) -(by) (222

Where (b,) is the probability distribution that individual bond vectors follow ar(X) is the

spring potential between adjacent particles along the polymer backbone. If allNobtmels of

such a chain are equivalent, the potemiargy can be expressed as
Ny o
U,(b™) =& h(b|) (223
i=1
The configurational partition function then becomes

Z, =V fgb" expg U, 0") g¥( dfexrs @ip|) )y (2.24)

As we can see from the above equations, a central role is played by the bond potential of
these elastic springs. In order to assodiaefreely jointed witthe bead spring model, we have

to specify a functional form for the spring potentigk) . The harmonic bond potential given by

h(x) =T ¢

o (2.25)

is the most popular and convenient chommakingthe bead spring to follow the same reduced
probability distribution function of the ertid-end vector with the freely jointed modek long
chains This choice defines the walleddiscrete Gaussian chain mod&he remarkable point

about the bond potential given 25 is the fact that thepsing constant depends on the
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Chapter 2. Theoretical Background

temperature. This is because the spring of the-tm@athg model originates from the change in

the conformation entropy. Using such a spring potential, it is easy to show that the average of
the square of the bond length isen byb®. The parametebin this potential (often called the
effective bond lengjhcan be interpreted as the raneansquared length of a bond, since for

any bond

7iib: (b, ®,)expg £h(j) g1
Fitb, expg oh([b[) g

The mearsquared endo-end vector of the discrete Gaussian chain can be calculated. In

(b;®,)

(2.26)

particular,

N

(R,AR,), ab, b Nfb b ) ONY (2.27)

;2

1]

The terms withi , j in this expression vanish because of the independent distribution of the

bond vectors, which implies the(bi ®, >0 ), <b©0 0 for i, j. Thus, the ideal chain

scaling of er.8 is recovered<Rez> = Nb?. Apart from the integpretation ofb as the fixed bond

length in the freely jointed model versus the fomansquared bond length in the discrete
Gaussian model, we see that the expressions for the-sgeaned endlo-end vector in the two
ideal chain models are identicalidteasy to show that the same equivalence holds for the radius

of gyrationRg, so that e@.13 also applies to the discrete Gaussian chain.

In order explorehe relationship between the freely jointed and discrete Gaussian chain
model in more detail, it is again useful to exploit the connection with stochastic pro&isses.
any pair of noroverlapping suizhains of an ideal chain is statistically indepengdére eneto-
end vector of any sdbhain of an ideal chain obeys the Gaussian distribution. Assuming that

any individual bond follows a Gaussian distribution:

a X’

i 2 3 €6
a(b_)= A €XPop —m 1 m M 2.28
(0n) =7 0P (228

1-O: Ot

which is equivalent to

3 3 9% & N3(r -r.)
bM) =5 : Am mi) 229
(") = © PBE oy 229
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2.2 Single Chain Models

Figure 2.4. Schematic representation of the discrete Gaussian chain Eactekpring connecting successive beads
has spring constant equal&kBT/ o3

The distribution of the vector, - r ., of a subchain connecting any two beadsandn

along the Gaussian chain is given by
. & 3 o as(-r,)
F({r, -rnl m}) o B s (2.30)
¢ G
With <(rI - rm)2> H# m|b’. As a special case, one recovers the Gaussian distribution for the
0

endito- end vector With(Rj} = Nb®. The probability density can be written as a function of

the bead positions,

F({rr st o o) :%zp—bz o exrég 8= (2:31)
It leadsto a free energy of the form
3keT N
A{ror ok h ) = o af.r-..)° eonst (2.32
m=l

It is of interest to compare these results for the free energy of the discrete Gaussian chain

with those obtained previously for the freely jointed chain model. At first glance, the
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Hamiltonians for the freely jointed and thead spring model appear to be very different, since

on the one hand in the bead spring model, the bond which connects the segments is the harmonic
one given by2.25, while on the other hand in the freely jointed model, there is no apparent
spring potential between the segments. Instead, there is a constraint on the arrangements of the
segments, i.e., a pair of segments which are connected by a chemicahdolddog locatedta

fixed distance. The chemical bonds are therefore introduced into the bead spring model as a
spring potential (enthalpic contribution), in contrast to the freely jointed model where they are
treated as an entropic term associated withconstraint on the arrangement of the segments
(entropic contribution:*?> Because the final equilibrium is dictateg the free energy of the

system, composed by the enthalpic contribuB@and the entropic contributiddaccording to
A=E -TS (2.33

we can understand that the two apparently different treatments of the chemical bonds will play
essentially the same role in the canonical ensemble governed by the free @énergy
Consequently, the free energy for these models giveR.38/and 2.21 is thermodynamically

equivalent in the case of velgng chains.

2.2.4 Continuous GaussianChain M odel

We can go one step further towards the model that we implemented in this thesis. Is is an elegant
and particularly convenient ideal chain model for both analytical and numerical calculations,
known as thecontinuous Gaussian chain mod8. This model can be described as the
continuous curve | imit of the discrete Gauss
model. As shown in Fig. 2.5, in this model the polymer is viewed as a continuous, linearly

elastic filament,whereas the segment indexbecomes a continuous variable spanning the

contour of the chail(Od: S ¢N) .The set of segment positions along the backbone of the chain,

which describes the chain conformations, becomes a space rgjvavhere the contour

positionr is a vector function of the continuous varialdleand the endo-end vectoiR. can be

expressed aR, =r(N) + (0).The probability density can be writtert as

e 3" ad B
r(s)| = constexpé — nd A 234
P [r(9)] pe zﬁ[‘%&? (2.34)
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2.2 Single Chain Models

corresponding to Bpotentiab energy(more correctly, free energy or potential of mean foofe)
the Gaussian chain
3T, Adr
HSe— 2.3
207 [F &ds (239

0

Uo[r(9)] =

where the square bracket notatiorg[r (s)] andp [r(s)] is used to indicate thad,andp are

functionals of the space curvds) (P is sometimes called Wiener distribution®) defining
the conformation of the polymer. A functional is a mapping between a contifwrai®n and a

number®*in this case the mapping is betweg(s) and the value otJ,and P .The form of the

potential energy is closely related to282for the discrete Gaussian chain. If we viely dsas

the | ocal A s t rfdehgthhbdocated at eontaurepgsitia)rinien eg2.35 sums a
harmonic potential contribution from each such differential segment over the entire contour of
the chain. It is important to note thetloes not indicate arc length in the continuous Gaussian
chain model, but it is simply a parameter indexing the segments along the chain. Thus, the

stretchdr/ds is not constrained to be a uwméctor, but is free to fluctuate in magnitude. 86

for the potential energy iIis commonly referrect

The configurational paitton function of the continuous Gaussian chain can be written as

z,= ﬁ(o?f D[r (9)]expg bU,[r (5] (2.36)

r

where the notatiorf'i((:)q D[r(s)] indicates a functional integral over all possible space curves

r(s) describing the conformation of the polymer. Such functional integrals, also termed path
integrals, are familiar from the fields of quantum mechanics and pripdbéory, wherer (s)
corresponds to the position of a quantum particle or Brownian particle astime

Integrating over all possible spatial curves of lengtivith given starting and ending

positions, we drm a configurational partition function for the Gaussian thread, tethered at its

two endsgiven by:

o

O e 3N aw
20 = Mo, D[r(s)]eng 207, d%s

(2.37)

Jo:of
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where »=1/(k,T). The partition function is a path integral. From the above discussion of

Gaussian chains, it is clear that the value of this partition function depends o|nJy oh N,

andb.

Figure 2.5. Schematic representation of tbentinuous Gaussian chain mod€aussian Thread)Y.he continuous
Gaussian chain model describes the conformation of a polymer as a spacdjueeres™ [0,N] is a variable
spanning the contour of the chain. The chain end positions corresp® amdr (N).

The inconveniencerising from the necessity to evaluate path integrals turns out to have
no consequence in equilibrium statistical mechanicsauser we are generally interested in
ensemble averaged quantities, which can be expressed asofatiwwo path integrals. For
example, the measquared endo-end vector of the continuous Gaussian chain can be

expressed as:

o R olr @l (N Of expg DU (5]
Re :<Re e> ; AL(N)= .
Rloy, D[r(s)]expg bU,[r ()] g

r

(2.39)

where the denominator is simply the configurational partition function. It is easy to prove that

the continuous Gaussian chain shares tbpayty of the discrete Gaussian chain in that its-root
meansquared endio-end vector is given b%Rj}ﬂz =bNY2and the radius of gyration is given

by the expected formula (&4L3).
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2.2 Single Chain Models

A useful feature opathintegrals in continuous chain models is that they can be viewed
as ChapmaiKolmogorov integral equations, which in turn can be reduced to partial differential
equations. These equations areerefd to in probability theory as FokkBranck equations®
and in quantum theory as Feynméac formulas,*® introduced into the polymer scienbg
Doi and Edward$®’ The advantage of working with partial differential equations will become

more apparent in the next subsection, wegeonsider chains in external fields.

2.2.5 The Presence ofExternal Field

In the current section we designate how the statistical mechanics of ideal chain models can be
generalized to include one or more fimenisbfer nal
a polymer chain. These potential fields are of primary importance and they are generated self
consistently by the force fields of the interacting polymer segments. Accurate evaluation of the
statistical mechanics of a single polymer in a presdripatential field proves to be the most

computationally demanding component of a fildoretic method.

The external field of primary interest is a spatially varying chemical potentialviig)d

that acts indiscriminately on contour lengtbf a contiious Gaussian chain. The conformation

of a Gaussian thread wil/ be now dictated by
" kK, T" ad B "
Ur(9)]=U,[r (9] fiswe (3) =& d 6 ¢ sfi( % (2.39)
0 2b" , '¢ds *

Consequently, the configurational partition function of the continuous Gaussian chain becomes

L(N)= e 3" adrp 1"
Z= QO)% D[r(s)] eng' 2_bzo C%CTS Q?I_O dSVﬁ (S)) (240

We define the Green function for the Gaussian thread as:

()= e N

Ro- D[r(s)]expe bU,[r (s)] - b davl (9
0 é 0

Ffr rr((oﬁ D[r (s)] expg bU, [ (s] g

G(rry 9= (241

Physically, G(r r,; s)is an unnormalized probability density thaity the presence of the
field W(r), a chain which started at positigpwill be at positionr , at contour lengtls. It has

dimensions of inverse volumeei, spatial density. Note that the denominator in the definition of
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G(rr,;9) is the partition function of an unrestricted, fidlde Gaussian thread of lengthit is
independent of andr, and depends only awandb. Though the Green function has a physical
meaning only fors>0, we extend the definition oB(r,r,;S)to negatives, by requiring that

G(r,r,;9) =0 fors< 0. The probability density of the- r ;vector becomes

_ C e3(r-r) o
G (I’ FO,S) Gb(‘ Fo 9 T O expe 56 l;l (g (2-42)
g

with Q(s) =l for s>0 and Q(s) =Ofor s<0 (Heaviside step function). If we sst= N and
r =R(N)in eq2.42, the familiar Gaussian distribution function is recovered for thetewmtd
vector of eg2.29. On scales largethan a single bond, the discrete Gaussihain and the

continuous Gaussian chain evidently share the same chain end distribution function.

Recasting the latter expression as a Fourier transform of the Green function, the

Adi ffusiond equation is derived:

e 25w é(rro,s) 1 o) 49 (243
els

A detailed derivation of the above equation can be foune@fia87.The product of the

Delta functions/(r - r,) €5s) on the right hand site takes into account the boundary conditions
G(rry;9=0, for s VandQf(r,, ;s) & r o (2.44)
(N e N
i i) D[r ()] expé- bUf (s) - b dsvfy (9

ar.9) = oGl o9 = = 0 (2.45)
rplr D[r (s)] expg BUf (S) g

By definition q(r, s) represats the statistical weight of a chain, which may have started

anywhere in the system and finds itself at positiacontour lengths (Figure2.6). This object
is commonly referred to as the chain propagator and is a functional of the external potential

field. Again, note that the denominator in &@¥5 is independent ofr and r,. For
s> 0, integrating the diffusion eg43followed by the Green functida(r r ,;S) with respect to

r, leads to
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H b
U—SQ(r,S) 5 Bor.9 )¢ .$ O (2.46)

It is evidentfrom eq.2.45that by constructiong(r, s)is a dimensionless quantity and for

s=0, the effect of the field disappears and the nategrand denominator become identical.

The propagatog(r,syobeys the Ainitiald condition

q(r,0)=1 (247)

() (b)

(s
— C)
0 (J/\S QS—/V

Figure 2.6. (a) Definition of the restricted partition functiag(r,s). (b) Definition of the partition function Q.

Of particular interest is the partition functid@[Mfor a chain subjected to an external

potential w(r)defined by the equation presented below:

i, dﬁrr((o';fﬁ[r S expe bUf 6] - b W )
0 € 0

- = - (2.48)
njro d‘ﬁr(o):roﬁ[r (S)] ex% bUO[ (Sj g

Q[w] =

Clearly, Q[V\dis a partition function for am-long chain in a region of space of volurie
subject to the fielo\N(r) reduced by the corresponding partition function of a fied@ chain
(Figure2.6). As defined,Q[V\d is a dimensionless quantity. It is related to the restricted partition

function q(r, 9), defined in eq2.45, as follows:

Q[w] =\%ﬁir af , N) (2.49)
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Chapter 2. Theoretical Background

We now consider the problem of calculating the enserabéraged segment number

density for a single flexible polymer subjected to a chemical potem{idl .This quantity is

defined by
r(r)* (Hr)) (250

The microscopic segment dengifgnerated by the chais given by

9 N
Hr)=p & r(9)ds (251
The equation connecting the microscopic segment density and the restricted partition function is:
r(r)= 1 ~Nq(r N -9 qf, 9ds (252
Vo[ B |
A

A(r)
I L ~(r)={p(r)

Figure 2.7. lllustration of a microscopic description of the density distributjgn) and its coarsgrained
descriptionE(r)

which is known asconvolution integral equatiorcentral to the theory of inhomogeneous
polymers 18123188gq 2 52 is an important formula in the theory of inhomogeneous polymers
because it provides a recipe for calculating the average segment density of a continuous
Gaussian chain experiencing an arbitrarteptal w(r). A proof of equatior2.52 is provided

in Appendix B The density operator (r ) describes the averagertsity of segments, regardless

of their location along the polymer chain. Another useful density operator for the continuous

Gaussian chain is the quantity
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2.2 Single Chain Models

r(r.s)=(Hr,9) (253

which represents the average density of segments located at contour gositiermicroscopic

density of segments at locatisis derived from &r,s)= 4 * (9))as

r(r,s)=mq(r,N 9¢.3 (254)

Figure 2.8. lllustration of the composition formula for the average density of segnten®.54)located at position

salong a continuous Gaussian chain. The statistical wg{ghs) of a chain section of contour lengtls joined at

pointr = r(s) with the statistical weighg(r, N-s) of t he Acompl ementaryo d&Nhain se
S.

The physical content of €)54 is explaired in Figure2.8. By comparing this expression with eq

253, we see that the average total segment denéms) is simply the integral of the average

segmensdensityj (r, s) at all contour location® ¢ s ¢N:
N
r(r)=fs £r.9 (255)
0

This formula iscleaty consistent with the relationship between the corresponding microscopic
densities&r)and Hr,s).

A special case of eg54 is of particular interest. By setting=0 or s= N, one obtains

the average density of a chain end segment. In the present case of a homopolymer obeying the
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Chapter 2. Theoretical Background

aforementioned continuous Gaussian chain model, the two chain ends are indistinguishable, so a

total chain end density can be defined by

FoalT)= £r.0) + € .N) 7Q2[—Mq< N) (256

where in the second line of this expression we have qﬁed)) =1. Thus, after applying the

normalization2/{vVQ[ w]} , the propagator(r, N;[w) can be interpreted as the a\gealensity

of chain ends at positian
2.3 From Particles to Fields

An additional, essential element for the construction of the -fireddretic method is the
conversion of a particlbased model to a statistical field theory. The previous section dealt
exclusively with the statistical properties of a singleal polymer chain both in isolation and in

the presence of an external potential field. Here, we shall focus on how the external potential
field(s) can be determined. The intramolecular loagged integferences, also mentioned tine

literature as the nonbonded interactions between the polymer segments, that have been neglected
up to this pointwill now be included in the formalism. An important objective of the present
section is to illustrate how thiparticleto-field transformation takes place for pure fluids. We set

up the basic technique, since more rigorous and exact formglédiomore complex polymer

chain models and fluid systems will be fully explored next.

2.3.1 Canonical (h"VT) Ensemble

In statstical mechanics, an ensemble (also statistical ensemble) is an idealization consisting of a
large number of virtual copies (sometimes infinitely many) of a system, considered all at once,
each of which represents a possible state that the real systémnbmign. In other words, a
statistical ensemble is a probability distribution for the state of the system. The concept of an
ensemble was introduced by J. Willard Gibbs in 1682.

The canonical ensemble provides a powerful framework for deriving the thermodynamic
properties of ligids and gases from moleculavel information. In the canonical ensemble, a
system is considered to be closed to mass transfer, but it is open to energy transfer through the
exchange of heat with a reservoir held at a fixed temperdtutdnder these comtibns, the
partition function can be derived from the Hamiltonian 2ef). The kinetic energy term in eq
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2.3 From Particles to Fields

2.1 depends exclusively on the centdrmass momenta. The potential energy term depends

exclusively on the centaf-mass positions (configurational degrees of freedom). The canonical

partition functionQ,,; of a pure fluid withn indistinguishable particles confined in a voluMe

can be expressed as two separable contributions:

~yn e ,.h [} R .
Qur = e PP XPg DA P 1 off exig B (257)
i=1

n'h>
Both integrals appearing in &p7 are definite. The first integral is taken over the whole

momentum space and the sedointegral is taken over the whole configuration space. The

integral over momentum space is really a producthfr@lependent Gaussian integrals which

can be easily evaluated and then we obtainttead | ed fAsemicl assical 0 p:

1

Q= T i " expgbu (r ”) (2.58)
or
— ZnVT
Quwr = TG (259

where L :h/,/meI%Tis the thermal wavelengtim is the mass of an atom, ahas the Planck
constant.Z,, is theconfigurational integralof the canonical ensemble. The potential energy
U (r“) depends on the relative positions of thparticles, and by specifying its mathematical

form, one defines a particular atomistic model of a fluid. It is often the case that the pair
approximation described by &yl is sufficient for the description of the potential energy. For

the purpose of illustration, we shall adopt this perspective and write

U(r”):

whereu(r) is the familiar pair potential function (Hansen and McDonald, 1986). The factor of

a auff, v (260)

j=ke2( )

NI~

(1/2) in this expression corrects for the congtof each pair of particles twice in the double

sum. The external field is assumed to couple to the microscopic particle dE(ls)tgtefined as

a sum ofdfunctions in the form already introduced implicitlyarb1
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Chapter 2. Theoretical Background

Hr)=&a ¢ ) (261
It follows that

U(r) =3 ot Jofl ) o) Snu(o 262

where the last term subtracts the setéractions of the particles that are included ihd first

term. Eq2.58 can thus be written
Da A b o
_H r‘jl’ expse? q’] d I% )Uﬂ 1 -I) V(E ) (263)

where z, 1 exp(bu( @/ 2) 2. It can be seen from this result that the value of the potential at

contactu(o), only affects the reference chemical potential of the fluid and has no

thermodynamic @nsequences. The next step in the partiiigeld transformation is to invoke

the definition of a delta functional, i.e.
iPr & ~§r ] F[ |f (2.64)
for any functional F[r]. The delta functionald] » Hcan be viewed as an infinite

dimensional version of the Dirac delta function that vanishes unless the }ﬁénl()smd E(r)
are equal at all pointsin the domain of interest. The delta functional edsobe viewed as a

formal definition of the functional integrgfpwover the auxiliary fieldv(r ) according to the

following inverse Fourier transform

al Iﬁr=ﬁ)weﬁkwr v %) (2.65)

It is important to note thalv(r) is a real scalafield and that the functional integral in eq

265 is taken along the whole real axis at eacithe next step in transforming the oaical

partition function into a statistical field theory is to insert 24 with F[r]:linto the

integrand of e@.63. This leads to

anz%:ﬁ)f df§ ¢ rﬂ%pgeg d Bi EEG ni]) (B (2.66)
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2.3 From Patrticles to Fields

Next, combiing eqs2.65 and 2.66, the following expression occurs fdret canonical

partition function of the system:
" iffirw(r )ar( )- o e dpyd i ffpu(] v if)r
QnVT=%FPf dfy Dwg{ ¥t %) g 2 ofy i v if)r (¥ 267)

It is important to note that as a result of these transfitwns the only factor in the integrand

that depends on the atomic coordinatés:r,y ,..5  is expg-iﬁdw(r )Ef ) . The integrals

over then particle positions thus factor out according to
expg-iﬁdw(r)E(r) g:(VQ[ iw])’ (2.69)

The functionaIQ[iw] can be interpreted as a singlarticle partition function, i.e., the

contribution to the partition function fne an atom which does not interact with the other atoms,

but rather with the purely imaginary fields(r)

Upon combining eq2.68 and2.67, the particleto-field transformation is completed. The

partition function can be expressed as the following statistical field theory:

QnVT = (ZOV)n
n!

