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Abstract

This thesis presents a comprehensive study of the structure and physical propertics
of polymers in solution. The focus is on Monte Carlo (MC) simulations. The results
are compared with mean ficld theoretical predictions and used to study the limitations

of the mean field theorie:

Four distinct systems are investigated. The first one consists of A-6-B diblock
copolymer “crew-cut” micelles in A solvent. The relatively long B block is incom-
patible with the solvent and forms the core of the micelles, and the relatively short
A block forms a thin corona. Results from simulations for the size of the core as a
function of the molecular weight of the B block are compared with simple mean field

theories in the literature and extensions in this the They support the argumen-

t that the weaker dependence observed in recent experiments is a non-cquil

cffect.

n.

When a small amount of B homopolymer is added to the block copolymer solu!

it can be solubilized within the micelle cores and swell the micelles. or separate into

a with the copoly at the solvent interface and/or in
micelles. Results from Monte Carlo simulations show a threshold volume fraction of

1 within the micelle cores

solubil

homopolymer below which the homopolymer is
and above which macrophase separation occurs. These results are in qualitative
agreement with previous experiments and a simple mean field theory.

In the third

svstem. one end of cach polymer is end-tethered to a surface and the




remaining section of the polymer stretches into good solvent forming an end-tethered

laver. The fourth system includes free polymer in solution. The focus of this work is

stem regimes which correspond to those studied in most experiments. In both

systems. the results of the MC simulations agree well with those of the numerical

self-consistent field (NSCF) calculations for surface concentrations above a threshold.
A scaling analysis of the layer thickness shows that the systems are not in the limit
of high molecular weight and highly stretched chains. Furthermore, in systems with
relatively high molecular weight free polymers. the degree of penetration of the free

polymer into the end-tethered layer is greater than predicted by asvmptotic SCF

theories. although still less than observed in recent experiments.



To my grandmother Florette

and to my parents.



Contents

Abstract
List of Tables
List of Figures

Acknowledgements

-

Introduction
1.1 Polymers in Solution — General Remarks .

1.2 Theoretical Models .
1.3 Crew-cut Micelles . .
L4 Swollen Micelles

L5  End-tethered Layers

1.6 Thin Films

N

Monte Carlo Simulations
21 Introductory Remarks ... .....

2.2.1  Free Polymers .
End-tethered Pol\m(‘h .

3 Mean Field Theory
3.1 Introductory Remark
3.2 Micelles

3.2 General C‘\so .

3. Strong Segrcganon limit .

Swollen Micelles

Numerical Self-cons

@

Monte Carlo Simulations of Polymers . . . . .. . . ..

341 Mean Ficld Approximation . . . .. .. ... ..
3.4.2 Summary — Self-consistent Mean Field Theory




o

>

3.4.3 Problems in One Dimension . . . ... ... ... ..... .. e
Crew-cut Micelles 79
4.1 Introductionand Review . . . . .. ... ..... ... ..... - 7

42 Mean Field Study
43 Monte Carlo Study . . . - . o ...
Monte Carlo Simulations - . .
3.2 MC Simulations of a Typical S
433 Systematic Monte Carlo Study
Lol SUHIALY: + o 0 o sessersmsssnsse 66 o & 6 6 3 & e £ & & SHERAEE

Swollen Micelles
5.1 Introduction and Review
Monte Carlo Simulations . . . . ... ... ... .. ..
Ro>ull> and Discussion .. <5 BRAE SS9 5856 B0 5 Pw
Swollen Micelle
5.3.2  Microphase vs.

St SWIMALY  © o o oo ot e e
End-tethered Polymers 137
6.1 Introduction and Review 137
6.2 \Monte Carlo Simulations 144
6.3 Numerical Self-consi 46
6.4 Results and Discussion M7
6.4.1 Free Polymers in Good Solvent . . . . .. ... ... H7

End-tethered Polymers . . . . .. ........... 150

Thm Films

Results and Discussion

741 MC Simulations and NSCF Theory 177
7.42  Comparison with Experiments 184
743  Systematic Study: Volume Fraction Profiles. Overlap and L' er
Height ve 186
744 Systematic Study: Scaling of the Layer Height 192

7.

5

Summary




8 Conclusions 206
8.1 Introductory Remarks . .. .. ...
8.2 Summary of Results
8.3 Final Remarks. . . . . .

Bibliography 215

A Monte Carlo Algorithm
Al Generating New States . . . .. .. ... .. ...
A.L1 Choosing New Configurations . . . . .
Hlustrative Cases of the Change in Energ

A.L3  Autocorrelation Functions 24,
AL4 Averaged Quantities . . . .. ... ..

B Interfacial Tension 238
241




List of Tables

4.