/s Dffexp(-H.[ 7w) (2.69)
where the functional
H[r.w]=ifprw(r) £ ) - /[2 dijdi ﬁ/)u(| ri-|)r( Y ninqiv] (2.70)

is referred to as an iié'f. The prefactoren e®led @ M)t ro,ni an o

is proportional to the partition function of an ideal gas.

The evaluation of the Helmholtz free energy requires the use of the familiar

thermodynamic formula
A(nV,T)= -kTn Q, (2.72)

where Q,,; is obtained by performing functional integrals over ghendw fields according to

eq2.69.
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Chapter 2. Theoretical Background

2.3.2 Grand Canonical ¢ V ) Hhsemble

The grand canonical ensemble provides a statistical microscopic description of an open
equilibrium system of given volume or spatial extent, capable of exchanging energy and
particles with its surroundings. This ensemble is particularly useful in the study of sorption

equilibria and surface thermodynamic properties of fl¢iis.

In statisttcal mechanics, a grand canonical ensemble (also known as the macrocanonical
ensemble) is the statistical ensemble that is used to represent the possible states of a mechanical
system of particles that are in thermodynamic equilibrium (thermal and chemithl)a
reservoir. The system can exchange energy and particles with a reservoir, so that various
possible states of the system can differ in both their total energy and total number of particles.
The system's volume, shape, and other external coordiagddsept the same in all possible
states of the system. The relevant grand canonical partition function is given by

3, =5 explb mQs (272
n=0

whereg is the chemical potential and the sum is over all possible numbers of atoms. Insertion of

eq2.67into the righthand side of this expression leads immesdyeto

b

i frw(r)r ) E diul rif)r(r

5. AD @ (2vQliwd)

n!

'4 273

where z = Z exp(b s the activity. Evaluation of the sum over the number of partrelgslts

in the desired field theory for the grand canonical ensemble:
3. =D ﬁexp( - Hw, /}) (2.74)
with
o~ b . _
Holwr]=ifra(r) £) < dpjeif)u rif)r(0) evd] @79

Comparing eg2.70 and2.75 and therefore the effective Hamiltonians of the canonical
and grand canonical ensembles respectively, we see that they differ only in the form of the last
translational etropy term. Thus, it is fairly straightforward to switch ensembles in the- field

theoretic framework.
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2.3 From Patrticles to Fields

Equation2.75 shows that the effective Hamiltonian hhsee principal contributions. The

first term, iffirw(r ) 7 ), can be interpreted as the energy of interaction between the density
field r(r)and the purely i maginaiwf). fihe seeand termlis pot e

proportional to ffir dfy )u(v| i |) £ ) and represents the energy associated with the

nonbonded partickparticle interactions. This term can be replaced by the Helmholtz energy

density (Helmholtz energy per unit volume), obtainablenfam equation of state. In this thesis,

we replace this term by identifying the Helmholtz energy with an excess Helmholtz energy, i.e.,
with the Helmholtz energy of a real polymer fluid consisting of a certain number of chains in a

given volume minus the élmholtz energy density of an equal number of noninteracting (ideal

gas) unperturbedchains in the same volume. Finally, the ter-nzVQ[iw] describes the
translational entropy (relative to the ideal gas entropy) of a fluid nbninteradng atoms
experiencing the potentidv(r ) .>

The grand canonical ensemble allows us to calculate thermodynamics potentials. At the
outset, the quantityV,, is calledgrand potential In a homogeneous systethe connection

between the grand potential and macroscopic thermodynamics is
W,, = kTIn3 ,, =PV (2.76)

where P is the pressure, anthe ensemble averaged number of particles in the system is

controlled by adjusting the chemical potengiar activityz according to

auin3,, o
5 2.7
()= =iz O (277)

The Gibbs Energy is found as

uin3,. o
=(Nym ANl Tin 2 4 B i O 279
And the Helmholtz energy as
eau n3 0 .
A=G -PV ENm ITn3,. k %“T/”;T 6 In 3 (279
TV
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Chapter 2. Theoretical Background

For interfacial systems, the Grand canonical ensemble is the most suitable choice in
calculating the interfacial tension, since it allows the mass transfer between phases. For the

special case of a liquid bounded by an undeformabie soiface,

WV, T,m - WV T, 7 S @ ) (2.80)

whereSiiq is the total interfacial area of contagt, is the solidpolymer interfacial tensiong,
is the solid surface tension, agg- g is theadhesion tensiohetween the polymer and the
solid.

2.4 SeltConsistent FieldTheory

The previous section demonstrated how statistiedd theories can be constructed from
particlebased models of simple fluids. It is now appropriate to discuss how to analyze such field
theories and extract useful information about the structure and thermodynamic properties of
polymeric fluids at eqlibrium.

The fieldtheoretic models of sectioB.3 generically express the relevant partition

function as a functional integral over one or more chemical potential Vigtjlsi.e.,
Z =fpr Dpyexp( H[w, {) (2.81)
where H [w, r] is an effective Hamiltonian which is a ndotal functional of the field variables

and is generally complex (not strigtteal). The form ofH [w,r]depends on the particular

interaction and chain model used to construct the field theory and is thus sensitive to polymer
architecture, molecular weight, polydispersity, composition, etc. To compute the émsemb

average of some observal@eone applies thequation

(clwrl)=2"p rodw Jexd H[w ]) 282

The evaluation of free energies and derivativamiies through a thermodynamic

formula connecting it t& involves the computation of the functional integral given by 84.
Similarly, by application of eq2.82, with G[vv, r]corresponding to an appropriate density

operator, the fluid structure is computed as a w@tiwvo functional integrals.

This expression of the partition function is exact. However, the evaluation of this partition
function is in general a formidable task. A variety of approximate methods havdéezoped
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2.4. Self-Consistent Field Theory

w (1)

Figure 2.9. An illustrative explanation of the mean field approximatfom.interacting mamchain system is
approximated by a single ideal chain in an averaged potentialWéﬂd .

to evaluate this partition functn. The most fruitful method is the meéeld approximation,
which amounts to evaluating the functional integral using a squiuihe technique. Technically

the saddlgpoint approximation is obtained by demanding that the functional derivative of the
integrand is zero. This is the most important analytical approximation technique, which is
widely known in the polymer physics literature as-selfisistent field theory (SCFT¥**°This
technique is widely used in many physical contexts, penmass notably in the theory of phase
transformations'’® In the present case, the mefid approximation amounts to the assumption

that a single field and density configuratigr) and 7 (r) dominate the functional ingeals in
egs 2.83 and 2.84. This field configuration is obtaed by demanding thaHG[w,r]be
stationary with respect to variationswir) and r (r) , i.e.,

aH[w, £ -0, i [w, ]| 7
aw dar

W=W r =r

=0 (2.83)
Having obt atifned dtohapdc@gmerd densifields W) and 7(r) from this
equation, one completes the approximation by imposing the following:

H[w7]= 4nz, (G[w 1) w7 (2.84)

If Z represents either a canonical partition function or the grand canonicéibpaiinction,

then the Helmholtz free energy and the grand canonical potential are derived immediately as

bA= InZ=H[W 7} or AW = InZ=H[W, %, respectively.
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Chapter 2. Theoretical Background

In the mearfield approximation, all configurations of the spatially varyiinglds are

neglected except for the most probable configuration§r)and 7(r). For atomic or small

mol ecul e fl uids, this approxi mation of negl e
This is becauwsthe typical coordination number of an atom or small molecule at liquid densities

is quite low, so large fluctuations occur in the potential experienced by a particle as neighboring
particles change positions. Indeed, these strong local field fluctuasi@nsesponsible for
producing the density correlations that characterize the atrale structure of liquid&. The
meanfield approximation is also inaccurate in polymer solutions or melts at the atomic scale
because the coordination number remamsll. However, at mesoscopic scales, the situation
changes qualitatively due to the ability of polymer coils to interpenetrate one another. For
mesoscopic scales, the fluctuations in the environment of each polymer diminish with increasing
molecular weift, since the potential field variations are averaged out by contact with
increasingly large numbers of surrounding chains. This constitutes the standard argument that
the mearfield approximation is accurate for concentrated solutions or melts ointidgcular

weight polymers™®*

2.5 RealPolymer Chain Conformation

A major weakness of previous works employing SCFT is that they are prinaamigd at
producingqualitative and not quantitative results. Another weakness of the SCFT formulation is
that single chain models (especially the discrete and the continuous Gaussian chain model) refer
to Kuhn segments, while statistical ensembles used to describe a fluid system mostly refer to
particle or monomer segments. Some researchers interchangealyhe Kuhn length, the
statistical segment lengtandthe monomer length as being the same. Their claims seem to be
somewhat inaccurate. The purpose of this section is to make clear to the reader the difference

between a Kuhn segment and a monomer sagm

In a typical polymer chain, there are correlations between bond vectors (especially
between neighboring ones). The physical origins of these local correlations between bond
vectors are restricted bond anglessional potentialsand steric hindrancdf we assume that
the length of every skeletal bond of the real chailxis we can ask this chain to follow the
scaling law of a freely jointed chaiNylc.c 2, with Ny being the count of skeletal bonds along the
chain. In order to achieve quantitaiagreement, we should introduce a coeffici€nt,in order
to account for the stiffness of the chain:
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2.5. Real Polymer Chain Conformation

<R92> = NbCN lc—c2 (285)

with C, bei ng Floryodos characteristic ratio. The
polymers. All models of ideal polymers ignorenlocal interactionsbetween monomers
separated by many bonds and result in characterattms saturating at a finite valug, for

large number of backbone bond¥, (- =@ ). Thus, the measquared endlo-end distance can be

approximated for long chains as:
(R*)=N,G 1.2 (2.86)

The numerical value of Floryds characterist:i

chain. The contour lengthof the chain at full extesion on the other hands given by

L=rN,l_ (2.87)

where r is a geometric factor that dependa the bonding along the real chaifor a
symmetric homopolymer chain such as polyethylene, where the equilibrium bendingl &gle

the same between all pairs of successive skeletal bonvdsin%.

Flexible polymers exhibit universafroperties that are independent of the local chemical
structure. A simple unified description of all ideal polymers was needed. The first attempts to
use random flight concepts to describe the linear polymers in solution are usually attributed to
Kuhn, wipo argued that the Rayleigh random flight model might be used. It soon became evident
that such a model was not appropriate to address very short chains (less than a few hundred
chemical bonds), or relatively stiff chains which cannot adopt tortuous comtfimns.
Moreover, it is not appropriate to use as fAsi
or even the monomeric units the chain consists of. Thus, the length of an individudi, step,

became an adjustable paraeredf the model, namely the Kuhn length. The equivalent freely

jointed chain should have the same msgqunared ento-end distance{Rj} and the same end
to-end distance at full extensidnas the actual polymer, b, freely-jointed effective bonds

of length b, .The end to end distancéé{e2> of this equvalent freely jointed chain is:

(R?)=N> =NG L% L ~NL. MKk (2.89)
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Chapter 2. Theoretical Background

From the above equations we can easily extract the equation which connects the Kuhn length

with the monomer length:

b .G (2.89)
I r

A typical value for r = sin(d2) ~ 0.83, withd ~ 112° being the bond angle between successive

skeletal carbolt ar bon bonds. The nohareeteristic ratlo dependis wretheo f  F
local stiffness of the polymer chain with typical values ranging from 7 to 9 for many flexible
polymers. From e®.89 we can easily came to the conclusion that usually the Kuhn length is
approximately 10 times lger than a typical bond length.

2.6 Phenomenological Tieoretical M ethods

As mentioned in the previous chapter, the theoretical methods that are used to study polymer
interfaces can be categorized as being either an analytical or a simulation technique, while the
analytical techniques can be further classified into microscopic or phenomenological. One of the
most dominant phenomenological technisjiserelated to Cahlilliard theory’, widely known

as Square Gradient Theory (SGT).

For systems with a nearly uniform ehedy density profile, the Helmholtz energy may

be approximated by a functional Taylor expansion witeremceto the Helmholtz energpf a

uniform system with maverage density, :

. 1 o ~
Fer(r) gF[ ¢l + rrjd +efd, {0y o Dr(rn ) (290
whereDr(r) * £r) -,. In the density expansion al® the reference system has the

same temperature and particle chemical poteatiadhe real system.K(rl,rz) has units of

energy and is referred to as the vertex function.

For systems with a slow varying opaerticle density (r), Dr(r) is small and the

functional Taylor expansion for the intrinsic Helmholtz energy may be truncated after the
quadratic term. Similarly, the local density may be exgess a truncated Taylor series

r(r)= fry) € ro) &) %r(+r DEr ) - r(/})KD( ® } (291
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wherebr(r)denotes the density gradient and the s

tensos. The gradient expansions lead to mde expression for thélelmholtz energy of

inhomogeneous systems:

. ~y & k 2
Fe(r) ettt &) g E) (292)
where f, represents the Helmholtz energy density of the uniform system at system temperature

T and local densityr (r) andais called the influence parameter.

2.6.1 Interfacial Tension

The most important applicatioof the eg2.92 is the calculation of interfacial tension. The
interfacial tension between two coexistifigid phases, salandb, is defined as the change

free energy in response to variation of the interfacial area. For two bulk phases at equilibrium,
the interfacial area refers to an imaginary surf&ceividing the total mass of a particular
component in the system into those corresponding to twophalkes. The imaginary surface is

called the Gibbs dividing surface.
For an inhomogeneous system containing two coexisting bulk pbasesg together at
a planar interfaceSG# predicts that the grand potential per unit area is given by

kadr( 2) o

W/'S = nsz fer(2 m( ; | (2.93

For bulk systems, the grand potential reduceg = - pV where pressurp is the same

for the coexisting phases. Thderfacialtension is defined as the grand potential per unit area

relative to thosearresponding to the bulk phases

(w SWk) —ndz?f 8 (2 g%édr(z)

g= gdz

1 o:of

{13 p: (2.949)
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Pp

p(z)

Figure 2.10. The Gibbs dividing surface between two bulk phageandb) and a schematic representation of the
densityprofile in the interfacial region.

To use e2.94, we need an equation of state for the bulk phase and the density profile. By
minimization of the grand poté&al with respect to (r) (EulerLagrange condition on the

functional on the righhand side of eq 2.94 under constaandp) we obtain:

auf.(r) 6 ad’r(z) o
ah(r) & . kae—d(2 ) 8 e (295
g W r;= £z) (; 4 -

If we consider a vaperiquid phase separation and combine @@} and 2.95, we reacha

simple expression for the surface tension:
L .adr o 1 i . 2
9=k ¥z, o kg i) (2.96)

More specifically, toobtain eq 2.96 from eqgs 2.94 and 2.95 it is helpful to remember
that, for the two coexistingulk fluid phased) andb (say, liquid and gas) at equilibrium, the
chemical potential is the samequal tce:

dfo(r) 6 _ @() O_ 29
C ' rg-_-é (;l ’:a(’;)_rr ( 7)

and also the pressure is the same, equal to the saturation ppessure

O: Ot

S f(f) = ?{% S () B (299

I
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Eq 2.95 can be written as

M- iy =) (299
Fr .

= £2) ¢ dz

Multiplying both sides of the equation by iz and integrating fronz=- & , where bulkphaseU

conditions prevail, up to an arbitrary poimtvhere the local density is(z), we obtain

f-‘%[fo(r)- g d;(z)dz S0 gz(z) 912y, (2100

- oG r= (z) -G —d
or
r(2) ° ~ 7 4A s 2
A H d,c(z)gadr(z) 1 € d&2 ~ %
ra [f(f) md % 1L dz(;EE dz q% 2 :c%z@ z ué?
) , ) (2.100)
Kadr(@)s ) m A o
_éég dz 9 I|m {ﬁz Hug—z dzg 2
or
k&dr (2)
B[ (D]- M) -§( Jr + mfe—— (2.102)

2¢ az

On the other hand, substitutipgn terms of f,(7,) , €, and r , as shown above and invoking the

differential equation we just derived, we can rewitie righthand side of eq 24 as

. " od 2. 03
o=l e ) @ o v, ) 4R G

o 2 2 Yy (2103
= fkadr(z) 6 kda(2) " fis, " d (3

which is eq 2.96. The penultimate equation in this developmenm wrdinary differential
equation that can readily be integrated to #(jd given an equation of state for the fluid, which

dictates the Hehholtz energy density functionfo[r(z)] and the chemical potential at

coexistenceg. Thus, in the framework of SGT, tliensity profile and thénterfacial tension

can be calculated from the equation of state of the bulk fluid andftoence parametex. The
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main advantage of SGT is simplicity, while a quantitative representation of the surface tension
can be accomplished by using an accurate equation oftlstéitean describthe bulk phases)

andb and an optimized influence paratar.

2.6.2 Equation of State

An equation of statdEo0S) is a thermodynamic relation between the state variables, which
describe the state of matter under a given set of physical conditiot®ofageneousystem. It
takes the form of an equation relatitng densit to temperaturgoressureand composition, the
latter playing a role in multicomponent systerrs statistical mechanics and the context of the

isothermalisobaric ensemblénPT), the Gibbs free energg, is related to the configurational

integral Z ., by the following equation:
1
G= ZInZnPT (2.109
where the configurational integral .- is:

Z.-=a an(EV.nexpg 4(E pV) (2.105

vV E

with n (E,V, n) being the number of configurationavailable to a system af molecules whose

potential (configurational) energy and volume BrandV, respectivelyThe reader should take

care not to confuse (E,V, n) with the grand potential, for which the symlaplis also used.

The sunmationsin eq 2.98extend over all feasible values BfandV. The isothermaisobaric
ensemble and the associated Gibbs potential are the most convenient of the potential ensembles
to invokein the study of fluid phase equilibria.