G.

o

A

1

&

Scaling laws for the core radius of micelles from various theories and
EXPCHIMONTS. . o« o\ o

Radius of core. thickness of corona and mmmber of copolymers per
micelle from experiment [1] and theory. . ... ... ... ... ...
Results for the radius of aggregate cores (Rer.), the number of copoly-
mers per aggregate (.Ny) and the reduced interaction energy (e.) for
8.000 and 7, = 12.000 from MC simulations at different molecular
T

Results from the fit of the autocorrelation functions to a sum of two
exponential functions. ¢ ea = 42, Zep = 30. Zy = 4.
oc = 0. ANOHAS001I25 s v s o s R e EEE R

General specifications of systems modeled in the NSCF calculations
and Monte Carlo simulations. . . . . ... ... ... TEET

Power law dependences for the layer height h from scaling and SCF
theories for different regimes and equations for boundaries between
regimes
Description of MC smmlnunm dll(l \SCF calculations for thin films.

Power law dependences for the layer height h from scaling and SCF
theories. and calculated power laws from the NSCF calculations of Ay,
for different regimes. The regimes are determined by the scaling and
analytical theories.

viii

144




List of Figures

21

3.1

4.1

4.

-

=

46

4

Categorization of various theoretical methods. . . . . . . . ... ...
Schematic picture of block copolymer micelles. v a3 1) 1 0 0
Schematic picture of micelles swollen by homopolymer and macrophase
soparated NOMOPOIMEr: & & 5 5 & & o & 64 fs v Sis e s 4% 4 4 & &
Polymer chains end-tethered by one end to a surface: a) 6* < 1 and
D) 0" L oo

Various elementary MC moves

Structure of the crew-cut micelles. . . . . . .. ............

Core radius of micelle ({3) as a function of the degree of polymerization
of the B block (Zeg). - o o oo vee e e
Core radius and thickness of corona as function
merization of the A and B blocks. (\ps = 1.26) . .
(a) Semi-log plot of the relevant autocorrelation times as fum.uous ol’
the interaction energy. (b) Fraction of polymers in micelles and small
GETEgAtES VS €. . . ... ... .........
Semi-log plot of the weighted and nun-\\rigluvd chain
exchange autocorrelation times vs €.
Normalized distribution of aggregates as a l'\mtlluu nl‘ the ni
copolymers in the aggregates. (€ = 0.248, Zey = 10. Zey = 50)
Volume fraction profiles of 4 and B blocks and normalized distribu-
tions of 4 and B ends. and A-B joints as functions of the distance
from the center of mass (C.\.) of the micelles. (e = 0.248. Z¢4 = 10,

Zioigim o), 1s e o 45t s e 1 S e L D R
Product of the reduced interaction energy and the chain length of the
B block (a) and radius of gyration of the core of the micelles (b) as
functions of the chain length of the B block. . . . ... ... ...,

101



53

o
b

o

o
v

6.

@

6.4

Extraction. exchange and end-to-end vector autocorrelation functions
versus time for copolymer and homopolymer. ¢ = 031. Zcs = 42.
Zen =30. Zy = 4. oc =0.025 and 6545 = 0.0125.
Semi-log plot of the relevant autocorrelation times as a function of the
mmmumn cnorg\ for both. copolymer and homopolymer. . . . . . .
of as a function of the number of

copolsmer:(a) or homopolymer. (b) in AGEYeRRIES: . . - - oo
Number of small aggregates in the system as a function of the interac-
tion energy. €. The inset shows the number of micelles in the system
as a function of e.
Fraction of polymer in aggregates a
copolymer and homopolymer.
Volume frac
malized distributions of A and B copolymer ends and A-B copul\ mer
joints (b) as functions of the distance from the center of mass (C.\.)
of the micelles. The inset in (b) shows the volume fraction profiles of
A and B ends and A-B joints.
Snap-shot of the polymer configuration: a) 0f,/0%, = 0.1. Zpy = 6.
b) oY p/0%p = 0.5. Zup =6
Semi-log plot of the relevant autocorrelation times as [umuom of the
interaction energy for copolymer and homopolymer: a) 6,5/0f, =
0.1. Zyp=6and b) 0}5/68.5 =05. Zyp =6 ... .........
Volume fraction profiles as functions of the distance from the center
of mass (C.\.) of the micelles: a) o} 5/0%y = 0.1. Zyy = 6 and b)
ohplokp=05.2Zyg=6. . .......
Normalized distribution of aggregates as a ﬁmcnull of !h(- number of
vmers plus S in the a) 0% /0%y = 0.1

Zup =6.b) 04 5/0 =0.5. Zug = 6.
Phase diagram indicating the macro/microphase regions as I'uncnou.s
of the ratios oY 5/0%p and Zug/ZcB.  « o v oo

Log-log plot of the average radius of gyration squared. RZ. and end-
to-end distance squared. R as functions of Z and Z — 1. respectively.
for free polymers in athermal solution calculated in the Monte Carlo
simulations.
Autocorrelation functions for end-tethered polymer layers as functions
of time for a system with o 1.5 and Z, = 80.