The fundamental problem deriving the equationf state for a system is to determine
q - One of t huged eqoations ofvdtate ddr golymer fluids is the one derived by
Sanchez and Lacomb¥| nspired by Floryés model for bir
employed an Ising or lattice formulation, wherein the polymer segments are occupying discrete
lattice sites, while there also exist empty lattice sites (holes). The Gibbs free €hdogged on

the Sanchetacombe equation of state, can be expressed in t#rcdisiensionless variables as:

G*lé =F Pa Tgu D)ink L
n e L~

s =

(2.106)
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Table 2.1. SancheZ.acombe notation

Symbol Explanation
u hard core volume of a Sancheacombesegment
st number of Sanchezacombe segments constituting a molecu
rs segmental density (Sancheacombe segments per unit volum
& attractive energy between Sanchexombesegments in adjacer
sites
T =6/ Ky characteristic Sanchdzacombe temperature
P=e/ L characteristic Sanchdzacombe pressure
V' = n( rSLu*) close packed volume of thmerg -mers
F= rry ‘U= . RT /(Mlj ) reduced segmental density
F e mass density (kg /)
M molar mas®f a chain(kg mol™)
T=T/T reduced temperature
p= p/ P reduced pressure
G=1/7 ¥V/V reduced volume

whereT, 7,tland p are the reduced temperature, density, volume and pressure respectively. The
parametery is connected to the number of different configurations available to a system of
rsi-mers. The Sanchdzacombe parameters are presentedlable 2.1. The corresponding
equation of state can be extracted by miring G with respect to7 r, yielding

FP+P A

An(L =) (2.107)

D DD/
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According to the discussion in the above sediion in SGT, we are interestedtire

Helmholtz energy densitgf a homogeneous phasehe Helmholtz energy under the Sanchez
Lacombe formalism can be obtained from2etD6
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Chapter 2. Theoretical Background

A(rT)=G -PV & P@

*
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é s, W ( r
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In order to avoid double counting in SCFT (taking into accour.&9), we have to subtratbe
Helmholtz energyf an ideal gas of chainhis quantity is given by:
e ar.OL? &

AC(r,T)=G°( £T) -F°V =n'%f ,H nkT r&@ilniz‘— o1 (2109
é éﬁ intra (0]
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Pol ymerf agielsmg

The current chapter preserdsselfconsistent field (SCF) theoretic approach, using a general
excess Helmholtz energy density functional that includes a square gradient term, for polymer
melt surfaced® The approach ismplemented for linear polyethylene films over a variety of
temperatures and chain lengths. The formulation of the SCF plus square gradient apmmoximati
(SGA) developed is generic and can be applied with any equation of state (EoS) suitable for the
estimation of the excess Helmholtz energy. As a case study, the approach is combined with the
Sanched.acombe (SL) EoS to predict reduced density profileBairc conformational
properties, and interfacial free energies, yielding very favorable agreement with atomistic
simulation results and noticeable improvement relative to simpler SCF and SGA approaches.
The reduced influence parameter invoked in the SGActoeve accurate density profiles and
interfacial free energies is consistent with thefinition of Poser and Sanch¥Z The new
SCF_SL+SGAapproach is used to quantify the dominance of chain end segments compared to
middle segments at free polyethylene surfaces. Schemes are developed to distinguish surface
adsorbed from free chains and to decompose the surface density profiles into consritbain

trains, loops, and tails; the results for molten polyethylene are compared with the observables of
atomistic simulations. Reduced chain shape profiles indicate flattening of the chains in the
surface region as compared to the bulk chains. Thgeraf this transitional region is
approximately 1.6 radii of gyratiorRf). The inclusion of chain conformational entropy effects,

as described by the modified Edwards diffusion equation of the SCF, in addition to the square
gradient term in density, pralés more accurate predictions of the surface tension, in good
match with experimental measurements on a variety of polymer melts and with atomistic

simulation findings.
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Chapter 3. SCFT Combined with SGA of FreePolymer Surfaces /Films

3.1 Background

Many significant properties of soft condensed matter are determined bytrileture,
thermodynamics, and dynamics of surfaces and interfaces. Such properties play a dominant role
in the manufacturing of materials by controlling adhesion, capillary and wetting phenomena,
which influence, for example, the characteristics of protedtims and membranes, bioactivity

and biocompatibility of biomaterials, formation of microemulsions, and rheological behavior of
lubricants®**%1t is fascinating and tempting to fully explore thergex mechanisms of these
phenomena and establish relations between macroscopically observable surface properties and
molecularlevel chemical constitution and structure. Toward this goal, various theoretical

methods have been developed to elucidate inlgem&ous polymeric systems.

3.1.1 Freely Standing Liquid Polymer Rlms

The topological characteristics, structure, and thermodynamics of phases of simple fluids and
polymer meltscoexistingwith gas have been explored to great length in previous works via
theoreical approaches and atomistic simulatién¥*°®**? Thin liquid films exposed to gas
phases on both sides, thecaled freely standing liquid films (FF), attract great interest and
attention among liquid/gas systeffg*100103.107.100112 The thickness of these films is a
significant characteristic with deep implications concerning their stability.@rswle, films of
thickness on the order of 10 nm have been shown to display an apparent bulk behavior in their
central regiort’” On the other side, ultrathin films of molten polymers, with a thickness of a few
radii of gyration of the constituent polymer chains, exhibit reduced densities and an altered
structure in their central regibti**®as compared to their equivalent bulk sample. Moreover,
with decreasing film thickness the two interfacial regions begin to overlap and as a result
disjoining pressure effects emget affecting the stability of the films, as has been showed in
LennardJones fluids?>*%?|n case the film thickness is reduced further, below the range of
van der Waals forces, the disjoining pressure exceeds a critical absolute value, ruptge occur

and the film collapses intenergetically more favorable structurés

Thin films and the phase behavior of block copolymers have been studied extensively
with selfconsistent field theory (SCF1§°41010LMISCET has its origin in the work by
Edwards®® Helfand and Tagami in 1972 adapted theoretical framework to predict properties

at the interface between immiscible polymE¥sSubsequently, Hong and Noolandi, among
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3.1 Background

others, made important contributions to the thédhgince tlen, SCFT has supported a huge
number of applications in the literature and has been applied to a large count of polymeric
systems with outstanding results, which have been summarized in review &Hiti€&ook
chapters, and booRS*®?Even though SCFT has been used extehgito predict and explain

the structure and phase diagrams of block copolymers and polymer blend systems, few authors

have applied it to homopolymeric systeffig3! 33

3.1.2 Previous Works

As outlined in Chapter 2nipolymer field theory, the configurational partition function of a
system of chains interacting with each other, as well as with solvent, ions, and dalidsthat

may be present, is reexpressed in terms of the configurational partition function of a set of
noninteracting chains subject to a fluctuating field. Way theconformations of each chain
speciesdevelopin the field is described by an Edwardffusion equation. Based on a saddle

point approximation, SCFT replaces the field by an optimal function of space which depends on
the mean segment densities, and therefore on the conformations. The resulting system of
equations, expressing selbnsisteng of the field that shapes chain conformations but is in turn
shaped by them, is solved to convergence. The model that defines the statistical mechanics of a
noninteracting polymer chain can be more or less detailed. Two models that have been invoked
are he semiflexible wormlike model and the fully flexible Gaussian model. The siexible
wormlike chain model is unnecessarily complicaté@hen appliedd high molecular weight
polymers, but has the advantage of being more realistic in the case of short chains, because it
can deal better with orientational tendencies associated with conformational stfffEess. in

the case of the simple Gaussian model, the statistical mechanical formulation of SCFT is not
trivial. A particleto-field transformation has to be carried out in the canonical or in the grand
canonical ensemble. The effective Hamiltonian is required to be stationary with respect to the
field and/or density variations and the equations must be solved incssiftat way.

SCFT, as originally formulated for polymeric systems, requires the system to be
incompressible. Incompressibility, however, is but a poor approximation when dealing with the
free surfaces of polymer systems. Hong and Noolandi overcame this iteonogisy
introducing vacancies and treating them as small moletulBsis formulation increases the
number of equations to be solved and is only compatible with Atuggins type equations of
state (EoS). ThompsoH used the vacancyeatment to distinguish the two regimes of molar
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Chapter 3. SCFT Combined with SGA of Free Polymer Surfaces /Films

mass dependence of surface tension, at lower and higher molar masses. A compressible model
with no explicit consideration of voids was initially introduced by Helfand and Tagami for
binary polymer mixturenterfaces by assuming that the excess chemical potential is known for
one polymer; in their calculations the total density was found to decrease at the irtérface.
Schmid in 1996 first attempted to investigate compressible polymer blenaidaaies by using
SCFTX? Daoulas et al. in 2005 used the compressibtelel with a serflexible i flexible
continuum description to address conformational properties of a polyethylene melt under
confinement and compared the results with atomistic simulatfois.2013 by using a three
dimensional compressible SCFT scheme, Daoulas and Miller explored the thermodynamic

stability of the stalk fusiofntermediatén amphiphilic membrane&*

The importance of including nonlocal terms in density in the Helmholtzeineegy
functional to deal with the inhomogeneous environment of surfaces and interfaces has generally
been recognized by numerous auth®?ts*!*° The nonlocal gradient density expansion term
was initially introduced by van der Waals for the vapor liquid interfaceafone component
system. Nowadays, it is widely known as the square gradient approximation (SGA). SGA is
known alternatively as Ginzbuigandau theory or Landau expansfdnCahn and Hilliard
theory, developed in 1958, included gradient terms in the mole fraction, in the same spirit as
SGA, todescribe binary mixturé€.SCFT incorporated the square gradient approximations from
early on. Helfand et al. first conceived the importance of nonlocal terms in calculating the
chemical potential of copolymer and polymer blend systems in a'8¢&¥.de Gennes
combined the FlomHuggins theory with the square gradient contributioh. number of
works 9112420220%jnce then have used the gradient expansion in thefreyy functional with
several variations ithe coefficient of the gradient term; much of this work has focused on the
difference between the weak and strong segregation limits of polymer blends and copolymers.
The coefficient(s) of the gradient term(s) is (are) mostly referred to as the influence

parameter(s).

In the most general case, square gradient theory requires the contribution of a local
Helmholtz energy density that can be retrieved from an EoS and the contribution of the square
gradient density multiplied by the influence parameter. Thieatly, the influence parameter is
related to a two body direct correlation function and can be computed either from integral
equation theories or from analytical functions and mean field approximattiiérhe

theoretical results, however, rely on approximations and rough estimations, resulting in
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relatively poor performance when compared against experimental or atonmstiatens
results. Semempirical approaché®?%2!1 have thus been used to correlate influence

parameters to EoS parameters.

3.1.3 Current ResearchApproach

The present work aims at combining two of the most widely used theoretical frameworks for the
estimation of the interfacial prepties of freestanding polymer surfaces, namely SCFT and
square gradient theory, in a manner that enables prediction with a minimum of adjustable
parameters. As a case study, the theoretical framework is applied to free polymer films
comprising polymer chas modeled as Gaussian threads, whilst the thermodynamics of the
polymer in the bulk is described by the Sanehazombe EoS$*? The influence parameter of

the SGA term is calculated through correlations arising from the atomistic density profiles of
polyethylene melts. Furthermore, there is a direct connectiomebatthe reduced influence
parameter estimated by Poser and Sartéhard our estimation; hence, allowing us to extend

the model to a varigtof polymers for the purpose of calculating surface tension. It should be
noted, however, that the developed framework is generic, because the excess Helmholtz energy
density functional can be derived from any EoS. The SL EoS was chosen in this stug liieca

has been shown to provide accurate results for such systems and it allows for comparisons with
past works'*?' Our primary aim is to calculate various thermodynamic and structural
characteristics of thin films such as the surfacesiten the reduced density profile and its
decomposition i nto contributions fr oamge Nadsc
conformational properties of the chains quantified by the chain shape, and the segregation of
chain ends at the free surface. B@F calculations are vigorously compared against atomistic

simulation results and experimental data.
3.2 Model System and Theoretical Formulation

3.2.1 SCF Formulation of Grand Partition Function

The SCF approach has been employed to describe polymer melt edenfiaseveral earlier
works, 2431:131.1322122181ar0 \ye keep the presentation of our theoretical forionlats brief as
possible, focusing mainly on novel points introduced in the present work. We consider a
polymer melt whose surfaces are allowed free contact with a vapor phase. In our treatment, each

one of the polymer chains is envisioned as a Gaussi@adhconsisting ofN chemical
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Chapter 3. SCFT Combined with SGA of Free Polymer Surfaces /Films

segments® We focus on a region of total volumé occupied by polymer at temperatufe

which is delimited by the free surface(s). The polymer near the surfaces igliatiaquwith a

bulk polymer phase, with which it can exchange chains without restrictions. Because of this
phase equilibrium, it is more convenient to work in the grand canonical ensemble. The polymer
thermodynamic properties in the interfacial regiorvolumeV at temperaturd and chemical
potentiale Ncan be fully described by the grand canonical partition function. We defisea
chemical potential per segment, therefore the chemical potential of a chain everywhede is
We follow the statistical mechanical formulation developedhypulas et at* and generalize it,
following Schmid et af® The interaction between polymers, which was described by a Helfand
type effective Hamiltoniaft?” is now replaced by a coargeained excess Helmholtz energy
functional. The grand partition function described by eq 2 of Daoulag‘&sakwritten as

X =4 = exp(b M) N”féDra( Pa () wexd  H Er) (2)

n=0 N:

where b =1/Kk;T, kg is the Boltzmann constardandn is the number of chains in the system.

N is a normalizing prefactor which includes the contribution from integration overertom

space, andpr, (T)P g .( Y represents the weighted sum over all chain conformations, which

is a path integral in the case of continuous curves. For a given configuration, one can define the

local monomer density operator

E(r):Né [ F.(9)ds (2.2)

a=lo

wherer,(8) is the continuous curve representing teducedcontour of a chain, frons = 0
(chain start) to§ = 1 (chain end). The function® g, () is a statistical weight for path, (5)

of chainUin the absence of any fielth the Gaussian string model employed here it takes the

form (compare eq 2.34):

. e 1 'ad. B
P EXPé 2 &b 2.3
ga (ﬂ) g pg 4R920 d~S hd ( )

WhereRg2 symbolizes the mean squared radius of gyration of a polymer chain in the bulk and

can be calculated from the following equation:
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3.2 Model System and Theoretical Formulation

R*=C,(N I..*/6 NbZ/6. (2.4)

C.is the characteristic ratio foN >> 1, a chemical constitutiedependent coefficient
depending on local interactions along the chain, lapés the length of chemical bond. Another

way to calculate the radius of gyration is the Kuhn procedure, where the chain is mapped onto a
random flight of N, Kuhn steps, each of length, (compare eqs 2.88.89) An observant

reader can easily note that, in the Gaussian model, the mean squared radius of gyration is the
only characteristic conformational parameter of the polymer chain which is essential for the

coarsegrained descriptian
We reexpress the Boltzmann factor on the ripand side of e@.1 in terms of a real
monomer density fieldr(r) and an energy fieldr) by use of the inverse Fourier transform

expression for a Dirac delta functional. With the field theoretic approach it is possible to replace
the system of interacting chains with a system of noninteracting chains subject ¢tuatifig

field dictated by a generic fremnergy functional representing the environment of a chain. This

procedure is described in Appendix A. We defiQI{iw] as the configurational partition

function of a singlechain subject to adid iw acting on its segments, divided by the partition

function of an ideal chain. The grand partition function can then be written as

X Cpr(r) Dffy o )] exp( -BWC), (4] (25)

with
HIWr), 7)1 = F[ £)] -f{’r ¢)iw) %exp( ¥)MNZ, . Qi (2.6)

whereZ,.. = fPr. ( P& .( ) Tis the configurational partition function of a free chain.

free

The typical procedure of the SCF approach consists in invoking a saddle point integration
with respect tov. The path integral is replaced by the value of the integrand at the
corresponding saddle function in the complex plane. Frequently SCF treatments proceed further
by performing a second saddle point approximation with respect to the monomer nunsiigr den

r . In AppendixA the whole procedure is described in detail. In the saddle point approximation,

the effective Hamiltonian, €26, becomes
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Chapter 3. SCFT Combined with SGA of Free Polymer Surfaces /Films

aF[ )] G 1

H=F[r(r)] -ﬁerf f) 7 g—-%xp( MNINZ,..Qliw] (2.7)

From this we obtain the grand potential of our intediggolymer

WmV,T) = %In X :1blﬂgexp( H)gH (2.8)

The extremization with respect to field yields the condition (se&ppendixA, eqA.38):
r(r) =exp( M), A E¢) (2.9

where n is the mean number of chains in the system. The bra(ck)etstand for statistical

averages taken in a g canonical ensemble of nameracting chains subject to the external

field iw. The approximation thus amounts to replacing the exact constigit in the
fluctuating field by the more relaxed requirementr) =( Er)) for the mean field resulting

from the saddle point approximation.
The saddle point approximation with respect to densityields the field equation (see
AppendixA, egA.40):

dF[ )]

w(r)= 4 7 (2.10)

In place of the purely imaginary positidependent fieldw(r) we can use the real field

wi(r) =iwr ) . The effective fieldwi(r) and the density (r) are associated with each othEne

field wi(r) or, equivalently,N\wi(r), determines the density and all mean field profifes.

In the derivation of SCF theory a central role is played by the restricted partition function
(propagatory|(r,s). The restricted partition function for a chain in the field(r) is
proportional to the probability that the segment at contour lemgfhthe chain subject to the
field finds itself at positiom, regardless of where in the system the chain may have started. It is
reduced by the correspondingppability density in the bulk melt and obeys the initial condition

q(r,0)=1.The restricted partition function follows the Edwards diffusion equation for Gaussian

chains(compare eq 2.46):

62



3.2 Model System and Theoretical Formulation

W_gs; )R Bar,y HNE) €, (211)

The relation betweeg(r,s) and the single chain partition function in the presence ofidid; f

Q[wyis
Q[w] = fr a0 (212)

The restricted partition function(r, s) is related to the monomer density:

V—S[NW] :ﬁ:ié a3 of =9 7H() (213

1. . o . : . :
where ﬁ=ﬁnzl‘°’rr(r) is the total number of chains in the considered interfacial region. To

uncover the structure and thermodynamic details of the inhomogeneous polymer problem, an
integrodifferential system ofgeations needs to be solved. The integrodifferential system
consists of the following equations: the partial differential equatio,ldgthe definition ofthe

SCF, eg2.10, and the segment balance equation, 248 and 2.13. These must be solved
numerically in the unknown propagatq(r,s), SCF wj(r), and monomer density profitgr) .

The boundary conditions are controlled by the geometry of the problem and, as already pointed

out, an initial conditiong(r,0)=1 is applied?*3*2421>

3.2.2 Density Gradients Incorporated in the Free Energy Density

In the previous ection we allowed for a generic excess Helmholtz energy functional depending
on the monomer density profitgr) for the description of interchain interactions. In the current
section we incorporate in this fre@mergy functional a squagradient term. The square gradient
theory, or SGA, is a popular choice and proved to be a reliable method for predicting the
microscopic and thermodynamic properties of inhomogeneous systems. SGA is based on a very
simple basic conception. The interi@cmonomer density profile of a pure fluid in gagiid

equilibrium, r(r), varies continuously from the bulk density of a vapgrto the bulk density

of a liquid r,. The Helmholtz engy is approximated by a functional Taylor expansion with
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Chapter 3. SCFT Combined with SGA of Free Polymer Sufaces /Films

respect to the density profilehile the Taylor expansion is truncated after the quadratic term.
The gradient expansion leads to a simple expression for the Helmholtz free energy of

inhomogeneous syems

F[r(r)]:f}éf( f)) % (k &) d°r (2.14)

<oo

where F[7(r)] represents the free eggr(here excess Helmholtz energy relative to an ideal gas

of chains) of the inhomogeneous system at temperdtared local monomer number density

profile 7 (r), the integration takes place over the entire vold¥hoecupied by the syste ands

is the influence parameter. The first term on the right hand side within the integral corresponds

to thelocal exces#lelmholtz energylensity of a homogeneous system of density equal(td

at temperatur@ and the secondy(adient) term incorporates a nlmtal correction to the excess
Helmholtz energy because of the local density inhomogeneity. Rbreapparent simplicity of

the theory, the main difficulty lies in the definition and calculation of the influence parasnet

It can be proven that this is related to the vertex funtfi@md can be expressed in terms of the
densitydensity correlation function. Theoretically it can be computed by its molecular
definition, kut the available theories for estimating its value perform poorly compared to
experimental and simulation data. To circumvent this problem, one can reverse it and correlate
experimental interfacial tension data with E0S parameters to figure out the ¥/tieardluence
parameter. Here we wish to keep the model as rigorous as possible, while preserving its utility in
predicting thermodynamic and structural observables. This led us to use thenganual
approach, based on a Sutherland potential, tha waoked by Poser and Sanchez with
excellent result$®* The main difference between our strategy for estimating the influence
parameter andhat of Poser and Sanch&Zzis that, in our case, the influence parameter is
determined from the density profile derived from an atomistimlecular dynamics (MD)
simulation of the free surface of molten polyethylene.