Polymer volume fraction profiles from MC smmlduou and \SCF cal-
culations for 100 and 0" = 1 to 10.
Polymer volume tion profiles from MC simulations and NSCF cal-
culations for o* Sand Zi=801£0:200. . « « w0 00w @ 3 Howw

116

119

131

132

133




o

-1
&

-1
=

-1
o

Al
B.1

The rms layer thicknesses. Apu,. as functions of the reduced surface
concentration o*. from MC simulations and NSCF calculations
The rms layer thicknesses divided by the unperturbed radius of
tion. hymy/R,. as functions of the reduced surface concentration o°.
Only the MC results are shown. . . . ... ........

Aonte Carlo and NSCF layer thickn
fitted power law. . . ...

Sketch of the boundaries for different regimes predicted by
oy for Zp S Zae o i
Volume fraction profiles of end-tethered and free poly
ulations and NSCF calculations: Zp = 25. Z, = 100. &
0" =12 (a) and 0" =1 (b).
rms thickness of the end-tethered laver (a) and relative degree of o
lap (b) as functions of the reduced surface concentration for MC sim-
ulations and NSCF calculations. The inset shows a log-log plot of the
area of overlap versus the reduced surface coverage. The plots are done
for Zp < Zsy. Zp = Za and Zp > Z.
Volume fraction profiles of end-tethered and free polymers: a direct
comparison between NSCF theory and experiments of Lee and Kent [2].
a) Zp = 113. Zy = 1.625. 0p ~ 0.06 and 0" . b) Zr = 3.846.
Zy=1.625.0p=006and 0* =12, . ... ..............
Volume fraction profiles of end-tethered and rmc pol
calculations: a) Zp = 400. Z, = 4.000. 6 = 0.06 and o° = 2.
b) Zp = 400. Zy = 1.000. 65 = 0.06 and o* = 12. ¢) Zp = 4.000.
4 = 400. 6p = 0.06 and o* = 2. d) Zp = 4.000. Z, = 400. 67 = 0.06
and 0" =120 . ...
Log-log plots of the relative degree of overlap. ao. (a) and overlap. a;.
(b) versus the reduced surface concentration for Zp < Zy. Zp = Z..
L0 Ly and 0005 SOp<006: 5 5 5 b s b UGB s RS 55858
rms height of the end-tethered layer versus the reduced surface con-
centration for Zp < Zy. Zp = Z4. Zr > Z and 0.005 < op < 0.06.
Log-log plot of the rms height of the end-tethered layer (a), maximum
volume fraction of the polymer in the end-tethered layer (b) and rel-
ative degree of overlap (c) as functions of the volume fraction of free
polymer of for Zp < Zy. Zr > Z4 and o*

0.054 and

Various elementary MC moves. . . .. ... ..............

Volume fraction profiles of the A and B homopolymer. . . . . . ...

156

159

160

180

187



xii
Acknowledgements

I would like to take this opportunity to thank all those who have made contribu-
tions to this dissertation.

I wish to thank my thesis supervisor. Dr. Mark D. Whitmore. for sharing his
knowledge and expertise. His constant support has made this work possible. I also

ist.

thank him for his interest and efforts in my carcer as a teacher and physi
I thank Dr. John Whitehead and Dr. John de Bruyn for acting as members of my

Supervisory Committee and for their guidance throughout the program.

I am very grateful to Dr. Gary Slater for sharing his time and expertise and to
Dr. Michael S. Kent for insightful discussions.

I gratefully acknowledge the financial assistance by the School of Graduate Stud-
ics and Department of Physics Physical Oceanography and in the form of graduate
fellowships.

L also wish to acknowledge research assistance from Canada’s C3.ca program. In
particular. [ wish to thank the following members of C3.ca for their generosity in
supplying computing resources and expertise: Memorial University of Newfoundland.
University of Alberta. University of Calgary and Université de Montréal.

[ would like to thank all my friends and colleagues in St. John's. My friends
have made this special time in St. John's a wonderful experience. [ thank Dr. Allan
B. Maclsaac for his help in getting started on my research. Special thanks to Dr.

Roman Baranowski for his constant help during my studies and for allowing me to



alculations. [ also thank Martin Kenward for running

use his code for some of my

ns and helping with the code.

simulat
I would like to thank my dear love Ranya for always reminding me that there is

much more to life than a Ph.D. thesis.

e, who have always been there for

Finally. special thanks to my parents and fami

me. Their love and encouragement are greatly appreciated.



Chapter 1

Introduction

1.1 Polymers in Solution — General Remarks

In recent years polymers have gained remarkable popularity in diverse fields of

stud;

The interest in polymer:

s is attributed to the wide range of po

ble morpholo-

formed by polymers which can be tailored for specific applications. The varicty

and complexity of the various polymer s

tems have generated extensive experimental

and theoretical studi

One aspect of polymers which contributes to an extensive number of applications

is the variety of morphologies and properties arising from polymer blends and poly-

mers in solvent. For example. a combination of polymers consisting of a hard but
brittle polymer and a soft but malleable polymer can result in a product which is
hard but not brittle and can be used in numerous commercial applications. In gener-

al. different species of polymers are immiscible. and for example. diblock copolymers

might be used as compatibilizers to improve the mis

between two polymer-



s and change the morphology and properties of the system. Various morphologies

produced from combinations of polymers can include spheres. cylinders and layers.