ﬂ,128,194,209,21

Past successes of SG in conjunction with various EoSs, in describing

surface thermodynamic properties motivated us to insert it in SCFT. Combinihfideand eq

2.10, the maximum term approximation with respect to the density figlg , based on the
functional derivative ofthe excess Helmholtz enerdy with respect tor(r) leads to the

following equation for the SCF:
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Hf (1)

wi(r) = -k Zatz o (2.15)

r= £r)

The expression for the grand potential by applying equatithin eq2.7 becomes:

W, T) =r”ffr§f( ) - )

/i &) g ex( N)NZ,Q[w] (2.16)

r=Ar)

3.2.3 Implementation of the SancheAd.acombe EoS to Calculate the Fre€&nergy

For a simple fluid, the homogeneous term of the excess Helmholtz energy2ibdetpn be
derived from an EoS. In the literature different types of EoSs have been combined with SGA to
investigate structural properties, thermodynamic stability and calculate interfacial
tensiong/122:128.194.208.21221 Tha g| | g |atticdbased EoS with good performance in describing

thermodynamic properties of polymer solutions and melts, involves threegrs. Generally,

an EoSfor a pure fluid relates pressufe, molecular densityr,,, and temperaturd . If the
EoS is of the pressuexplicit form P=P(r,,,T) (as isthe SL),the followingexpression gives

the Helmholtz energy densi®yV as a function of molecular density in the homogeneous fluid:

A 4 (5 Lo w18 P 0

— x 0, U ~

\—/—rkaTgI = Zt 8—1 “mTon_r;ngae—rkBT 18 i (2.17)
8 (; ntra Q H m

In eq 217 Z ., is the configurational integral of a single malex over all but three

intra

translational degrees of freedom, wherdas is the thermal wavelength of atomof the

molecule; the product in the logarithmic term is taken over all such atoms. Clearly, the
Helmholtz energy density for adeal gas of molecules of the same temperakaed molecular

density 7, is given by the first term on the right hand side o2&y. As a result, lte excess

Helmholtz energy density relative to an ideal gas of molecules is given by:

>
[y
Qo
T

f(r.)= rksT n—ae— 1 @l i (2.18

The Sanchetacombe EoS ifcompare eq 2.100):
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. € a 0 @
P 4P fdnl %) o — om0 (2.19)

é c st = 0

whereT ,P and 7 are the reduced temperature, pressure, and density:
T=T/T, T 2£/k (2.20)
P=P/P, P %/ (2.21)
LT .o RT rokd

F=—mass —pr Cy =My — =2k 2.22
r 41 SL M SL P N p ( )

Here ¢/ is the hard core volume of a Sanchexombe segmentg is the attractive energy

re

*
mass a

between Sanchedzacombe segments in adjacent sites of the lattice, WhileP” andr

the characteristic Sanchéacombe temperature, pressure, and mass density, respectively.
M

fo =—
t N

mas!

Is the number of Sanchéacombe segments constituting a moleculgr , is

the segmental density (SehezLacombe segments per unit volume) with... andM being the
mass density and molar mass, respectively. As in Sec8¢h% and 3.2.2 r denotes th

number density of chemical segments (monomers) Muriknotes the number of chemical
segments per molecule (chain length, e.g., number of methylenes and methyls, or of carbon

atoms for linear polyethylene) and should be distinguished from the densityhim $€gments

or in SL segments. The quantities andN should be proportional to each other in a meaningful

model. Equation2.22 expresses the reduced density in terms of the segment density.

Combining eq2.18-2.22 leads to the excess Helmholtz energy density for a SL fluid in

terms of its molecular density:

py ]

k.T \2 ea 1 o] .
fra)= =S fre ¥ ek T e —— 18(1 fg) ¥ (223
e ‘m'sL -

Considering e@.15, the excess Helmholtz energy density fron2&8 and bulk polymer

expressions the final expressions for the SCF becomes
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wi(r)= kT

—"—’TD

Q_)o
291

G o) TR0 Gk e

In eq2.21 we have used that the SCF is zero in a bulk liquid phase of equal chemical
potential as our interfacial system. In that bulk liquid phase (homogeneous melt) the segment

density isr, and the reduced mass density’js

From eqg2.16, the grand potential of the interfacial system relative to a bulk phase of the

same chemical potential, temperature, and spatial extent is

WmV,T) - W.( v, T) =

=p*r~1fr{f(r)f+[~/(r)]2 (1 2¢) B ~(#)U () 2
a ey 8
_ bN p%?N it 8["‘4]

where P, is the phase coexistence pressure at temperature TPan®/ P and we have

introduced a dimensionless influence paramétefFinally, the relation connectirtheinfluence

parametep in our derivation andk as described in Poser and SanéHesg the following:

83* ( )8/3 (2.26)

I
"‘31’”"

It should be noted that the influence parameter 2.2 is in practice chakbength

independent, becausg is proportional to chain length in the high molar mass regime, as can

be seen from e§.22.
3.3 Models Examined

In eq2.16 we intentionally left the field and grand potential depending on the functional of the
excess Helmholtz energy density. In tlisapterwe examine a number of SCF models by

varying the expressn from which this excess Helmholtz energy density is obtained

The first two models are based on the Helfand compressible model without (SCF_Helfand
model) and with a square gradient correction term (SCF_Helfand+SGA model). The first model
does not useany square gradient correctiork €0), whereas in the second the gradient
correction is inserted. The SCF_Helfand approximation has been used in the past at melt/solid
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interfaces with remarkable succé$&'*?The Helfand excess fremergy density is given by
the following equation
o 2,
1 ar(r) C

f(f(r))ziae—r 1 ¢ (2.27)
TG -

where k; is the isothermal compressibility ang is the monomer density, both characterizing

the bulk Iquid polymer. The isothermal compressibility can be obtained from experimental
data, but in this work it is calculated from the Saneb@azombe Eo0S. It is worth mentioning
that the compressibilities calculated from the SandlzEnmbe EoS are in excelleagreement

with experiment. The compressibility for use in the Helfand model is here obtained from the

following equation:

1

Ky = ——— _ _ (2.29)
PT[7 /(- t/ig] 27

The third SCF model we consider uses the excess Helmholtz energy density calculated by
the Sanchetacombe EoS (SCF_SL model). Equatida3 relates the molecular density with
the excess Helmholtz energy density and is embedded in the SCF theory2i34exqsd 2.25
without the taking into account the nonlocal gradient density térmQ).

The fourth model we examine is the square gradient theory model of inhomogeneous
systems developed by Poser and Sanchez {BS&Amodel), which is straightforwardly
connected to our formulation. Poser and Sanchez used Square Gradient Theory in connection
with the EOS of Sanchez and Lacombe, without an SCF treatment, i.e., without consideration of
changes in chain conformation induced by the surface. We use an integrated form (eq 22 in ref
1217) to calculate the density profiles for the S&& model. We stress that the conformational
effects introduced by the SCF treatment of the ideal Gaussian chain model are absém from
SGA-PS model.

Finally, the fifth model we consider combines SCFT with SGA, with the local excess
Helmholtz energy term based on the Sanchazombe EoS (SCF_SL+SGA model). This is the
most advanced model we examine, introduced for the first time iwtiils The SCF felt by th
chains, represented as Gaussian threads, is described 284edhe SCF_SL+SGA model
encompasses entropic contributions created both by the density igboeity and by the
change in conformational distribution of polymer chains in the interfacial region.
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3.4 Calculation Details

Our intention in the calculations we preseésitto identify differences in performance
between the new SCF_SL+SGA formulation and previous work, assessnportance of
including surfacenduced changes in the conformational distribution in the calculation, and
compare model predictions with both experimental measurements and atomistic (MD)

simulation results.

3.4 Calculation Details

3.4.1 Solution Method for the SCF Model

Given that a free polymer film such as the one showfigare3.1 is homogenous along thx
plane and inhomogeneous along #hdirection, being surrounded by gas phase in equilibrium

with the polymer im on both sides, the problem can be reduced from three dimensions to one.
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Figure 3.1. Schematic representation of the freely standing polyethylene Tilva.tagged chain consists of 260

CH, andCHjz unitsextracted from a MD simulation fram&he thin orange lines outline the remaining chains in the
simulation frame, to convey the picture of a field exerted on the tagged chain invoked in the SCF approach. The
chain is depicted as a thread of spheres wheghesent segments belonging to trains (red), loops (blue) and tails
(green). The simulation domain is of thickneds &nd the thickness of the film ish2whereh is the distance
between the center of the film and the profile point where the local dessityed by the bulk liquid density
becomes 0.5. The adsorption regions, of thickiesse defined at the edges of the domain of analysis, where the
liquid is in contact with gas phase. The visualization was made using VMD soft¥are.

Consequently, the system domaibh,Z2ncompassing the film is defined in the directzdhat is
perpendicular to the filmL{ is the distance between the film midplane and the edge of the

domain under examination).
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Chapter 3. SCFT Combined with SGA of Free Polymer Surfaces /Films

The SCF equations, as presented in Se@i@r§ are formulated for thredimensional
domains. For the purpose of modeling the planar film they are reduced to one spatial dimension,

z. To be more definite, we collect below tREF equations to be solved:

% =R BAz9 & NW ¥ @.2) (2.29)
VQ[ ]n:is (29 47 "3 7 (@) (230
wi(2) = ) -k11 (2.31)
W r= £z) pz r= £z)
Q[ wi] —zi ndz o z1) (2.32)
n 1 LZ”dz r(2) (2.33
v Nep N '

under the initial conditiorg(z 0)=1. We are investigating cases where the film thickness varies

between 2 and By so as to make comparisons with the results of atomistic simulations for films
of similar thicknes$® The molecular number bulk melt density, bulk vapor density and vapor
pressure are calculated from the EOS Zd®) by a NewtorRaphson scheme that equates the

pressures and chemical potentials between the two phases. For high molar mass polymers the

vapor pressure vanishes and the Dirichlet absorbing boundary conditignk,,3) =0,

q(L,, ) =0 for both sids of the film are appropriate.

The SCF eq®.29-2.33 are solved following a simple relaxation technique. An initial
guess for the fieldvi (2) is made (usually zero everywhere), which is then substituted into the

Edwards diffusion equation. The edion is solved numerically to calculate the restricted

partition function,q(z 9. Then the corresponding volume distribution of polymer, given by the

monomer number density (2), is calculated from e.30 and the resulting field¥i (2) is
calculated through eg31. Subsequently, new values for the field are estimated by mixing the
old and the calculated field;"™(2) =(1 -a,) W (2 &, W( % wherea,, is the relaxation

parameter (the fraction that we use from the calculated fielthénnew iteration). The
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3.4 Calculation Details

magnitude ofa,, is inversely related to the polymer chain length and determined empirically so

that stability of the solution scheme is preserved. The field calculated by the relaxation
technique serves asetfield input for the next iteration. The whole procedure described above is
repeated until convergence is achieved. The convergence criteria are based on monitoring the
behavior of the surface tension. The iterative scheme was considered converged evhen th

difference in surface tension between two sequential iterations was befonNIoh.

A central role in the above iteration scheme is played by the solution of the Edwards
diffusion equation. The Edwards diffusion 2@9 is the most time demanding among all of the
above equations to be solved. We used a CRiokolson time implicit finite difference scheme
to solve it with stability, which was introduced lief 31. We take advantage of the symmetric
tridiagonal matrices generated by this method to implement the tridiagonal matrix algorithm
(TDMA), also known as the Thomas algoritAfi.The solution can be obtained iB(n)
operations instead @(n*) required by Gauss Elimination.

3.4.2 System ParametersSurface Tension

*

The Sanchet.acombe parametefs, T'and /. as listed irefs 224and 225have been used

mass

as inputfor all calculations reported here. The mass density values for the liguahd gas
phaser, and for the equilibrium pressuRs have been obtained from the equality of pressures

and chemical potentials between gas and liquid phase based on the Saucmelze EoS. A

NewtonRaphson iteration scheme for calcurigt fgf(,FN; is outlined in the Supporting

Information of ref 26. For high molar mass polymers, @seady mentioned, the solution gives

as P.=0 and F,=0. The isothermal compressibilitk; needed for the Helfand model is

calculated from e@.28. The Sanchekacombe parameters used in this work are giverainle
3.1

The influence parameteg, has a molecular theoretic definition related to the direct
correlation function, which does not offer itself for practical calculations. We ug2@&qvhich
was initially employed by Poser and Sanchez, translatedrt model, to calculate the influence
parameter. Use of a single reduced influence paranketaross all polymers and temperatures
studied with the SCF_SL+SGA model allows us to obtain the influence parameter for each
polymer baed only on the parameters of the Sandl@ombe EoS. Poser and Sanchez derived
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Chapter 3. SCFT Combined with SGA of Free Polymer Surfaces /Films

the relation between th& value and the exponemt of a Sutherlandype potential, which, for
the case oih =6, leads tok =0.5. Poser and Sanchez obtainéd 0.55 by fitting the surface
tension of various polymers. Approximately the same value can be derived from eq 16 in the
imtrY ® in the wor k' redarding g anesostapic lkeybrid pattifield
simulation approach to molten polyethylene surfaces.

The modified Edwards diffusion equation requires an additigonahtity, namely the

mean squared radius of gyrati()ﬁj}. For long randomly coiled unperturbed chains, this can be

calculated by e@.4. The characteristic rati€, depends on the nature of local interactions,

dictated by the chemical details of the macromolecular chain. The temperature dependence of

characteristic ratios is weak over the temperature range cotsidad was neglected in this

work. In the literature one can find experimental and calculated valu€3, foin thiswork we

used experimental values, which are listedaible3.1.

Table 3.1. EoS Parameters and Characteristic Ratios*

polymer T(K) P (MPa) 1 (kg/m® Cp

poly(dimethylsiloxane)(PDMS) 476 302 1104  5.8%°
poly(vinyl acetate)(PVACc) 590 509 1283  8.6*'
poly (n- butyl methacrylate ) (PnBMA) 627 431 1125 7.9
polyisobutylene (PIB) 643 354 974 6.7%
polyethylene (linear)(PE) 649 425 904 7.3
poly( methyl methacrylate)(PMMA) 696 503 1269  8.2%%°
polystyrene (atatic) (PS) 735 357 1105  8.5%°
poly(ethylene oxide)(PEO) 656 492 1180 5.5%°

*SanchezLacombe eqation of state parameters taken froeh224 except for PEO, where they
are taken fromef 225

The thermodynamic relation between the grand potential and surface tension for the case

of a film of polymer melt bounded by gas is
WV, T,m - WM T, m =§ (2.34)

whereSis the total mterfacial area of contact ands the polymer surface tension. The left hand
side is calculated from the solutido the SCF model by €425, which in our onadimensional

problem reduces to
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[(WmV.T) - W (V. T)]/S=
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Results foithe surface density profile asdrface tension are invariant to the precise valuk,of

used (thick films) in all cases studikdre.

3.4.3 MD Simulations

Our SCF findings are compared to density and conformational measures, some of which were
retrieved from atomistic simulation trajectories of freely standing polyethylene films generated
as inref 104 The atomistic simulations were conducted using the L3ogde Atomie
Molecular Massively Parallel Simulator (LAMMPS) pack&Jevith PE melts being described

with the TraPPE united atom farcfield>°?3! These simulations, in which lofgnge
contributions to nonbonded interactions in the anigatrenvironment of the film are handled

with great care, have yielded predictions for the surface tension which are in excellent
agreement with experiment over a variety of temperatures and chain lengths. The atomistic
configurations represent thin filmemposed of GoH202 (Cio00) and GedHs22 (Coe0) Chains with

lateral (normal) dimensions commensurate to Rg (~4 Ry). Additionally, an atomistic
simulation was conducted on &x@1042 (Cs20) film with a thickness of ~Ry. In-depth details
regarding the Nb simulations and simulated system characteristics can be found elsé&¥here.

3.5 Results and discussion

3.5.1 Reduced Local Density Profiles

The current section deals with density profiles of polyethylene derived from field theoretic
approaches and atomistic simulations. At the outset, the reduced local density profile,
f(z) = (2/ , between liquid and gas phases of polyethyleneyailierium is calculated by
different methods. The SCF_Helfand and SCF_Helfand+SGA models, the SCF combined with
the Sanchetacombe equation of state without (SCF_SL) and with gradient correction

(SCF_SL+SGA), and the PosBanchez (SGA’S) model are alcompared to atomistic

simulations (MD). The density profiles are shifted, so as to have the 0.5 point of the reduced
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Chapter 3. SCFT Combined with SGA of Free Polymer Surfaces /Films

density profile for every model at the same position (10 A). The reader can observe the
difference among the sigmoidal curves that diffemaodels generate for the free surface of a
Cas0 polyethylene melt at 450 K ifigure 3.2. Although plotting out the profiles reveals the
structure and the exact shape of the curve produced by every model, itei€oneenient to

work with the surface thickness. The thickness of the profile can be quantified by two
techniques. The first one is based on fitting the curve to a hyperbolic tangent sigmoid profile,

given by:

) 1é a.z h
Z)==4 -tan 2.36
/(2 231 W ( )

1-O:

where w,, is the measure of the thickness of the sigmoidal curvehaisdthe value ofz where

the reduced density reaches0.5. The second strategy for quantifying the surface thickness is
based on drawing the tangent to the reduced densifyepcurve atz = h and measuring the
distance along thedirection between the intersections of this tangent with the ire® and

f =1. The estimate of the thickness is given byftilewing equation:

_3az

dth _J

(2.37)

/ (2)=0.5

It is worth mentioning that when the prefifollows the hyperbolic tangent, &36,

exactly, thend,, = w,,. Division of these two estimates of the width by each other produces a

factor / =w,,/d,, which is a measure of how well the reduced density profile can be fitted to a

symmetric hyperbolic tangent curve described by.86. The / value for symmetric curve is

equal to 1. The values df,w,, and d,, are showrn Table3.2.

The Gaussianh@ain model with the freenergy density given by the Helfand harmonic
potential and no square gradient correction (SCF_Helfand) vyields a very steep (thickness ~2 A)
and asymmetric &0.936) profile. The SCF model with the field given by the more
sophisticated Sanchéacombe EoS (SCF_SL) gives a smoother profile than the Helfand
model, with the low density tail more extended. The SCF_SL model is very symmetric
(o= 0.983), nonethets the thickness of the profile is very small, below ~4 A. Both of these

profiles are unrealistic in comparison to the atomistic simulation profile, characterized by a
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3.5 Results and discussion

width of ~8 A. This implies the necessity of the square gradient correction term. adiengr

correction makes the profile wider and the profile gradient smoother.

Table 3.2. Thickness of the Reduced Density Proffalculated by Two Different Methods fohe Free
Surface of a &o Polyethylemr Melt at 450 K According to Different dilels andAccording to Molecular
Simulatior?

thickness measure

model dn(A)  win(A) >
SGA-PS 7.65 7.09 0.927
SCF_SL 3.69 3.63 0.983

SCF_SL+SGA 8.47 8.00 0.944
SCF_Helfand 1.99 1.86 0.936
SCF_Helfand+SGA 4.54 4.73 1.042
MD 8.13 7.90 0.971

®The factorais a measure of deviation of the profile shape from a hyperbolic tangent curve.