These nano-structures can be useful in applications such as lithography

. Polymers
are also found in composite materials. adhesives and coatings. Recent interests have
been in the use of polymers as coatings in the manufacture of medical devices such

as bioimplants

where the polymer surfaces form strong repulsive lavers which can

act as lubricants when in contact with other biomatter. The tailoring of the mor-

phologics and the ability to form protective coatings can also be useful in developing

efficient drug delivery systems. In order to the mechanis

for the morphology and propertics of polymer systems. an understanding of their

thermody

namic properties is required.
Polymers are molecules composed of repeating chemical units. known as monomer-
5. The repeat units are bonded together to form various architectures. The simplest

architecture

the linear homopolymer. in which identical monomers are joined in

a single chain. The number of monomers that make up a polymer is referred to as

the degree of polymerization. Z. and in general is relatively high (10% — 10%). Other

structures

nclude branched polymers. which can be used to form star and comb-like

of monomers

structures. Copolymers contain two or more types In particular. di-

bloc

copolymers consist of a block of monomers A (c.g. pol

tyrene) of degree of

polymerization Z¢, and a block of B (e.g. poly of degree of

polymerization Zep. They are chemically bonded together to form a molecule with



=Zca+Zcs-

on the

When polymers are immersed in solvent the behavior is largely dependet

interactions between the solvent and polymer. The quality of the solvents is described

by three categories: good. poor and © solvent. A polymer of infinite molecular weight
will dissolve in a good solvent and not in a poor solvent. The © solvent represents the

cross-over between good and poor solvent. The radius of gyration R, of a polymer
also depends on the quality of the solvent and scales approximately as
2% for good solvent
Ry x § 72 for © solvent or bulk polymer (11
2" for poor solvent [4].
The exponent (1/2) for © solvent or bulk polymer corresponds to a random walk of

et therefore swells the chains.

nnperturbed “ideal™ chains. In good solvent. the solv

When small amounts of A-b-B diblock copolymer. typically 2% volume fraction.

are immersed in a selective solvent which is poor for the B block and good for the A
block. microdomains with sizes of order 20 — 50 nm can form. These microdomains
are referred to as micelles. The B blocks form the core of the micelles and the A
blocks form a corona. Of interest is the size of the core and corona as functions
of the degree of polymerization and solvent quality with respect to both blocks of
the copolymer. Generally. copolymers with relatively short core blocks form micelles

with small cores and relatively thick coronas but recent interest has been in the study

of so-called “crew-cut” micelles with large cores and thin coronas which consist of



copolymer with relatively long core-forming blocks. This system is the first of four

this thesi

systems investigated

When a small amount of low molecular weight B homopolymer is added to a sys-

od

tem of A-b-B diblock copolymer micelles. the homopolymer can either be solubil
within the micelle cores resulting in a microphase. or phase separate with the copoly-

micelles. [n the micropha

Ivent interface and/or

mers at the homopolyme

the homopolymer swells the micelles. The effect of the copolymer at the interface

between the homopolymer and solvent is to reduce the interfacial tension. Of inter-

est is the interplay between the micro and macrophases. which is dependent on the

molecular weights and volume fractions of the B homopolymer and B copolymer. and

ond system inve

This constitutes the s stigated

the solvent quality and selectivity.

in this thes

e desired

In many cases. polymers at surfaces and interfaces can be used to produ

effects in polymer systems. For example. in a polymer/solvent system. when one end

of cach polymer is end-tethered to a surface. the properties and the structure of the

polymer layer will depend on the polymer used and the surface density of the polymer.

. the polymers become strongly stretched away fros

As the surface density incre:

the

urface and a polymer “brush” is formed. The thickness of the end-tethered layer
is dependent on the surface density and the degree of polymerization of the polymer.

In the study of this third system. the focus is on the structure and behavior of the

end-tethered layer in good solvent.



The end-tethered layers can be used to alter surface properties and provide protec-
tive coatings but they can also be used in other applications. In some cases. when a
thin film of liquid (~ 300 um) is applied uniformly to a surface. the film often dewets

the surface. The presence of an end-tethered layer in conjunction with small amounts

e the films for extended periods of

of free homopolymer in solution tends to stabi
time. A threshold amount of free polymer is required to stabilize the films [5.6].
End-tethered or free polymer alone does not stabilize the films and it is believed [5.6]
that the coupling between the end-tethered and free polymers along with the overlap

of the free polymers strongly affect the stability of the film. A study of thin films and

the interactions between the end-tethered layer and free polymer make-up the fourth

em studied in this dissertation.

All four systems are directly related to experiments and have important appli-
cations. The microphase behavior found in micelle and swollen micelle systems is
very useful in materials science. oil recovery and drug delivery. End-tethered lavers

can be useful in the stabilization of colloids [7.8]. adhesion [9] and lubrication. and

biophysics. Applications for uniform thin films are found in several technological

ficlds. as in lithography in the microelectronics industry. A theoretical study of the

properties of these ems which can be compared with existing experimental data

is therefore very important. In addition. we compare different theoretical models at
studying these systems and quantify the range of applicabilty of cach approach used

sed

ferent models are dise

in this study and how they compare to experiments.




in the following section.