The reduced influence parametér for the SCF_SL+SGA, SCF_Helfand+SGA and
SGA-PS model was kept the sanegual to 0.55. This choice of the reduced influence parameter
was made so that SCF_SL+SGA closely matches the atomistic density profile. Beginning with
the SCF_Helfand+SGA model, although the interfacial width changes noticeably relative to the
SCF_Helfad model, attaining a value of ~4.5 A, it is still too small compared with atomistic
simulation. The profile shape is quite different from that of MD, as evidenced frarvaisie.

The PoseSanchez model (SGRS) produces a profile of acceptable width of ~7 A, but its
asymmetry $= 0.927) is the highest among those of all models examined and clearly too high
in comparison with the MD profile. The SGAS model yields a soméat narrower profile

than the ones obtained from SCF_SL+SGA or from atomistic simulation. The SCF_SL+SGA
model is in very good quantitative agreement with the one obtained from the atomistic
simulations, exhibiting an interface width ~8 A and reasonablenmetry. The Poser and
Sanchez density profile departs from simulation results in thedwsity region at the
extremities of the film. It does not account for the restrictions that polymer chain conformations
experience near surfaces, while the SCF_SkASapproach incorporates entropic changes
associated with these restrictions would be worth noting that, even though all models are
tested with the same value for the influence paraméter 0.55, optimizedk values cannot

reproduce precisely the full MD profiles, nor give fully satisfactesgimates of the surface
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tension.T h e i b eaduesofor the SCF_Helfand+SGA and SGA_PS models in terms of

reproducing the density profilese 0.6 and 1.3, respectively.

1.0}
0.8}F
- 0.6 ZSGA_PS
= SCF SL
0.4 SCF SL+SGA
- ¢scr Helfand
0.2 ¢SCF_llc]fand ‘SGA
-~ T %
0.0 : '
5 10 15 20

Figure 3.2. Local reduced density profiles obtained from theoretical mgtlekss) compared to that obtained from

MD simulations (dashed line) for the free surface of,@ folyethylene melt at 450 K. The reduced density profile

of the SGA proposed by Poser and Sanchez (green), of the Helfand SCF compressible model without (magenta) and
with (navy blue) square gradient approximation and the SCF with the free energy digtdtedSanchekacombe

EoS with (red) and without (blue) gradient correction is discussed in the text. The profile coordinate where the
reduced density becomes equadib coincides for all models.

In Figure 3.3a we show the reduced density profile obtained from the SCF_SL+SGA
calculations, for the {go PE free film (FF) system at various temperatures. The Gaussian chain
profiles and MD profiles are referred to the same thickness of the free film zwith located

in the middle of the film. The vertical dashed line indicates the center of the free film, where the

polymer reaches the bulk liquid density, while the right and left boundaries of the film show

the conact with the gas phase, where the bulk density reaches practically zero. The horizontal
dashed line designates the points where the reduced density equals 0.5. The film thickness is
defined as the distance between these points, and ranges RpM0O K)to 4.5R; (500 K). In

the MD simulation the system mass is kept constant; therefore, the film thickness increases with
increasing temperature because of thermal expansion. To relate the conformational properties of
the SCF method and MD, the film centetl be held constant. It is apparent frdfigure3.3(a)

that SCF with the gradient correction term follows quite faithfully the density profile produced
by the atomistic simulations. With decreasing temperathee,ptofile becomes steeper. The
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3.5 Results and discussion

SCF reproduces the decrease in slopes of the profiles obtained by atomistic simulation in detail,

across the dme temperature range studied.

(a) L] L] L] L] L]
FF-400K— SCF-SL+SGA- - - MD
1.25F FF-450k—SCF-SL+SGA - MD 1
FF-500K=—— SCF-SL+SGA- - - MD
FF-550K=— SCF-SL+SGA - -MD
1.00 p :

N0.75
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(b)
1.25
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N0.75
0.50
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Figure 3.3. Reduced densityrpfiles of freestanding polyethylene films at various temperatures for various chain
lengths. (a) Results obtained for g, from 400 K up to 550 K with a step of 50 K. The SCF approach combined
with Sanched.acombe and the SGA (lines) is compared witbnastic simulations (dashed lines). Each color
refers to a different temperatui®) Results for Gy (red), Geo (blue) and Gy (green) at 450 K from SCF (lines)

and atomistic simulations (dashed lines). The vertical dotted lines indicate the cettier fibin and the line
segments defined by the intersection of the horizontal dotted lines with the reduced density profiles are
commensurate to the thickness of the films.

Another interesting comparison between the SCF_SL+SGA approach and detailed
atomistt simulation concerns the change in reduced density profiles with chain lengiture
3.3b the reduced density profile obtained from the SCF_SL+SGA calculations is shown for the
Cio00 Coso and Gy PE free film(FF) system at the same temperature (450 K). The width of the
interfacial region decreases very slightly with increasing chain lefggre 3.3 undoubtedly

e



Chapter 3. SCFT Combined with SGA of Free Polymer Surfaces /Films

shows that there is an expansion of the interfacemegith increasing temperature, while an
increase in chain length practically has no effect over the range of chain lengths examined here.
Again we observe that the profile created from SCF_SL+SGA model matches the MD model

very well.

3.5.2 End and Middle Segmen Distributions

This section deals with the structure of segment profiles in more detail. The chain end segment
distribution plays a major role for conformational, dynamic and thermodynamic properties, as
Chevalier et al. have reveal&d.Segregation of different segmts along the chain has been

shown by Jang et &1° to influence the configurational properties of freely standing films. It has

been found that repulsivee(,< g,4.) Or neutral €,.,= fqe) Chain end groups tend to

accumul ate near the fluidivacuum interface,
bulk region and induce faster dynamics in the central region of the films. It is of interest,
therefore, to examine if SCF_SL+SGA predictions for the end addlensegment populations

at gasiliquid interfaces are consistent wi t !

depend on temperature and molar mass.

Generally the average density,(r) at positionr of chain segments lyingt reduced

contour lengthS (the chain start being = 0 and the end = 1) along a continuous Gaussian
thread is obtained as follows. Segménis envisiored as the junction of a chain section of
reduced contour length = O with the complementary chain section having contour lefgt§.
The reduced density of these segments is therefore proportional to dinetprbthe propagators

of the two chain sections:

re(r) _ nN
r §,bulk VQ[ WI] é,bulk

/()= qr.9f .1 9 (2.39)

The middle sgment reduced density,,,qe = /i IS calculated by setting=1/2 and
ryea= FI'N. The reduced density of a chain end segment is a case of particular iterest.

the homopolymer case the ends are indistinguishable and therefore the total chain end segment

density @n be calculated as a sum of the first and last segment denqsity 7, + , (see also

eq2.56). The reduced end segment dengity, can be obtained by dividing at every point the
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end segment density by, o= %ouc T o 2 /N . The bulk reduced density for both end

and middle segments equals unity.

450K
e end,SCF == middle,SCF
----end,MD ------ middle,MD 1 FTS
500K 4 5
y =end,SCF = middle, SCF ]
v oee-end,MD e middle,MD
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Figure 3.4. Profile d the reduced end segment and middle segment distribu@rizrofiles of the reduced end
segment density and the reduced middle segment density in free films of molten polyethylene composed of chains
of 100 (ends: red, middle: blue) and 260 (ends: greeddle: black) skeletal carbon atoms at 450 K. Solid lines
show results from the SCF_SL+SGA approach, while dashed lines show the corresponding results from atomistic
MD simulation.(b) Profile of the reduced end segment and middle segment distribuiorfsee films of molten
polyethylene composed of chains of 100 skeletal carbon atoms at various temperatufs) (Kp0Solid lines:
SCF_SL+SGA results, dotted lines: MD simulation results

Figure 3.4a shows lle comparison between the reduced density profiles of the end
segments and the middle segments for freely standing PE films consistingo@&n@ Geo
chains afl = 450 K.Figure3.4b shows the reduced density pieg of films composed of
chains over a temperature rangeniiT = 400 K toT = 550 K. Results from the SCF_SL+SGA
approach are compared with the corresponding results from atomistic simulations. In the
atomistic simulations the chain ends and neddegments were represented with the same
LennardJones parameters and the thickness of the films was s&jtdcden though we treated
both end and middle monomers as not differing chemically, nonetheless we found, as

expected 4131195

near the surfaces of the film the population aff gnoups to be significantly
enhanced with an effective selective attraction of end groups to the surface due solely to chain
connectivity. The SCF_SL+SGA model end segment profiles generally agree well with those
from detailed atomistic simulation quatitzely and quantitatively. The weak depletion of chain

ends observed in the atomistic simulations deeper in the film is not well reproduced by the SCF
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calculation, probably because the local conformational stiffness of chains is not captured by the
Gaussia t hread model invoked by SCF. Il n gener a
profile seems to rise more steeply than the MD model profile at the extreme edges of the film.
The performance of the SCF model improves with increasing molar mass of thesnetie

would expect, because the Gaussian thread model is primarily a model for high molar mass

chains.

The reduced density of the middle segments is lower than that of end segments at the
edges of the film by about 2 orders of magnitude. The SCF moddst yoeoader and steeper
reduced middle segment density profiles compared to MD. This overestimation is seen in both
the temperature and chain length dependence. This difference is clearer in the small molar mass
polymer system and appears to be less pnooed for the higher molar mass system. Again, it
seems to be associated with local stiffness effects which are not fully represented by the
Gaussian thread model and are most pronounced for low molar masses. The expectation is that
in higher molar mass signs the SCF model will be more accurate in predicting the middle
segment profile. Even though the SCF model is not appropriate for low molar mass systems, it
seems to capture the tendencies for segregation of end segments and middle segments in good
agreenent with atomistic simulation. In both approaches as applied to polyethylene, there is no
enthalpic profit to be gained by end segments when they are exposed to the surfaces instead of a

bulk region of the same densif}f.**

3.5.3 Structure of Adsorbed Polymer Layer

Entire polymer chains in the free {f m can be distinguished i nt
depending on whether they have segments in thedkngity surface regions. It is useful to

check whether the SCF_SL+SGA model can capture this distinction as observed in atomistic
simulations. Compariss between SCFT and atomistic simulation regarding the segment
density profiles of free and adsorbed chains and of the various parts (trains, loops, and tails) in
which adsorbed chains can be partitioned according to their configuration relative tddbessur

have been conducted by Daoulas et*at polymer melt/solid interfacesSgouros et &
conducted MD simulations of freely standing films and distinguished the adsorbed chains into 4
categories dependingn the positions of their ends relative to the free surfaces. They treated as
Aadsor bedo a s eacumiinterfacetif it kayhirea certaig negiod. The definition

of this region where a segment and, more generally, a molecule is considéreailas or be d 0
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plays a fundamental role in the calculation. At sdilidiid interfaces the region of adsorbed
segments is defined so as to contain only the first peak of the density profile next to the solid
(seeref 24). At the gadiquid interface, followingref 24, we wi || consider a
segments lying at a distance larger thamom the center of the film along tlzdirection (see

Figure 3.1, domains of thicknessl). Both in SCF and molecular dynamic calculations, a
monomersegment is defined as adsorbed when it finds itself within thisdiensity region of

the gas/ polymer interphase. In this way it msw@ed that both field theoretic and atomistic
representations employ the same characteristic lengtlldatifying adsorbed segmentss in
sections3.5.1and3.5.2 the film midplane will be placed at= 0 and comparisons will be made
between films of the same thickness for freely standing films composedpfaft Geo

polyethylene chains.

The reduced volume fraction profile of segments belonging to adsorbed reslecul

J «(2) , is obtained after decomposing the Gaussian chain propagéiory) in two parts, o,

and g, representing the two states of the polymer chain, adsorbedemddspectivel§®
The g,.. propagator is calculated from the Edwards diffusion equation using theossitent
field of the converged solution thi initial conditionsg,(z0)=1 for |7 ¢ h and g, (z0)=0

for h<|Z <, and boundary conditiorg(°h, %) 9. The q,, part is easily obtained after
subtracting from the total propagat@(z 9 the term corresponding to the free state of chains,
O,gs=0J -Oqee The reduced segment density profile of the free(z), and the adsorbed

polymer can be obtaed from:

1

. . 'h ~ - -
/ free(z) _WO ree( YA 3 qee( A - }d (239)
J (D= fud D + 4L D (2.40)

We can now separate the adsorbed segments into loops, trains and tails, falhaiving
traditional definition€****%3* A train is a chain section consisting exclusively of adsorbed
segments and bounded by free segments, whereas a tail is a terminal section consisting
exclusively of free segments and terminating in an adsorbed segment. A loop, on the other hand,

is an inernal chain section consisting of free segments and terminating in adsorbed segments. In
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(a) Cio00 (b) Co60
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Figure 3.5. Volume fraction profiles oegments belonging to adsorbead free chaingpresentedvith red and
blue color respectiver)yas derived by SCF theory implementing the Sandlsmbe excess freenergy density
combined with the square gradient approximation for freely standing filnfa)dZ;00 and (b) Cysp melts. The
dashed lines display the correspomgatomistic simulation results.

the SCF formulation, a segment belonging to a loop is viewed as the junction point of two
adsorbed subchains

j Ioop(z) = Fpads( Z~$ qadg ﬂ' _NM (241)

nN
vQ[ w7,
A segment belonging to a tail, on the other hand, is viewed as a junction point between a
free and an adsorbed subchain:
2nN

, _ 2N - -
/ tails(z) _W !:ﬂ‘ree( Z 9 qd& ﬂ- §3d~ (242)

where the factor of 2 takes care of the presence of two’&Hdspolymer films it is possible to
encounter segments belonging to fibridgeso,
span the film. Here the thickness of the film is large enough for the preskbdeges to be

insignificant.

Figure 3.6 illustrates thelis(2) ( and liwopd2)) profiles as obtained from atomistic
simulations and calculated from e®d41 and2.42 for the SCF_SL+SGA model for thedsand
Cas0 melts. By definition the adsorbed chain profile contains tail, ,|ama train distributions;

for this reason the adsorbed profile of SCF seems to contain cumulatively more loops and tails
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Figure 3.6. Volume fraction profiles of segments belonging to téilg{(z), and loopsfi.edz),as derived by the
SCF_SL+SGA approach (solid line) implementing the Gaussian thread connectivity md@giGay and (b) Caeo

melts. The dashed lines show the corresponding atomistic simulation results for the tdilspandespectively.

The vertical, thin dashed line marks the boundary of the region where the polymer is considered as adsorbed for
both SCF and atomistic model simulations.

than atomistic simulations, because they add up to a greater amount of adswaived
accordingto Figure3.5. In the Goo system the loop reduced density profile reaches 0.49 (0.14),
while the tail reduced profile for the same chain length exhibits a maximum at 0.53 (0.34)
according to theSCF calculation (atomistic simulation, respectively). In thgy, Gystem the
loop-reduced density profile reaches 0.56 (0.27), whereas theedaited profile has a
maximum at 0.54 (0.50) according to the SCF (atomistic simulation) and the minimum in the
middle of film differs between the two calculations 0.23 (0.19). The atomistic simulation yields
a loop profile which increases significantly fromegto Geo, indicating an expected tendency

for longer chains to form more loops. In the SCF model the maxi in the loop profile does

not increase at the same rate from@ Cys0, iMmplying a convergence between the SCF model
and atomistic simulations for very long chain PE. It is apparent that, with increasing chain
length, the correspondence of loop aad profiles between the SCF approach and atomistic
MD becomes more reliable. This trend is expected to improve further as the molecular weight
increases further and the chain can be represented better by a Gaussian connectivity model. The
tail-reduced seagent profiles obtained from the SCF calculation and MD simulation in the case
of the Ggo System are quite close, whereas for the €ystem there is considerable disparity.
The degree of agreement gives the impression that it does not depend on thieKihess. We
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Chapter 3. SCFT Combined with SGA of Free Polymer Surfaces /Films

remind the reader that for bothyggand Geo the film thickness is 4R, (=75 and ~114 A,

respectively).

3.5.4 Chain ShapeProfiles

The presence of the gas/liquid interface affects the global chain conformational chaiccterist

the liquid state. The orientation and intrinsic shape of chain segment clouds in the various parts
of the interphase depart from those in the bulk melt. The motivation for exploring these chain
conformational properties as a function of the molecsateucture is that they are intimately
connected to macroscopic thermodynamics and dynamics. Theodorou introduced a method to
calculate the number of chains passing through a surface drawn parallel to the interface
anywhere within the filn¥>®> The methodology, originally developed for a lattice fluid SCF

model, was extended by Daoulas et al. and implemented in the continuous Gaussian thread

model to calculate the numberdafains per unit surface passing through a plarg parallel to

the interfacé” Based on these two approaches, we calculate the probability that a chain starting

anywhere in the system will intersect a given planeatFrom this we obtain the average

number per unit surface of chaipassing through that plane.

The probability p,, of a chain that started anywhere in the system to intersect a given

plane atz is equal to the complement of the probability that the chain does not intersect the
given plane. Caldation of the latter can be translated into imposing the Dirichlet boundary

condition g =0 at the dividing plane at,, splitting the domain into two regions; solving the
Edwards diffusion equation in the twseparate subdomaing< z and z> 7 using the
convergedw(2), and thus obtaining the,,,. Propagator for chains that do not intersect the
plane. The probabilityp,, can be evaluated by the following equation:

L,

Z
ﬁqshapezo(z'l) dz+ cﬁﬁp%( Z]) d:
Pu(%) =1 — — (243
fja(z1) dz
-L,

N

The numerator on the right hand side is written in this way to emphasize that the plane

perpendicular taz, is not contained in the integral. After evaluating the probabjhjty we can
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obtain the number of ens n, (z) that intersect the plane g} per unit surface by multiplying

p,. by the total number of chains in the system:

L,

(20 = Rl D fir( 3 d (249

Working with a variety ofz, values we derive, through éy4, n (2, a conformation

dependent quantity readily obtainable from the SCF_SL+SGA model, which allows us to make

direct comparisons with atomistic simulatioRggure3.7 displays the profile ofn, (2) from the

SCF_SL+SGA model and MD simulations. For comparing the two models, the profile for each

0.020 . . ' . '
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Figure 3.7. Profile of the average numbef chains per unit surface that intersect a plane, at(2), from
SCF_SL+SGA model (solid lines) and MD (lines with points) fago@ed) Geo (green) and &, (blue). The MD
and SCF profiles have been shifted so that their reduced density profjleatal=0.5.

chain length is shifted so that the reduced density profiles are aligped @6. Overall, n, (2)

from SCF_SL+SGA is in good qualitative agreement with MD, both of them exhibiting a
reduced number ofhain intercepts in the vicinity of the free surface and saturating to a bulk
value in the bulk regions of the films. The saturated bulk value obtained fgr €m
SCF_SL+SGA is considerably higher than the one computed from MD; similar behavior has

been reported by Daoulas et?INevertheless, with increasing chain length ¢berespondence
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Chapter 3. SCFT Combined with SGA of Free Polymer Surfaces /Films

between SCF and MD improves. Moreover, there is a significant deviation between MD and

SCF_SL+SGA at the extremities of the interface gboee the latter overestimates.