1.2 Theoretical Models

The four polymer systems discussed above have been studied extensively in ex-

ds have been ped to study these s

periments. Several term

This section provides a brief description of the theoretical models along with the

ges and di ges of each approach. Details and references are given in
later sections.
The models can be categorized as shown in Figure 1.1. In general. the analyt-

THEORY/
/ \.
e .

/N T

SCALING, ScF| NSCF,  [MONTECARLO  [MOLECULA
== | DYNAMICS

Figure 1.1: Breakdown of various theoretical methods.

ical models provide global information in terms of scaling laws with respect to the

physical characteristics of the systems and may provide detailed information about

the properties of the systems in limiting cases only. On the other hand, the numer-

ical techniques can provide more detailed information about the physical properties



including scaling laws at the expense of more extensive computational deman
they are not restricted to limiting cases.

The analytical models can be subdivided into two categories: Scaling [10] and

mean field theories. The scaling theories are based on scaling arguments and provide

ers [11.12] and thin filn

a good starting point for the study of end-tethered poly

s [13]. They are limited in their range of applicability due to assumptions about the
structure of the systems and in general do not provide details about the structure

ful in the study of

of the systems. Analytical mean field theories have been suc

end-tethered layers (14,15 and thin films [16.17). The theorics were developed in

terms of an analytical self-consistent field (SCF) theory. The model is based on an
analogy drawn by Semeuov [18]. The analogy stems from the correspondence between
the configuration of a weakly stretched or unstretched chain and the possible trajec-

cal particle. On the other hand. the configuration of the

tories of a quantum-mecha

completely stretched chain is reminiscent of the trajectory of a ¢ cal particle. In

the case of end-tethered layers with chains of degree of polymerization Z. when the

den: - stretched the layer

- of chains is high cnough so that they are considerabl:

thickness /4 scales as h ~ Z. In this regime the chains are highly stretched compared
to the end-to-end distance R of an unperturbed chain. For the unperturbed chains.
R ~ Z'* and they therefore fluctuate about some path. In the asymptotic limit of
infinite molecular weight (Z — o) and for highly stretched chains. the analytical

SCF model uses the most probable path. This approximation is strictly valid in the




limit of infinite molecular weight where the chains are highly stretched. This imposes

h this SCF

a limit on the range on surface densities of end-tethered polymer to whi

theory applics. Nonctheless. this analytical formalism provided scaling laws and more

'stems,

detailed information on the structural properties of the

With the advent of high performance computing. numerical techniques have be-

stems comprised

come increas

ngly iinportant because of their capability to simulate s

ing and solvent molecules. These large

of a large number of interac

tems are therefore suitable for description in the language of statistical physic

In general. the description of the system proceeds in three steps

1. Modeling and determination of the energy of the various microscopic configura-

tions of the system. The modeled configurations must be compatible with the

macroscopic
2. Determination of the partition function Z .
3. Evaluation of the Helmboltz free energy
F=—ksTInZ. (1.2)
Most relevant physical quantities can be determined from the free energy expression
in Equation (1.2). The approach to evaluating the free energy is not unique and

the way the particular approach addresses points (1) and (2) can be used to classify

the model. The numerical models of interest in this thesis can be divided into three

mean field theor:

categori Moute Carlo (MC) simulations and molecular dynamics




(MD). The polymers can be modeled by discrete units or as continnous space curves.
The mean field theories. in the context of this study. constitute a combination of mean
ficld theories and numerical self-consistent field (NSCF) theories. A simple mean field

approach is used for micelles [19-31] and swollen micelles [32]. These models usually

cousist of calculating a free energy from various contributions which depend on the

structure of the pol stem. The contributions are determined from Flory type

mean field expressious [33]. The free encrgy is then minimized with respect to the

variables which characterize the system. These theories once again offer a global

description of the physical properties of systems. including polymers with realistic
degrees of polymerization. but require a priori assumptions about the structure of
the system.

A single chain mean ficld theory (SCMF) was developed by Carignano and S-

zleifer [34] and applied to end-tethered layers [34-38] and thin films [39]. The theory

involves evaluating an expression for the Helmholtz free energy involving the proba-

bility distribution function of chain conformations. To obtain this function. the free

energy is minimized and the resulting expression is a function of the chain conforma-
tions only. The finite set of single chain conformations is generated using a lattice
model or rotational isomeric state (RIS) model (off-lattice model).

The NSCF theories have been very successful in the study of end-tethered poly-

mers [40-46]. thin films [17.47). micelles [18-51] and swollen micell 54] with the

advantage of supplying a more detailed structure of the physical systems. but they



10

are also limited in their range of applicability. The calculations become more compu-

tationally intensive than the simple mean field theories but nonethel tems with

ic degrees of polymerization are modeled.