An additional quantityfor assessg the orieiation and intrinsic shape of chains is the

chain shape profiley (2), which measures how many times, on average, a chain passing through
a plane parallel to the interface atintersects that plane. This quantity was introduced by
Theodorou for a lattice mod&l. In this work we derive this quéty for the continuum model

as follows. By invertingn,, we obtain the average surface area occupied in gidnea chain
passing through that plane,,(z) =1/ n,(z), which assumes an asymptotic value in the bulk
melt. Multiplying a,, by the density of segments and by a height per segment, we have an

estimate of the mean number of segments that a chain passing through a plac®ipies on
that plane; in other words, the mean number of intemgectof the chain contours with a

consideredz-plane. We form the quantity(2), which gives us an idea of the average chain

shape profile along theaxis:

_ AN-1 57() (D N3 .
n(2 f(z)féh(zD%aTQ (2 —g (2.49)

In eq 245 i is the average projection ohetz-axis of the distance connecting two
segments, taken here gb=1/ 2, with | being the chemical bond length, becausecounts
chemical segments per volume. The factér I)/N is the ratio of the number of bonds to the
numberof segments in the system. We apply it because we m( to count intersections per
chain going through the-plane, rather than segments per chain going throughplene. We
will call ng2) the aver age A wthrdughhtldez-ptarie. Achigla valnesohs(@o i n g

signifies a tendency for chainszib extend flat in directions parallel to the surface, while a low
value of it indicates that chains are oriented normal to the surface. The chains per area passing

through a stface n,, (2 and the reduced densify(z) can be calculated easily by ed44 and

2.30, respectively. Regarding the factafDI(N -1)/N, od is not readily accessible from the

SCF approach. However the need for the quantitgan be circumvented by considering the

reduced chain shape with respect of the chain shape in the bulk
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Figure 3.8. Reduced chain shape profiles(z)/ nspux as derived by the SCF_SL+SGA model (blue lines) for
polyethylene free films consisting of)(100 and(b) 260 carbon atoms. The temperature is 450 K. The red open
circles symbols shw the corresponding MD results. The dashed lines indicate the position where the polymer
density equals half of its bulk density.

Figure 3.8 illustrates the reduced chain shape profileg2)/ n ., for free molten

polymer films of Gooand Geo, compared directly with the corresponding results from atomistic
simulation. Taking into consideration the above analysis, the low valuag 2)f observed in

the graphs ofigure 3.8 in the vicinity of the free surface betray a tendency for chain ends to
protrude from the melt into the gas region, terminal segments adopting a predominantly normal
orientation to the interface. As we move towards theereof the film, the chain width,(2)

increases, with chain segment clouds tending to orient flat on the surface. The chain width goes

through a maximum and then decays to its asymptotic bulk melt value.

Generally, agreement betweenFS@eory and simulation as regards the chain width is
very satisfactory. SCF tends to produce narrower chain width profiles than the simulation, which
fully includes local chain stiffness and fluctuations. An evident discrepancy between

SCF_SL+SGA and MDsithat the first predicts a lower numberzgdlane chain intersections in

the lowdensity region of the interface. This behavior is strongly correlated to the prafjles
Figure3.7, whee the chains per ar@avhich are inversely proportional tqd according to by

SCF_SL+SGA are much more than that according to MD at the interfaces. Over the remaining
domain SCF_SL+SGA predicts higher chain widths. This shortconsnmtrinsic to the
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Chapter 3. SCFT Combined with SGA of FreePolymer Surfaces /Films

Gaussian string model, the chains being fully flexible and thus allowing for a larger number of
chain intersections alongmanes. Although the locations of maxima of the reduced chain shape
profiles compare well between SCF_SL+SGA @D, the ones from MD are closer to the
gas/liquid interfaces. It islearin Figure 3.8 that the agreement between SCF_SL+SGA and
atomistic simulations again improvesth increasing chain length.
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Figure 3.9. Reduced chain shape profiles from SCF_SL+SGA for various chain lergtiggrg from 100 to 10000
monomers per chain. Each chain length is represented by a different color. The MD and SCF profiles have been
shifted so that their reduced density profiles align witld.5 atz= 0. The inset displays the dependence.fux

on the inverse square root of the chain length according to the SCF_SL+SGA model (circles) and according to
atomistic MD (diamonds).

Figure 3.9 depictsthe profile of the reduced chain width over a broad range of chain
lengths, with the distancereduced by the bulk radius of gyration for each chain length. As
already seen in Figure 8, the chain width features a pronounced peak near the interface,
indicating high chain flattening in this region. The position of the peak is chain length
independent and is located at ~15 A from the extremities of the films. Upon moving towards the
bulk region of the film the pronounced peak decays and the reduced chagnssiarates to its
bulk value corresponding to chains of unperturbed shape and random orientation. Clearly, the
characteristic length for the decay is influenced by the degree of polymerization, being

proportional to the radius of gyratioR, (note that the abscissa is iR, units). More

specifically, in all cases examined here the distance between the position- whéreand the

point where the profile saturates to unity equalk6R,. In the inset ofigure3.9 is displayed
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the average number of chains passing through a plane positmotinedbulk liquid rgion of the

film (e.g., the film midplane) against the inverse square root of the chain |&ftth,A perfect

linear correlation is seen in the SCF_SL+SGA results, characteristic of unperturbed, randomly
oriented conformations. The MD deviates frora timearity for small chain lengths but comes
very close to the SCF_SL+SGA estimates, both in slope and in actual values, for high molecular
weights, underlining the increasing validity of the Gaussian approximation with increasing chain

length

3.5.5 Surface Tension of Various Polymers

As pointed out above, the reduced influence paramgtdor use with the SCF_SL+SGA
approach was obtained by fitting the atomistic simulation density profile of polyethylene films
composed of o, Cso and Gsyo chains. At these chain lengths, altering the chain length has
small impact on the density profile. We use the same reduced influence paraime@®bd) to

perform calculations for higher molecular weight polyethylenes and figmgos of different
chemical constitution for any chain length and temperature. In this section we utilize the
SCF_SL+SGA approach to calculate the surface tension of various polymer melts. Poser and
Sanchez fitted their theory (SGA_PS) to experimentdhsa tension data, obtaining the same
reduced influence parameter as we use. The role of the reduced influence parameter is central, as
it treated as a universal parameter for all chemical constitutions and is the sole wradateck
parameter in the G&~_SL+SGA approach. (The remaining, chemical constittdependent
parameters aré , P, r of the SL EoS @ad the characteristic ratio ., all are listedn Table

3.1).

In Table 3.3 is shown the surface tension for polymer melts as predicted by the
SCF_SL+SGA with reduced influence parameter 0.55, using the Sanchdzacombe EoS
parameters and the characteristic ratios listedahle 3.1. Calculated values are compared

against experimental ltaes for the same temperatures.

Agreement between SCF_SL+SGA and experiment is generally very good. As
expected>® with the SCF approach inged in the theoretical model, the conformational entropy
effects in the vicinity of the free surface are taken into account. A direct consequence is a
general increase of the surface tension relative to what would be predicted by SGA alone.
Indeed, in comaring our model against the Poser and Sanchez model-BES}Ave find that

there is a small increase of15% in surface tension using the same parameters. The
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incompressible model used by Hong and Noolandi results in a similar increase in surface tension
relative to the Poser and Sanchez model, although they used a different continuum approach and

a different method to calculate the influence paraniéter.

Table 3.3. Surface Tension of Polymers at Various Temperatures in mN/m

nolymer SCF_SL+SGA experimental*
413K 423K 453K 413K 423K 453K
poly(dimethyl siloxane)(PDMS) 13.8 13.2 11.5 14.1 13.6 12.2
poly(vinyl acetate)(PVAC) 28.8 27.8 26.2 28.6 27.9 25.9
poly (n- butyl methacrylate ) (PnBMA) 28.5 27.7 25.4 24.1 23.5 21.7
poly isobutylene (PIB) 26.7 26.2 23.9 25.8 25.1 23.1
polyethylene (linear)(PE) 31.7 31.0 28.9 28.830.0 28.1 %_gi
poly( methyl methacrylate)(PMMA) 37.0 36.2 33.6 32.0 31.2 29.9
polystyrene (atatic) (PS) 31.8 31.0 29.0 32.1 30.8 29.2
poly(ethylene oxide)(PEO) 34.3 334 30.9 33.8 33.0 30.7

* Experimental valuesbtained frontef 91. Experimental and calculated vasuefer to the sameatar mass.

In Figure 3.10 the surface tension is plotted against temperature for all polymers except
for poly(methyl methacrylate) (PMMA) and poly(nbutyl methacrylate)(PnBMA). The
maximum error between experimentalues and those calculated through the SCF_SL+SGA
approach is nearly the same as the uncertainty in the measurements, approximately 2% on
average. Predictions for PMMA and PnBMA are not so successful, differing by 15% from
experimental values. One woulkhd to associate this limited success of the model in the case of
methacrylates with the polarity of these polymers. Nevertheless, the calculation for PVA, which
exhibits a polarity close to that of PMMA, performs very well in comparison to the expésimen
data. In our opinion, further investigation is needed into the manner in which methacrylates
contribute to enthalpic or entropic components of surface tension. SGA alone also does not work
very well for these two polymers, as evidenced by the predgtiof the PoseBanchez
model*?* The nice overall agreement of SEA +SGA predictions for the surface tension with
experiment is mainly du¢o the high quality of the Sanchéacombe equation of state.
Contributions too from the density profile are dominant, while those due to perturbation of the
chain conformational distribution, as treated with SCF theory, amount 9@

Surface tensian for a variety of polymer melts over a broad temperature range can be
captured by the SCF_SL+SGA model. An interesting aspect of these calculations is that PE and

PS exhibit similar behavior, although their SL parameters and radii of gyration are quite
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dissimilar. Generally, an increase T,P,r and C, brings about an increase in surface

tension. The PEP" is high enough to counterbalance the highduesin other parameters of
PS.

T T T T T T
¢ PS-exp —PS-calc * PVA-exp —PVA-calc
# PIB-exp —PIB-calc * PDMS-exp —PDMS-calc
" ® PEO-exp —PEO-calc # L-PE-exp L-PE-calc
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Figure 3.10. Surface tensions of various polymewdth symbols depicting the experimental values and with lines
corresponding to calculations from the SGA+SGA model.

The surface entropy; dg/dT, of the polymer melts is shown ifable 3.4. The
corresponding temperature derivative, as calculated from the Poser and Sanchez theory which
includes the square gradient correction but no conformationalpgreffects, is illustrated along
with our results. Generally there is significant improvement in the calculation of the surface
entropy relative to experimental measurements in relation to SGA alone. SGA ignores the effect
of restrictions posed by the terface on the orientations and conformations of polymer
molecules, which result in lowering the surface entropy. Although the SCF_SL+SGA approach
increases the complexity of calculations in comparison to the pure SGA approach, it is

physically more compte and brings considerable improvement.

The performance of SCF_SL+SGA is demonstrated by the lower deviations between

model and experiment in the calculation of bgtland - dg/dT .
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Table 3.4. Surface EntropyCalculated Values from SCF_SL+SGA and Estimates from Previous Works

SGA-PS SCF_SL+SGA Expt. Deviation from expt.
Polymer (MNmM*K?Y  mNm'K?Y)  (mMNm?K?  SGA-PS  SCF _SL+SGA
PE (linear) 0.0820 0.0692 0.057 44% 21%
PIB 0.0725 0.0700 0.066 10% 6%
PS 0.0722 0.0693 0.072 0% 4%

PVA 0.0920 0.0621 0.066 39% 6%
PMMA 0.0914 0.0865 0.076 20% 14%
PnBMA 0.0826 0.0787 0.059 40% 33%

PEO 0.0975 0.0849 0.076 28% 12%
PDMS 0.0609 0.0570 0.048 27% 19%

Experimentabnd PoseSanchez (SGAS) values retrieved fronef 121

3.6 Concluding Remarks

In this chapter,we have coupled two theoretical methodologiesdetermine equilibrium
properties of free surfaces of polymer melts: SCFT based on a Gaussian thread representation of
chains, and square gradient theory based on the Sababembe EoS. We are motivated by

the idea that including both cohesive interaasi and chain conformational distributions in the
model can account for energetic as well as local and nonlocal entropic effects on the structure
and thermodynamics of the liqughs interface, allowing us to describe it in a quantitative way.

To validateour results we have used surface tension measurements for a variety of polymers

over a range of temperatures, as well as atomistic simulation results for linear polyethylene.

The free energyfunctional used to describe intermolecular interactions exhibits
dependence on both local density and its spatial gradient. The grand canonical ensemble, which
is more appropriate for describing vagiguid equilibrium in an open system capable of
exchanging molecules with the bulk liquid and vapor phases, is usederive the
thermodynamic field exerted on a chain and the grand partition function. From the latter the
surfa@ tension is readily obtainetdlVe exploit the generalized excess fmeergy functional
description to implement the realistic EoS introduced Sanchez and Lacombe. Density
gradients are incorporated in the formulation through the SGA. In SGA a central role is played
by the influence parameter, i.e. by the coefficient that multiplies the square gradient density
term. We have followed the reducetfluence parameter procedure suggested by Poser and

Sanchez and used the same value of reduced influence parameter for all polymers we studied.
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This value was extracted by matching the atomistically calculated surface density profile of

polyethylene at amtemperature.

The conformational component of the free energy, which takes into account the chain
connectivity, was described by the fully flexible Gaussian thread model which is the basis of
most continuouspace formulations of SCFT, employing the miedif Edwards diffusion
equation. Even though SCF treatments have been used in several works to describe interfacial
polymeric systems, to the best of our knowledge it is the first time that SCF is employed in the
framework of a continuum approach for a frpelymer surface problem. The continuous
Gaussian thread model is elegant and convenient for describing the conformational properties of
high molar mass polymer chains, introducing a single, readily measurable or predictable
additional parameterR{) into the picture. The need to compare the theoretically calculated
results against the outcomes of atomistic simulations, which become very demanding
computationally at large length scales, forced us to implement the Gaussian thread model even

for smaller lengt chains.

We have tested various SGA and SCF models and the reduced density profiles-at vapor
gas interfaces that arose from them, and found that the model employing an excess Helmholtz
energy density based on the Sanebazombe EoS coupled with a squaensity gradient term
(SCF_SL+SGA) achieves best agreement with atomistic simulation results. On one hand, SCFT
models which consider only the local density to describe chain interactions produce steeper
profiles, which demonstrates the necessity for usirgyadient expansion. On the other hand,
SGA-based models, although capable of generating smoother and more realistic profiles, do not
incorporate entropic effects associated with the change of chain conformational/orientational
distributions in responsé& the constraints present at the surfaces, thus overestimating the
surface entropy. Density (total, end segmarmd middle segment) and conformational profiles
(adsorbed and free chains, loops and tails, chain shapes) as calculated by the SCF_SL+SGA
were found to agree very well with the corresponding profiles from detailed molecular
simulation, the agreement improving with increasing chain length. Differences between
SCF_SL+SGA and MD reflect the fact that the former does not incorporate conformational
stiffness at a local level. The free film density profiles obtained from the SCF_SL+SGA model
and MD simulations were investigated over a range of temperatures and chain lengths, with the

theoretical predictions exhibiting excellent agreement with sinauati
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The converged solution of the SCF_SL+SGA theory was used to determine end and
middle segment density profiles, based on the treatment introduced by Wet.eAslis well
known for homopolymers where the ends are of the same chemical constitution as the middle
segments, chain ends were found to dominate thacgugrofile. The magnitude of this effect
and the extent of the interfacial region dominated by the end segments can be estimated with
accuracy by our SCF approach, as comparison with atomistic simulations shows. In addition, the

temperature dependencetbis effect is correctly captured by the theory.

Following previous works of Semerfd¥and Daoulas et & we have applied our SCF
model to characterize the structure of polyethylene chains adsorbed to the free surface. The
volume region used to claterize a chain segment as free or adsorbed is defined using the
plane where the reduced segment density equals 0.5 as a boundary. Some discrepancy appears
between SCF_SL+SGA and MD in the profiles of segments belonging to adsorbed and free
chains, whichis less significant for &o chains than it is for {go chains. SCF qualitatively
follows the atomistic results. The same behavior is seen in the loop and tail distributions of

adsorbed chains.

An important structural feature of polymer melts at surfasabe flattening of chains
due to their preferential orientation parallel to the surface. Inspired by pastdtkee have
extended the continuum model to evaluate the reduced chain shape profile, which provides a
direct quantitative measure of chain flattening. Botmédtic and field theoretic results show a
relationship between the chain length and extent of the chain flattening region. In free
polyethylene films of chains as short agsd@he shape profile from SCF_SL+SGA almost
coincides with that from MD. The rangd the flattening effect is in good agreement between

theory and simulation, being on the orded @R, .

A challenge for our formulation was its application to calculate the surface tension of
various polymers. The reduced influenparameter used to reproduce the atomistically
calculated reduced density profile for the polyethylene surface was used for all polymers
examined. The SCF conformational entropy contribution added by the SCF treatment in the
Gaussian thread approximatiorcieases the surface tension bg®6. A nice feature of our
SCF model is that it accounts for two distinct length scales simultaneously: i) a monomeric one,
set by the range of monomer interactions, governing properties of theViuid interface; ii) a

polymeric one, set by the radius of gyration, governing structural properties at the chain level.
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For most polymers this approach yields results for both surface tension and surface entropy that

are in excellent agreement with experiments.
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4 Structure and Ther mod
Grafted Silical PNCs

Polymer/matrix nanocomposites (PNCs) are mdteviéth exceptional properti€d! They offer

a plethora of promising applications in key industrial sectors. In most cases, it is preferable to
disperse the nanoparticles (NPs) homogeneously across the matrix phase. However, under
certain conditions NPs might lump tobet and lead to a composite material with undesirable
properties. A common strategy to stabilize the NPs is to graft on their surface polymer chains of
the same chemical constitution as the matrix chains. There are several unresolved issues
concerning theptimal molar mass and areal density of grafted chains that would ensure best
dispersion, given the nanoparticles and the polymer matrix. We propose a model for the
prediction of key structural and thermodynamic properties of PNC and apply it to a single
spherical silica (Si@) nanoparticle or planar surface grafted with polystyrene chains and
embedded at low concentration in a matrix phase of the same chemical constitution. Our model
is based on selfonsistent field theory, formulated in terms of the Edisadiffusion equation.

The properties of the PNC are explored across a broad parameter space, spanning the mushroom
regime (low grafting densities, small NPs and chain lengths), the dense brush regime, and the
crowding regime (large grafting densities, Ni@meters, and chain lengths). We extract several

key quantities regarding the distributions and the configurations of the polymer chains, such as
the radial density profiles and their decomposition onto contributions of adsorbed and free
chains, the chas/area profiles, and the tendency of end segments to segregate at the interfaces.
Based on our predictions concerning the brush thickness, we revisit the scaling behaviors
proposed in the literature and we compare our findings with experiment, relavatatsns,

and analytic models, such as Al exander 6s mod ¢
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4.1 Background

Solid particles with polymer chains anchored on their surface hold a central place in
nanocomposite materials reseatth:**since they are widely used in a variety of scientific and
industrial applications such as sensing and therapy in biotechnology and biomedicine,
wettability of membranes, surface activation, and interfacial electronic nimui® Usually,

grafted polymer chains are used to stabilize inorganic nanoparticles (ISR a host polymer
matrix. When NPs are properly dispersed inside the polymeric material, they lead to mechanical

reinforcement and improvement of viscoelastic properties in comparison to the pure material.

4.1.1 Dispersion of NPs

The state of dispersion off$ inside a polymer matrix depends on sebtid and soligpolymer
interactions as well as on entropic effects. In most cases, the embedded NPs tend to stick to each
other due to attractive forces between tHdmAddressing this behavior, a widely used
methodology is to graft homopolymer chains on the NP surface. Under certain conditions, the
entropic cost related to the configurational restriction of grafted chains when the particles get

closer to each othhés able to keep the particles separated.

The key factors influencing NP separation are their size, the molecular weight of grafted
chains, and the surface grafting densfisombly et a®*® studied the effect of curvature of the
solid surface on pgmer mediated interactions among grafted NPs and demonstrated that the
dependence of their separation on the grafting density becomes weaker with increasing particle

curvature.

We say that matrix chains wet the grafted polymer brush when they are able to
interpenetrate with grafted chains and therefore diffuse inside the space occupied by the polymer
brush. Such a situation leads to a vekdipersed set of NPs. It has been seen that, in most cases,
matrix chains are able to wet the polymer brush when thelecular weight is less than that of
the grafted chain¥® Depending on the grafting densityhen matrix chains are longer than the
grafted chains, it is harder for them to penetrate into the interfacial region due to the higher
entropy loss they experiencEhi s i s known as fHautophobic dew
possibility for autopholzi dewetting is to disperse smaller NPaVhen grafted chains are
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attached to smaller particles, they have more available space, thus the penetration of matrix

chains is facilitated and the corresponding conformational entropy cost becomes smaller.