In these models. fluctiations about the equilibrium conformation of the chains are
included. Therefore. for end-tethered systems. the restriction to strongly stretched.
high molecular weight polymers does not apply. On the other hand. both the NSCF
and the analytical SCF approaches assume laterally homogeneous systems and contact
interactions between components. Hence. the density fluctuations parallel to the end-
tethering surface which occur at low concentrations are ignored.

In the NSCF models. the polymer configurations are modeled by trajectories in

continuous space. as in this thesis. or by walks on a lattice. Scheutjens and Fleer

applied a lattice model to systems of end-tethered homopolymers [41-44]. copolymer

adsorbed at an interface and thin films [17.47). The polymer chains are de-

scribed as walks on a lattice. Each effective xp s an i
field which is an averaged quantity modeled from nearest neighbor pair interactions
and surface-monomer interactions. The surface interactions are limited to lattice sites
directly in contact with the surface. The mean field therefore depends on the local

concentrations of polymer which. in turn. are determined from the mean ficld. The

s effective for treating finite

problem is solved self- i ly. The NSCF h
molecular weight corrections but is restricted by the mean field approximation.

Molecular Dynamics (MD) methods have been used extensively to study polymers.
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al Newtonian equation of

In principle. the MD method implics solving the classi
motion and does not require the approximation of a mean field. \When treating

macromolecules with a fully atomistic model. problems arise in the length scales

involved. For a simple flexible chain there is structure on scales from that of a single

les

chemical bond (= 0.1 nm) to the coil radius (= 10 nm). Additional length s

occur due to structure in the tem such as micelle formation. As a result. large

systems. The problem

systems with many polymers are required for modeling real

with the feasibility of the simulations is even greater when the time scales involved are

considered. In polymers. motions occur on many different time scales. For example.

vibrations on the length scale of the C-C bond may occur on time scales of order

of 107" s or less whereas transitions from trans to gauche states or vice-versa oceur

over 107" s. In micelle systems the time scale involved in the exchange of polvmers

between micelles can be as high as 1 or more. This effect causes serious problems
in atomistic models.

the Monte Carlo in which the

An alternative to MD is

are modeled as coarse-grained polymers on a lattice. This method offers several ad-

ges in terms of computational efficiency and feasibility. In this type of simulation

cach “effective bond™ corresponds to several chemical bonds along the chain of the

polymer. The length scale of the “effective bond™ is that of the persistence length

rather than the chemical bond. By eliminating the structure at short length scales.

the small time scale motions are effectively eliminated. The lattice structure also al-
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'stems of interest

lows for efficient algorithms. This model can be used to study the s
in this thesis but the number of the effective monomers per chain is still restricted

ructure at short

to 200 or fewer. Another drawback to this model is the loss of the s

length scales which results in a loss of information in terms of the dynamics involved

at all time and length scales
Other coarse-grained models such as the bond-fluctuation model have also been

stems. In the bond-fluctuation model the chemical

successful in the study of large

structure can be kept by

indirectly choosing appropriate distributions of the length of
the effective bonds and/or the distribution of the angle between subsequent effective
bonds. These models have been successful in the study of end-tethered polymers [58]
but this approach is still restricted to simulations of relatively few, low molecular
weight polymers.

There have heen recent advances in MC simulation techniques. Doruker and

Mattice [39] have performed simulations of polyethylene (PE) thin films in an attempt

to bridge the gap between the comparatively small systems in fully atomistic models

vmers. MC simulations

and the MC simulations for coarse-grained structureless pol;

were done on a high coordination lattice which reflects the structure of PE. The \MC
simulations were performed after the PE chains were mapped onto the coarse-grained
lattice. Throughout a simulation it is feasible to reverse map the snap shots back to

the atomistic model allowing the study of large bulk s

stems while keeping atomistic

features of the polymer chains.
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Each method described above has its advantages and shortcomings. The mean

field theories can treat systems with realistic degrees of polymerization at relatively
low computational cost. but they are restricted in their range of applicability due to

the neglect of fuctuation effects and/or requirement of a priori knowledge about the

structure of the system. The MC approach incorporates fluctuation effects. but is

restricted to relatively low molecular weight polymers. In this thesis. the emphasis

is on the use of Monte Carlo simulations as a complement to mean field theories.

Monte Carlo simulations are used to study the limitations of the mean field theories

and the b, involved with polymers in solution. The following subsections

discuss how these models have been used to study cach of the four systems. Each

subsection also discusses how MC simulations. in conjunction with existing models

or other models developed in this thesis. will be used to gain a further understanding

of the mechanisms responsible for the structure and properties of these systems.