As mentioned before, another importargrameter for nanoparticle dispersion is the
solid surface grafting density. When grafting density is lower than a threshold value, the particle
cores are no longer screened by the grafted chains surrounding them, so they attract each other,
leading to agggati on. This i s knowrBundag et &3 Herivegp h ob i c
experimentally a pise diagram demonstrating the regions where autophobic, allophobic
dewetting, and complete wetting occurs.

4.1.2 PreviousWorks

Major experimental work has been conducted to understand the behavior of polymer grafted
NPs and their influence on the properties the composite materiaf. ‘880818323242
Experimentalists are also ingsted in studying the interactioamonggrafted inorganic NPs in

the absence of a host polymer matrix (partaids)?*? 24> Most of the experimental work up

to now has been concentrated on medium grafting densities (< 0?2%hiowever, silica
particles with higher grafting densities (around 1.Gpntoated with asymmetridlock
copolymers have also been synthesfZ&d.

Atomistic molecular dynamics simulations have been performeddoyo et at*® while
Meng et af-** andKalb et al**® have performed coarsganed molecular dynamics simulations
representing the polymer chains by the Krei@eest beagpring model. Using the same
coarsegrained modelEthier and Haft"’ studied the structure and entanglements of grafted
chains on ansolated polymegrafted NP. Various additional studies employing particsed
simulation methods exist in the literature addressing nanoparticles in a polymer melt or
solution?®2*° as well as isolated nanoparticf@8?>* Dissipative particle dynamics (DPHj
and density functional theory (DFf§ simulations addressing systems of polymer brushes are
also reported. Vogiatzis et af devised a hybrid particiield approach calledFOMC (Fast
Off-lattice Monte Carlo) which is a coargeained class of Monte Carlo simulations, where the

nonbonded interactions are described by a rfiethinspired Hamiltonian.

Another popular approach for investigating the stmectiand thermodynamics
of polymer grafted NPs and  Dbrushes is -selfisistent field theory

(SCFT)#3:144.145.14730,152.133.236.25%; inyokes a mathematical transformation from a system of
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interacting chains to an equivalent system of independent chains, where eacmtenacts

with a chemical potential fieldy, created by the rest of the chafA$SCFT is a strong modeling

tool for describing equilibrium properties of interfacial systems involving polymer melts or
solutions. Besides the fact that it is accurate in high densityasige molar mass systems, it is

able to derive directly the free energy of the investigated system. For a detailed explanation of
SCFT and the transition from partidb@ased to fieleheoretic formulations, the reader is referred

to the relevant monogragby FredricksoR>®
4.1.3 Current ResearchApproach

In the presenthapterwe employ SCFT to investigate the structure and thermodynamics of
systems comprisingtactic polystyrene (PS) chains grafted on a single spherical nanopatrticle or
planar sutace made of silica (SK) immersed in a PS melt. The chemical constitution of the
system under study is identical to the one investigated MENIC by Vogiatzis et af>> The

range of molecular parameters (nanopartgile, surface grafting density, molar masses of
grafted and matrix chains) has been chosen so as to encompassf thgberimental
investigations of SigPS nanocomposite systeAiSlt is mentioned here that no adjustment of
parameters has been undertaken to fit witheexnent orFOMC; rather, the actual physical
parameters of silica and polystyrene have been used. The main vifi@MWg is that it can
directly sample chain conformations. On the other hand, the main advantage of SCFT in relation
to FOMC is that it candirectly calculate the free energy, enthalpy and entropy of mixing
between the NP and the polymer matrix and the potential of mean force between two

nanoparticles immersed in a host polymer maff{x°*%%?

The calculations were performed by employing the SCFT in one dimensiaal (rad
distance or normal distance coordinates) by taking advantage of the symmetry of the
nanoparticle/planar surface. This esimensional treatment is expected to perform fairly well
at moderate to large grafting densities and molecular weights of gcdfééas. As in previous
work,?* our SCFT model has finite compressibility. Vdpply the Gaussian string model to
describe chain conformations, which punishes stretching of chain contours, since stretched
contours havéeweravailable conformations, thus reducing the entropy. Nonbonded interactions
in the polymer are calculated froam expression giving the free energy density as a function of
the polymer local segment density. Polymer/solid interactions are accounted for by Hamaker

integration.
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That SCFT calculations are computationally inexpensive in one dimension allowed us to

perform an extensive and dense grid search over a broad parameter space spanning: i) the radii
of the NP,Ryp = 2°nm to 2*nm, as well asR,- © (planar surfaces)i) the molar mass of

the grafted chaingdyly = 1.25 kg/mol to 100 kg/moiji) the grafting densitiesl; = 0.1 nni to
1.6 nm? These calculations provide useful quantitative understanding of the limiting cases of
sparse/dense grafting of short/long chains, on surfaces with low/high curvature, as well as of the

intermediate transition regimes.

In particdar, throughout our calculations, we extracted the density profiles of the grafted
and matrix chains, which provide a direct picture of their conformations across the parameter
space. The density profiles of the matrix chains are decomposed into comtigbfrtbm
Afadsorbedo and Afreed chains, t hebasedactiterig;or i z a
these results unveil the tendency of the matrix chains to penetrate the brush emanating from the
nanoparticle/flat surface. The shape of polymer chigimsvestigated in terms of the number of

chains passing through a unit surfdéé>?%3

and provides a measure of
and of the tendency of the chain ends to segregate at the-grafited interface. Subsequently,

the dstributions of the grafted chains are analyzed in terms of their corresponding brush
thickness, wherein we compare our findings to correlations that are reported in the
literature?*>?**The brush thickness exhibits a rather complicated behavior across the transition
regime from spherical nanoparticle to flat surface, which we try to describe through a scaling
equation. Finally, the thermodynamics of these systems is examined in tertims gfand
potential across the parameter space and a direct comparison with the Alexander model at fixed
density®>?® (which is similar to the dry part of the twayer modeli®'*®®is performed

regarding the stretching free energy of grafted chains.

Before presenting the main results, we first validate our model and impizioa by
comparing our density profiles agaifDMC?° across the same regime of grafting densities
and chain molar masses that was investigated by Vogiatzi$®8frhis comparien is made for
profiles obtained via both the SancHemombe (SL) equation of state coupled with square
gradient theory (SGT) for nonbonded interactions, that we have adopted herein, and the Helfand
(HLF) free energy density using the same compressitgiitployed by Vogiatzis et. 41> the
latter model is typically used in most field theangpired simulations.
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4.2 Model andTheoretical Formulation

s % oR”
grafting adsorbed Dirichlet BC Neumann BC box

points points q(r,8)=0 Vg(r,5)=0

Figure 4.1. (a) A patticle-based representation of a nanoparticle with grafted clainsorange) embedded in a
polymer matrix (green chainsfb) In unidimensional SCFT, the chains are replaced by a density &ald the
grafting points are smeared normal to the radiction.r,ysdepicts a critical distance based on which the matrix
chains are categorized as adsorbed (e.g., see red circles in (a)) or free.

In Figure4.1(a), we depict the geometry of the thrdenensional regin R of the system that

we wish to model. Grafted polymer chains (circles with orange fill) are chemically anchored at
the grafting pointsyy (orange arrow), which are located at a small distance (circle of small
orange dots) from the surface of the Nifta¢k) of radiusRyp (White arrow). On the surface of

the NP, R Dirichlet boundary conditions are imposed. The red dotted circle of ragdius

solid
(red arrow) defines the region where the segments of matrix chains (green circlestedry

bl ack 1ine) are considered to be fAadsorbedo
additionally subdivided into tails, loops and trafAd?* Those matrix chains whose segments lie
exclusively at a distance largerthagf r om t he NP c eendt e(rb laarcek ccail rl cel

green fill). Across the edges of the simulation beR,, (dashed blue lines), Neumann

boundary conditins with zero flux are applied.

In SCFT, the degrees of freedom associated with the positions of chanergsgare
replaced by a spatially varying chemical potential field, as illustrat€&igure4.1(b).This field
governs the chain conformations and thus the segment density. At the same time, the field is
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dictated bythe polymer segment density, so the field must becsel§istent and correctly
describe the thermodynamic properties of the polymer. Furtherrrignee 4.1(b) depicts the
smearing of grafting pointsormal to theadial direction.

4.2.1 lterative Procedure for Obtaining the Self-ConsistentField

4.2.1/aGeneral Algorithm

When the Gaussian chain model is applied to describe bonded interactions along the polymer
chain, the propagation of matrix and grafted chains in t#lir@ensonal space is described by

the Edwards diffusion equation in the presence of a chemical potentiavijgld, not e t hat

stands fo¥ Ainterfaceo:

Rsc
N,

p—tqc(r,s)= Bar.9 PO K. 3 (cmg (4.1)

where R, > =G, |.ZN,/6 is the ensemble averaged squared radius of gyration of d Chain

its unperturbed state (bulkett) with C, =rh /L. bei ng Fl oryds Ixhher act e
T uhn length, lcc the length of the skeletal-C bond and- is a geometric factor depending on

bondangles along the chain backbdi&q. is the restricted partition functios,is the variable
spanning the contour of the chains, measured in skeletal bemdls,denotes the kind of the
chains; i.e.c = m for matrix, ancc = g for grafted chainsBased on the resultingt, one can
compute the spatial density distributions of the chain segments, which in turn dictate an updated
chemical potential field. This procedure is repeated until the input field 4nldzpcomes equal

to the resulting field; thus the field becomes -selfisistent. A detailed derivation of the

equations is presented in thppendixB.1.
The iterative convergence procedure can be summarized as follows:
1. Equation4.1 is solved for the matrix chainsr iR for 0<s <ma><( N, ,Ng) with Nmy

and Ny being the length of the matrix and grafted chains, respectively. The initial

condition is set tag,,(r,0)=1 across the polymer domain, whilst Dirichlef,(r,s) =0
and Neumannf),q,(r,s) =0) boundary conditions are imposed at the solid surface and

system box boundaries, respectively (Begire4.1).
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2. Subsequently, ed.1 is solved for the grafted chains fO<N <N, rl Randr , Mg,

g’
where g, is the grafting point of the’eg”‘ grafted chain,0¢i, & . The boundary

conditions are the same as those for the matrix chains. In contrast, the initial condition is

given by the following equatién”:

%(Tg,:0)= . gd((rrr:)) 2

seg,bulk ig=1 U,

with 7., being the segment density in the bulk region of the polymer melignd

being the Dirac delta function.

3. With qc(r,N) known, the reduced densities, = // & ,u can be calculated by the

following convolution integral:
1
J = esat.9 e N -9 (cmg (4.3)
co

Note that in both m and g chains the second term of the convolution integdfas
detailsappendixB.1.3).

4. Having calculated the density profiles of matrix and grafted chains, an EoS nusside
to determine the free energy density functional and the corresponding chemical potential
field:

Uf[r, Bf

W) = WE) W s B el M) wa

r=Ar) W = sedbulk

with f[r,D £ being the excess (relative to an ideal gas of chains) Helmholtz energy

density of intermolecular interactions as a function of the local segment density and its

gradient,Us being the field exerted on a segment by the solid seirfaed) = jm + 4

being the total segment density. Note that subtracijg from wjguarantees that the

chemical potential field is zero in the bulk phase.

5. To inspect the convergence, the maximum differeratevden the fields of the previous

and the current iteration D" :max({]‘vx(fc”eiw(r) w. ), r R}), is estimated,

therefore:
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tol

a. If Dwii™ is smaller than a tolerance valuayj,; , the simulations are considered

converged and therocedure halts.
b. If not, the algorithm cycles back to step (1) wherein the Edwards equation is

reevaluated in the presence of the mixed field for numerical stability purposes:

Wi (1) = (1= 8 ) We €) 8 W6 (4.5)

with a, I [0,1] being a relaxation parameter.

The above algorithm is generic and applicable to arbitrary system geometries.

4.2.1/bSolving SCFT in oneDimension

By taking advantag of the spherical symmetry of the NP or the translational symmetry in the
case of planar surfaces, one can evaluatS@IET equations in an om@mensional domain. In

1D, the grafting points become delocalized throughout the surface near the solidtsubstr
suggesting a smeared distribution of grafting points, which practically ignores the presence of a
grafting point at a specific surface point; e.g.,Figure 4.1b the grafting points have been
smeared acrossspherical cell highlighted by an orange dotted circle. In doing sé2dqr the

initial condition of the grafted chains can be written as follows:

_ Suig SoNg d(h' hg)
q,(h,,0)= (4.6)
hg Srb rseg,bulk qm(hg1 Ng)

wheres  =n,/ S, is the grafting densityS, is the surface area of the :{;f()l'andsjg is the

surface area over which grafting points are smeared. To makk6eapplicable for both
spherical and planar geomes;j it has been written in terms lofand hy, which denote the
segmentsurface and the grafting poiatirface distance, respectively. Consequently, in spherical

geometriesh® r R,; this relation is ildefined in planar geometries, sin¢ R,- =@ . The

threedimensional delta functioa’(r - rgvig) is approximated as’(h- hg)/Sng for all ig.

For planar surfacesvith areaS,,, the Edwards diffusion equation is evaluhteross

the normal direction with respect to the surface, and the different@ tthe spatial integration

equals the volume of the layer, ¥ S

solid

dh. The delta function in e4.6 is set to the inverse
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discretization step in thk direction; i.e., d(h- h)=1/cph, with gh being the width of the

intervals in whichh is subdivided in the numerical solution.

For pherical nanoprticles,with area equal t&, ,, = 4pR.’, the Edwards equation can

be evaluated across a radial direction (normal to the surface). The differenta@l spatial
integration is equal to the volume of the spherical celly d 4Rys+h)?dh. The delta function

in eq4.6 is again set to the inverse width of the intervals in which length is subdivided in the

radial direction; i.e.d(h- l‘b) =1/cph.

Throughout tis chapter,we present the overall mathematical formulation in three
dimensions; one can derive the corresponding expression in spherical and planar geometries by

employing the aforementioned relations.

4.2.2 Grand Potential

The thermodyn@ics of the polymegrafted NP and planar surfaces immersed in the matrix are
described by a grand potential, defined relative to a bulk melt phase of matrix chains, each of
lengthN, occupying a volume equal to the polyrascessible volume of the systeamd a set

of ny isolated engpinned unperturbed chains, each of leriggh The temperatur€ is the same

between the system undsudy and the reference system:

DW= W ,WA,; ah DWieqt DW Ay Y (4.7)

where D Y, is the cohesive interaction component (relative to the bulk melt chains) arising due

to segmensegment interactions in the polymer,
D VY, I’“-’pr{ Hre) &) T8 Lod J (48)
D W, is the interaction energy between the density field and the chemical potential field,
DWW = {7 OWit)  Lgnatul )} (49)
R

U, is the contribution of the potential energy exerted from the solid,

U, = fjir { 7 (")} (4.10)
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D W describes the translational and conformational entropy (relative to the bulk melt entropy)

of noninteracting matrix chas subject to a chemical potentiglem,

r

DW = S;glflu'k (Qu[wi wei] 2) (4.11)

and DA, is associated with the conformatarentropy ofng grafted chains subject to the field

Wi - V\{)ulli ’

refq=0 (4.12)

The partition functionQ, & s S M- Wk @0, 1 & Ny Wy, . appearing in the first term of

eq 4.12 depends on the position of the grafting point, and therefore on the discretization of
spacel n order to over come t hiAgwith respectrio the aistances s u e
of the grafting point from the surface where Dirichlet boundary conditigyisN) = 0, are

imposed, we have introducéte second term in efj12. Based on the observation that the chain

propagatorgm, decreases linearly close the Dirichlet boundary, adding the second term ensures

t h aAyis dipcretization independente., for a setr

refg=0"

Ags independent of the position of

the grafting point, while, if. the contribution of this term vanishes. This allows for

gig 9= 0 refq =0

comparisons for different spatial discretization and shghitiered grafting positions.

Our formalism is based on the works by Daoulas ét ahd Schmidt et &°, which
have been extendéd systems of arbitrary geometry comprising polymer chains grafted on solid
surfaces. Furthermore, it was generalized so that any suitable equation of state can be applied to
describe the nebonded interactions among ahmgoolymer segments. In depth information

regarding our mathematical formulation can be found iragpendixsectionsB.1.1-B.1.3

4.2.3 FreeEnergy Densities

In this work we employed two models for the investigation of the polymatrix
nanocomposites/brushes: i) the Helfand free energy density, and ii) the Shacbere free

energy density in conjunction with density gradient theory.
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4.23/laH e | f a&redEhergyDensity

The Hefand free energy density and its first derivative with respect to the density are the

following:
£ (r (1)) = o ar() ¢ (413
EoS :
2/(T g geg,bulk =
HFD a
ufEOS (r) - 1 l(r) _1 (414)

(A PR k s!é,buu(g sef bulk

with ar being the isothermal compressibility of the polymer at temperdture

4.2.3/bSanchezLacombeFree Energy Density

The SL-E0S is the following:

F2+P T dn (4.15)

n@ 3 -

® Q0

1 OO

oo
o

O a:\mo

F=r.! ~, T=T/T and P=P/ P are the reduced density, temperature and pressyre;

T andP are the corresponding characteristic SL parameterss the number of SL segments
constituting a moleculélThe mass densitfynassfor each chain length is derived from the vapor
liquid equilibrium of a Sanchelzacombe fluid(see Supplemealt material section S1 iref 26).
The compressibility of the SE0S as a function of chain length and temperatugéven by the

following equation:

PR | 1 2
ki t=TP gu.kzoel_ + = (4.16)

bulk {;ulkrSLN

~ | -

Wlth rbulk ﬁass bullj

Thecorresponding free energy densaiyd its first derivative with respect to the density

are the following:

fos(r(r))=P & r-"r ¥1 “Hn@ ~)- (417
Mies(r) :kTarSL 27 () -Tin(1 =rt) (4.19)
vl e {8 (1 70))

108



4.3 Calculation Details

The reader is reminded that the Sanebazombe model has a firm theoretical basis in a mean
field statistical mechanical analysis of a latiftuid composed of chains and voids, reminiscent

of Flory-Huggins theory with voids playing the role of solvent molecdf&g’®

4.2.4 SquareGradient Term
A more realistic treatment of inhomogeneous systems is achieved by including nonlocal
contributions tethe Helmholtz energy densith common form assungefor f[7(r),D £ )] is

the one presented in éq]_9:26,67,194,217,271
flrr).D £)] =fes( €)) % (k®)Y (419

with a being the influence parameter. In other words, the excess Helmholtz energy density in an
inhomogeneous polymer phase is equal to that of a homogeneous polymer phase with the same
local density plus a square gradient term arising from density inhomageragithe considered

location. For this special form, dq for the selfconsistent field becomes:

Peod 7
r= Ar) W

\Niic (r) - uonS(r)

B_ . Ut) (4.20)

=~ seé,bulk

4.3 Calculation Detalils

The system considered in the present study consists of polystyrene (PS) chains grafted on a
silica (SiQ) NP or planar surfaces, in contact lwia polymer melt of the same chemical
constitution as the grafted chains. All calculations were carried out in the grand canonical

ensemble at a temperature equal t0500 K.

The PSSIO; interactions are described with the Hamaker potéftiasing the interaction

parametersAps and A, , and the effective radiilps and S, , presented imable4.1 Given

that the replsive term of the Hamaker potential increases steeply at short distances, we opted to
replace the Hamaker potential below a segrserfiace distance,hys ~ 0.4 nm, where
Us(hus) = 5kgT, with a hard sphere wall. To impose the hard sphere wall, the catadifithe

first node of the simulation domain was set at a distingdérom the surface. As a result, the

region belowhys becomes inaccessible to the polymer chains.