1.3 Crew-cut Micelles

Block copolymers have been used in a wide variety of applications, and their effect

on the behavior of solutions and blends i stems of interest have

important. The

low concentrations of A-5-B block copolymer. The immiscibility between the B block
of the copolymer and the matrix (solvent or homopolymer) in conjunction with a
relatively low entropic penalty in localizing the polymers results in the formation of

micelles. The B blocks form the cores of the micelles, and the A blocks form coronas as
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shown in Figure 1.2. If the overall copolymer concentration is low enough, the micelles

COPOLYMER SOLVENT OR HOMOPOLYMER

Figure 1.2: Schematic picture of block copolymer micelles.

are randomly distributed in solution. Theoretical and experimental interest has been
focused on the study of micelles for which the B block of the copolymer is short
compared to the A block. Hence, the micelles have a relatively small core compared
to the size of the corona. Recently, there has been interest in the experimental

study [1,60] of so called “crew-cut” micelles, for which the B block is longer than the

A-block. The crew-cut micelles have large cores d to the
thickness of the corona.

Of particular interest in all these systems is the critical micelle concentration
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tion

(CMC) and the size of the micelles as a function of the degrees of polymeri

To obtein the radius of the core

of A and B blocks. Zey and Zcp. respectively

which is outlined in

and the thickness of the corona a simple mean field theory
Chapter 3. has been used. In this theory. it is assumed that the core and corona

alculated from a

regions have uniform density profiles. and the total free energy is

e of the micelles is

total of six contributions. In a strongly segregated system. the s

controlled by the interplay between the interfacial tension at the core-corona

tic cnergy associated with stretching of the core-forming block

interface and the cla

of the copolymer. The interfacial tension tends to increase the size of the micelle by

On the

reducing the total interfacial area which results in fewer but larger micelles

other hand. as the size increases. the B block of the copolymer must stretch to the

in free energy associated with stretching the B

center of the micelle. The penalty

block teuds to keep the micelles small. Simple mean field theory predicts that the

radius of the core of the micelle. {55 scales as

lnx 285 a22/3. (1.

The analytical expression for /5 in Equation (1.3) docs not show a dependence on

Ze- but a numerical analysis within the same model

the length of the corona bloc
shows a weak. inverse dependence on the A block. Other mean field theories predict
similar scaling laws and in all cases a > 0.6.

The scaling laws obtained are in agreement with many experiments on micelles
However. recent experiments {1] on crew-

with relatively short core-forming block




?. In this ¢

cut micelles resulted in a different scaling relation with ly x ZE4Z55%
the scaling exponent of the Z¢p term was much lower than that predicted by simple
mean field theory. The authors noted that these systems were not at equilibrium and

effect. In

that the discrepancy in the scaling might be a

those experiments. the polymers were dissolved in a solvent which is good for both
components of copolymers. The solution was then dialyzed against water. which is
a poor solvent for one of the blocks. for a period of time. As the solvent quality for
the core block decreased. micelles formed. When the solvent quality was decreased
further. the copolymers were trapped in the micelles which results in non-equilibrinm
structures. The measured sizes of the cores may therefore reflect equilibrium condi-

tions at the point where the copolymers began to be trapped in the micelles.

Simple mean field theory [21] suggests that the solvent quality at which the mi-

celles become non-equilibrium structures strongly depends on the degree of poly-
merization of the core block. In the study of crew-cut micelles presented here. the

effects are simul in our MC 1

s by identifving the condi-

tions where the copolymiers begin to be trapped in the micelles. The MC simulations

are then used to investigate scaling relations and compare with mean field results.
Furthermore, the MC simulations are used to probe the structure of the micelles and

investigate the assumptions of the mean field approach.



1.4 Swollen Micelles

Normally. a binary blead of A and B because

of the repulsive effective interactions as discussed in the previous section. The phase
separated blend cousists of domains of the minority component dispersed in the ma-

jority one. The sizes of the domains depend on the processing history. but typically

are on the order of microns or larger. When small amounts of A-b-B block copolymer
are added to the A/B blend. the copolymers can act as surfactant to disperse the

minority component into smaller domains.

The next system of interest in this thesis is the A-6-B/4/B ternary blend. with

only a few percent of both copolymer and B homopolymier. in a host of A homopoly

mer or solvent. In this system. one can imagine a number of pe

705

single macrophase populated by micelles swollen by homopolymer and whose si;

are of the order of molecular dimensions: or macrophase separation (see Figure 1.3).

Of particular interest is the interplay between microphase and macrophase separation

and the micelle sizes and number densi

A previous mean field and experimental study by Whitmore and Smith [32) has
been done to study block copolymer miicelles swollen by added homopolymer. The

t-

theory predicts that. for relatively low molecular weight homopolymer. there exi
s a threshold volume fraction of homopolymer below which the homopolymer will
be solubilized within the micelle cores and above which it macrophase scparates.

The theoretical results were in qualitative agreement with experiments where PEO
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SOLVENT OR
COPOLYMER HOMOPOLYMER

HOMOPOLYMER

Figure 1.3: Schematic picture of micelles swollen by homopolymer and macrophase
separated homopolymer.

homopolymer was added to a mixture consisting of polystyrene-black-poly(cthylene
oxide) (PS-b-PEO) block copolymers in PS polymer hosts. Transmission electron mi-
crographs (TEM) showed micelle cores ranging in diameter from 20 to 40 nm without
added PEO homopolymer and from 20 to 60 nm with a relatively small volume frac-
tion of PEO homopolymer. With a volume fraction of homopolymer well above the
predicted threshold, domains ranging up to 400 nm were observed.