109



Chapter 4. Structure and Thermodynamics of Grafted Silica/PNCs

As Chantawansri et af* observed, in the context of SCFT there is a special difficulty in
the case of polymer chains whose one end is grafted to the solid surfacgrafied chains
propagator is subject to a Dirac delta function initial condition as shown4i6elp addition to
that, the denominator on the righandside of e(.6 is problematic, since the chain propagator
of matrix chains goes to zero close to the solid surface. A usual approach to bypass these issues
is to reposition the grafting points to a surface close to the solid instead of right on top of
it.?’327> Regarding tB numerical implementation of the delta function, smearing of the grafting
points in the direction normal to the surface takes place by treating the grafting point density as a
Gaussian distributidfi* or as a rectangular function. In the thoimensional analog of our-n
house code name@uSseLwhere we employ a Finite Element Methoumerical scheme, the
initial condition of the grafting points is evaluated exactly upon the desired points of the domain
and the delta function is again evaluated as the inverse volume assigned to tH@ Gaitked
by these studies, in the present work we set the location of the grafting points at the
discretization nodal point vith is nearest to the hagphere wall. Furthermore, a smearing of
the grafting points was introduced, so that
radius slightly larger than that tfe NP itself (Figure4.1, orangearrow) and thicknesgh.

Unless otherwise stated, the nonbonded interactions are described by the SL E0S in

conjunction with square gradient theory (ddk7 and4.19). We employed the characteris8t.
parameters for P& and the influence parameter from tiedation: & = 2(ry, /N)*P*( &)™ ~,

with the reduced influence parameter being sét t0.55, same as ihapter 3 andef 26.

The Edwards diffusion equation was solveithva finite difference schemeith spatial
discretizationgh = 0.05 nm, and contour length discretizatim= 0.25 segmentd he rectangle
integration method has been employe@valuate the convolution integrals, since other higher
order methods such as Simpson integration can produce artifaitts presence of grafting
pointsThe field mixing fractionanix, for the iterative convergence of the field in 4§ was

optimized for each chain length so as to enhance the efficiency of our evaluations. The tolerance
tol

value for the convergence was sefDoj” =10°k.T. In al cases, the system dimensions were

at least 10 nm larger than the edge of the brush of the grafted chains itbadeid finite size

effects.

The simulations were realized wiRuSsel.an inhouse developed code which is designed

to run calculations [s&d on SCFT in both one and three dimensional systems, using the finite
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differences and finite element method, respecti#&lfhe evaluations were performed across a
broad parameter space concerniRge, Uy andMg: Rye ={1, 2, 4, 8, 16, 32, 64, 128, 256, 512,
1024, 2080, 4096, 8192, 16384} nfy,= {0.1, 0.4, 0.8, 1.2, 1.6} nhand My ={1.25, 2.5, 5,

10, 20, 40, 80} kg/mol. Accordintp ref 255, as long as the matrix chains are longer than the
grafted ones, the latter are not perturbed considerably; thus, unless otherwisevVigtatdd,.

The digrams were designed using relevant softvi&tre

Table 4.1. Parameters of thealculations

parameter value reference
T 500 K 255
P 0 atm
system F oo 0.05
(i =0 0.05
by 1.83 255
chain lec 0.154 nm
stiffness ) 0.829 193
Muonomer ~ 52.08 g/mol
his ~0.4 nm
Cps 0.37 nm 255
Hamaker  Usio 0.30 nm 255

Aps 5.84-10°J 255
Ao 6.43-10°°J 255
2

T 735K 270
P’ 357 MPa 270
st ) 1105 kg/nd 270

Kk 0.55 26

Helfand  or—sex  1.07 (GPa} 255
ah 0.05 nm

Edwards s 0.25 segs

diffusion

Dw; 10° ksT

ifc
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4.4 Results

4.4.1 Radial Density Profiles

The radial segment density profile distributions of matrix and graftedsban be employed as
a measure of the partiefmlymer interactions and reveal how these interactions are affected by

the grafting density and the molecular weight of matrix and grafted chains.

4.4.1/aComparisons with FOMC

Figure4.2 depicts the reduced radial segment density profiles of matrix and grafted chains from
FOMC, SCF Helfandand SCFSL+SCA. Beyond a certain distance from the solid surface, our
model results in practically identical radial density profiles wséhobtained byFOMC. This

holds for both the Helfand and the SL+&@®amiltonian. The agreement becomes better as the
grafting density or the molecular weight of chains increases. This is reasonable, since SCFT is

more accurate in systems ohyjer chainsand higher density.

Nevertheless, there is a discrepancy near the surface of the NP, which could be related to
the fact that SCFT cannot describe in detail the packing of chain segments or the anchoring of
grafted segments at discrete points close tcsthtace, whileFOMC invokes not an atomistic,
but rather a coarsgrained model. Another observation is that BEF SL+SGA model
provides smoother radial density profiles for grafted chain segments in comparioM@or
SCF Helfand This mainly has talo with the incorporation of the square gradient term in the
description of nonbonded interactions, which does not affect the-réompged segment
interactions, but rather the smoothness of the density profiles in the region near the solid surface.
In addiion, SCFT features a depletion region ranging from the solid surface up to a distance
equal tohys = 4 A (the position of the aforementioned haphere wall), wherein the repulsive

interactions from the Hamaker potential are very strong.

It is stressed athis point that the density profiles obtained from @EF SL+SCGA
model are closer to the corresponding ones obtained from atomistic molecular dynamics
simulationd®2772® than FOMC. If one averages out the oscillations of the atomistic density
profiles, then their smeared analogues come out very close to the density profiles of
SCF SL+S(GA (and especially close todifand in terms of the position of the peakdathe
width of the depletion zone near the solid surfat&’*#’® Interestingly, the peak of the density

profiles appears to become less pronouricedtomistc simulationswith increasing grafting
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density, presumably due to excluded volume eff6€5° Hereafter, all presented results are
obtained with theSCF SL+SCGA model, sinceit is more realistic and reproduces the
experimentally measured surface tension of’P8.is also mentioned thatonfitting of

parameters with respect to experimentF@MC has been performed to describe this silica

polystyrene interfacial system, but the actual physical parameters of silica and polystyrene have

been used
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Figure 4.2. Radial density distribution for matrix (m) and grafted (g) chainsa NP withRyr = 8 nm, from
FOMC?*® (top), SCFT with Helfand (middle), and SCFT with SL+SGT (bottom)alrb, c)My = 20 kg/mol,M,, =
100 kg/mol, andl, varies from 0.2 to 1.1 nfmin(d, e, f) 0y=0.5 nn, M, = 100 kg/mol andVy varies from 10 to
70 kg/mol.

4.4.1/bRadial Density Profiles from the Sanchetacombe EoSExploration of the R, Ug,

Mg ParameterSpace

Figure 4.3 presents the reduced radial density profiles of grafiigd gnd matrix {m) chains
across theRyp, Ug, Mg) parameter space. In all cases grafted and matrix chains have the same
molar mass,Mn=My. Overall, the radial density @iiles of grafted chains expand with
increasingly, Mg, andRyp. Concerning the latter, with increasing particle radius (i.e., decreasing
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curvature), the grafted chain segments have less available space to explore near the surface, so

they experience crovialy and extend further towards the bulk phase.

The radial density profiles exhibit a rather rich behavior which could be classified into
three distinct regimes:

(i) Mushroom regimeln the region of lowlly, Mq andRyp, the radial density profiles of
the gafted chains become very suppressed and their density peaks are much lower than the bulk
density. That the grafted chains are short and the distance between them is relatively large
implies that they cannot experience the presence of each other. In aitts;, ¥he density
distributions of individual chains do not overlap and therefore chains tend to form mushroom
like structure€®. this effect is expected to be more pronounced at sRallsince the chains
would have more available space thanks to the increased curvature. Matrix chains, on the other
hand, carpenetrate the polymer brush readily and reach the surface of the NP. However, in the
onedimensional model employed herein, the inevitable smearing of grafting points may prevent
us from accurately predicting the density profiles of grafted chain segimethis regime. Our
subsequent work with the threémensional analog dRuSselwill investigate the mushroom
regime more realistically, transcending the limitations of thedimensional approximatior>

(i) Dense brush regimewith increasinglly, My and Ryp the radial density profiles
become more pronounced and feature extended regions with bulk densities; é&musee3
forgygO 0.'8andR@O 64 nm. Towards the mprofilesfeaturphase,
a characteristic sigmoid sh&psuggesting stretched brushes. The profiles of grafted and matrix

chains intercept at reduced densitigs= j,=0.5. The presence of chemically grafted chains

on the particle surface inhibits the penetration of matrix chains into thepsdjicher interfacial
region and the strength of this exclusion oftiixachains increases with increasifg Ryp, and
Mg.

(iii) Crowding regimeln the extreme case of high grafting densitigsQ 1 . B and m
low curvatures (e.gRwO 64 nm), the crowding experience
reaches a level where their densities exceed the buiitiésrsomewhat (see dashed grey line in
the plots of Figure4.3). In other words, the compressing forces imposed by the stretching of
grafted chains overcome the tendency of the equation of state to maintaiadudkd densities
at unity; hence, the densities exceed this level. In this regime matrix chains are unable to reach

the surface of the NP, even for the shortest grafted chdirs (.25 kg/mol) studied herein.
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Figure 4.3. G profiles of g (solid lines) and m (dashed lines) chaittsmolar massequal to 1.25 (red), 2.5 (blue),
5 (green), 10 (V|olet) 20 (orange), 40 (brown) and 80 (pink) kg/mol. In all chgdvl,. Legend in rectangles:
Rue(nm), tg(nm'?).

In Figure 4.3, for given Uy and Ryp, the radial density profiles are shifted by about a
constant amount along the abscissa wheneveMé doubled; this effect becomes more
pronounced with increasir@pe. Given that the radial density profiles are presented in $egni

plots, this observation leads to the conclusion that the edges of the profiles foldw a

powerlaw for constantly andRype. This scaling exponent exhibits a complicatiegpendence on

Uy andRyp, Which is explored below (see sectitd.5.

Regarding the total reduced density profiles, even though they are practically insensitive
to My (except under very crowded conditions), tteg somewhat enhanced near the surface
with increasinglly and deviate from unity across the brush region under conditions abénte

chain crowding.

4.4.2 Structure of AdsorbedPolymer Layer

The chains cannot propagate against the solid surface; as a consedueinconformation is
dictated by configurational entropy effects different from those prevailing in the bulk melt.
Furthermore, the presence of the NP or the planar surface brings about an attraction of the
polymer segmends which belong either to graftl or matrix chairé towards the solid surface.

The strength of this attraction, in relation to the cohesive interactions of the polymer, determines
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the wetting behavior of the melt on the solid surface. Low, moderate, and high energy surfaces
lead to low,high (e.g., treated silié&) and perfect (e.g., untreated sifith wetting conditions

which may alter the local configurations of the grafted and matrix chains relative to what is
dictated by entropic phenomena.
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Figure 4.4. / 2* (solid lines) and/ " (dashed lines) profiles of adsorbed and free matrix chaitis molar mass

equal to 1.25 (red), 2.5 (blue), 5 (green), 10 (violet), 20 (orange), 40 (brown) and 80 (pink) kg/mol. In all cases,
Mg=Mn. Legend in rectangb:Rys(nm), ﬂg(nm‘z).

I n order to investigate these effects, a
chains. By definition, grafted chains are adsorbed, therefore the aforementioned distinction
concerns primarily the matrix chains. The value of the cheriatit distance of closest approach
to the NP surface, below which a matrix chain is characterized as adsorbed, is,get 4128
nm. This is where the tail of the Hamaker potential emanating from the solid starts, i.e., where
the Hamaker potentialsaumes a value equal toi 6.005kgT. It should be emphasized at this
point that the distinction between fAadsorbed
but rather on a geometric criterion revealing the tendency/ability of matrix chainsetgien

the brush and experience the potential exerted by the solid surface.

The reduced density of free matrix chains can be derived from the convolution integral
of eq4.21.

1
Nm

j () == fids g€ .9 ¢, N, - 9 (4.21)
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free
m

where @, is the propagator of the free matrix chains that carolitained by solving the

Edwards diffusion equation (efl) with an additional constraint that the matrix chains are not

allowed to access segmesurface diances smaller thamgs In practical terms, an additional
boundary condition is appliedg®(r,N)=0, 't :min(f r-Jr,, Rgk) b whilst the
other boundary conditions remain the same. Subsequently, the reduced density of the segments

of adsorbed matrix chains is otstad as/ 2*(r) = /.¢) - J°t).

Figure4.4 presents the reduced radial density profiles of fyd&°} and adsorbed/(*)

matrix chains across th&gp, Uy, Mg) paraneter space. The reduced radial density profiles of
segments belonging to free chains assume a value equal to unity in the bulk, while going by
definition to zero when approachimgys According toFigure4.4, thematrix chains can easily
penetrate the brush of grafted chains in the mushroom regiitie.intreasingliy and Ryp, the

matrix chains experience noticeable resistance in penetrating the brush, {{hile0 upon

transitioning to the crowding regime.

4.4.3 Chains/Area Profiles

In three dimensions, the chains/area can be defined as the numbainagegments which cross

at least oncea surfaceuR,, . A meaningful choice fopR, would be a surface which is parallel

to the surface of the solidiR,,;,) at distancen; min(||r1- o ry T RE iRsHid) h. Refs

2426.282include a detailed explanation tife chains/area calculation in one dimension; in this

work we present a more general formalism in three dimensions which is compatible with smooth

surfaces of arbitrary shape. To compute the chains/area we use the followigg eq

FpCier, N
Puc(hp) =1 £ (4.22)
P (r, N )t

Initially, we estimate the plmbility pintc Using egd.22, with qu;:pe being the propagator
of act yplraiin ari sing from sol v4lphwth dhdddiionad 6 s d i
constraint that the chains cannot propagate past the sugfage,To impose this constraint, we

apply the Diridlet boundary condition to all of the nodes that belong to this surface;

117



Chapter 4. Structure and Thermodynamics of Grafted Silica/PNCs

a.(r,N) = 0, t [Ry.Subsequently, the number of chaing) of typec that pass at least

once throughuR, per unit area of the surface is calculagsdollows:

1

) 1
nch,c(ho) - plnt,c( mgﬁc ch(r)dr (423)

~
R

where S, is the surface area R, andNi [Y.(r)d is the total number of typechains

CR

At this point, we define a reference chain which obeys the Gaussian model and has
infinite length. Given this definition, the reference chain will cross any-shefce at least one
time. Thereforgsince the number of grafted chains equgls (y 4 Rys’, the number of these
reference chains passing through a surface separatedétday the surface of the solid per unit

area of that surface is given by the following 4ezy.

o 2,
a (
Ny = ", =5 Rye i (4.24)

_4,0(RNP+ h)* ggl'?NP+h -

In Figure4.5(a), we presentc, for the matrix and the grafted chains, witigure4.5(b)

illustratesnch g/ g for the grafted chains across the considered parameter §aacéq( Mg). In

both panels, the correspondingfg are represented by dotted linds the flat geometryw;ﬁfg =

{iy throughout the domain, whilter finite curvatures,n; decreases with distance froifne

surface according to e}24, since the polymer chains have more availapace to perform

their walk.

The behavior of the chains per area profiles with increasing grafting density or molar
mass is consistent with the reduced radial density profilésgofre 4.4. For low nanoparticle
radus, the chains per area profiles seem to be insensitive to the grafting density, a picture that is
consistent with the mushroom regime. Higher grafting density or molar mass leads to a gradual
extension of grafted chains towards the bulk region and altameous exclusion of matrix
chains from the solinelt interface. For larger NPs and grafting densities, the crowding
phenomena inside the interfacial region intensify and push the grafted chain segments further

towards the bulk region.
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Figure 4.5. Profiles of(a) ns, of m (dashed lines) and g (solid lines) cha{by,n./Cy of g chainsMy equals to 1.25
(red), 2.5 (blue), 5 (green), 10 (violet), 20 (orange), 40 (brown) and 80 (pink) kgimall. cags,M=M, Legend

in rectanglesRys(nm), Gy(nm®). The dotted lines depicm;:g /s ,for the reference chain from dc4.

As expected, irthe planar geometry case the number of grafted chains per area on the
surface of the solid equals the grafting density throughout a broad region of the profile and starts
to deviate upon approaching the region where ends terminate, where the numbetedf graf
chains per area decreases. It is also noted that, since the hard sphere wall is located at ~0.4 nm

from the solid surface, the maximumy, y assumed by the chains g, :ngszl( R +ms)2,

albeitne, = Uiy upon extrapolation towardsY O .
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4.4.4 Chain End Segregation at thel nterface

The reduced density of ti segment{ic, of a chain of kina located at can be retrieved by

the following expression:
. 1
/c,s(r):ch(r 15) qn( ) Nc _3 (425)

Normalizing this quantity with the corresponding density in the bulk pha3§ €1/N_; since

g = 1 in the bulk), we obtain a quantity of partmuinterest, which denotes the tendency of a

region to attract or repel these segments.

Figure 4.6 depicts the reduced radial density profiles of the end segments of grafted and
matrix chains across the investigatgarameter space. As expected, the density of free ends of
grafted chains increases with increasiiggas well as with increasinByp, since there is less
space for the grafted chains to develop their conformations. With increasing grafting density the
radial density profiles of the chain ends are shifted towards the bulk region. In the crowding
regime wherely andRyp are high, the chain ends are segregated far from the surface, suggesting
that the grafted chains are stretched. These profiles resembéedhtained for incompressible
brushes, such asthosein268 and with the more ext*%®me cas.
which all chain ends are by definition a@mtrated at the edge of the brushge the position of
which is denoted by the vertical dotted lines-igure 4.6 (for more details seappendiB.3). In
the mushroom regime,thechai ends from Al exander s model ar
solid wall as compared to our modahd this is attributed to the following factors: i)

Al exander 6s model requires constant segment
bulk mdt; therefore, in the mushroom regithevhere interpenetration between the matrix and

grafted chains becomes significarit needs to squeeze the profiles of grafted chain segments in

order to maintain this bulk density and conserve the amount of matethal same time, ii) the
segments in our model experience an additional repulsive interaction which is modeled by a
hard sphere wall locatedBis~ 0. 4 n m. Clearly, Alexander os
appropriate for the mushroom regime and galhein regimes where the matrix chains can
penetrate the brush. Neverthel ess, Al exander
bad solvent conditions (e.g., polymer/vacuum interphases) which lead to collapsed brushes

across the solid surface.
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Figure 4.6. (i.ng profiles of g (solid lines) and m (dashed lines) chains with molecular weighal to 1.25 (red),

2.5 (blue), 5 (green), 10 (violet), 20 (orange), 40 (brown) and 80 (pink) kg/mol. The vertical dotted lines illustrate
predictions for the positonad hai n ends from Al exanden\/lgégamia,\,slmlall for t h
casesMg=M, Legend in rectangIeRNp(nm),Gg(nm'z).

4.4.5 Scaling of Grafted Polymer Layers

As was mentioned in sectigh4.1/h the exyansion of the grafted polymer brushes features a

complicated dependence ég Rye andMy. In the present section, an attempt will be made to
analyze this dependence in terms of the mean brush thicl(rhg%ﬁj,z, which is directly relad

to the radial density profil€d? In particular, the mean brush thickness is a functiofiahe
density profile illustrating the mean distance of the segments of grafted chains from the solid

surface. It can be estimated from the following expression:

e S dr ghr) Zg“g()ﬂé
()" = g1
6 mdrrg(r) 0

(4.26)

with h(r) being the radial distance between a segment locatednat the solid surface. Another

measure for quantifying brush thickness is the characteristic digtgagehich is the distance

between thecenter of the nanoparticland a surfacepR,, , which is parallel to the surface of

the nanoparticle and encloses 99% of grafted chain segments:
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