Although the mean field h was | in predicting the solubility limits

in such systems some questions arise about some of the mean field approximations.

The solubilization limits are calculated on the basis of a simple expression for the free
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energy. In the case of swollen micelles in the strong segregation limit. the density
profiles of the copolymer and homopolymer within each micelle are assumed to be
uniform. with a sharp core-corona interface and all micelles having the same size.

These assumptions about the structure of the micelles can be investigated with the

use of MC simulations.

In the study of swollen micelles. we perform MC simulations of block copolymers

in solvent with added homopolymer which is compatible with the core-forming block

If-assemble and no a priori as-

of the micelle. In these simulations the micelles

sumptions about their structure or size distribution are required. We investigate the

s swollen by the Iymer and the solubili: limits

structure of the micell

predicted by mean field theory. We revisit the phase behavior reported in the mean

field calculati Id volume fractions of homopolymer and

the

its dependence on the relative degrees of polymerization of the copolymer and the

added homopolymer.

1.5 End-tethered Layers

There is considerable interest in the theoretical and experimental study of “end-
tethered™ polymer chains at surfaces. Typical systems with one end of cach polymer

end-tethered to a surface and the polymer chains forming a layer in solvent are fre-

quently referred to as polymer brushes. As discussed in Section 1.2. several theoret-

ical [12-14.40.46.38.61-63] studics have been done to investigate the properti



the end-tethered lavers. As well. numerous experiments [57.66-72] were performed
to study end-tethered layers.
A system is characterized by the molecular weight M and the polymer surface

density. The average area per molecule is denoted by € and the average number of

chains per unit area by o = 1/S. The surface density can also be characterized by

the reduced surface coverage which is defined as

/S =owR; . (14)
where R, is the free polymer radius of gyration. The behavior of the system depends
on the reduced surface coverage. To illustrate this we consider the two limits as
shown in Figure 1.4. For ¢* < 1 the average distance d between polymer chains is

greater than R, and the polymers are isolated from cach other. The laver is laterally

s and its thic of the surface concentration and

given by
hx2°° (1.3)
where Z is the degree of polvmerization of the dangling block and v =~ 3/5 in good

solvent. This is called the mushroom regime. In the limit o > 1. the average distance

between polymer end-tethering points is much smaller than R,. In this limit the

dangling chains are stretched into the solvent and the layer is laterally homogencous
except at the surface and the tip. This is often referred to as the brush regime.
Analytical theories have been developed for highly stretched brushes. Alexander

and de Gennes (AdG) [12.13] used the concept of “blobs™ along with scaling argu-
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(b)

Figure 1.4: Polymer chains end-tethered by one end to a surface: a) o° < 1 and b)
o* > 1. The layer thickness is k. The average distance between polymer chains is d.

ments to obtain the layer height. Milner. Witten and Cates (MWC) [14] developed

an analytic self-consistent field (SCF) theory of the end-tethered layer. Both the SCF
and scaling theories predicted that. in the asymptotic brush limit of large Z and at

high surface coverage. the layer height scales as

hx Zo'. (1.6)

The scaling and analytical SCF theories have been successful in desc:
stretched end-tethered polymers. On the other hand. Kent et al. [69] remark that,
in all cases except studies by Auroy et al. [66.67] where the layers are formed from

semi-dilute and concentrated solutions. the reduced surface coverage is limited to



- Results

As a result. the experiments may not fall in the asymptotic li

from the experiments were corroborated with numerical self-consistent field (NSCF)

studies of Baranowski and Whitmore [46]. The experimental and theoretical results

mply that these ems do not correspond to the asymptotic limit for this usual

range of o° < 1

In the present study. the primary interests are in detailed comparisons among

analytic SCF theories. NSCF calcul. MC si ions and experi | results.

The experiments imply that the polymers are not as highly stretched as assumed in
the asymptotic theories and that NSCF calculations may be more appropriate. The

NSCF calculations do not incorporate density fluctuations or lateral inhomogencities

which must occur at the tip of the layer for all o*. and throughout the layer for low

NSCF calculation

. MC simulations are therefore performed in conjunction w

to quantify a range of reduced surface concentrations were the NSCF approach is

valid.

1.6 Thin Films

As discussed in the previous Section. there is considerable interest in the theo-
retical and experimental study of polymers at surfaces. Polymers at surfaces can
alter the surface properties by changing the interfacial tension. and sometimes the
systems can be tailored to obtain desired results. In the case of uniform thin films of

liquid (~ 300 nm thick) the films will tend to dewet over a period of time. When the
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liquid is dominated by van der Waals interactions there are two important parame-

ters: (1) the Hamaker constant. A. which describes long range interactions and to a

first is ¢ d by the polarizability of the three phases. and (2) the

spreading cocfficient. S. which is a measure of short range surface interactions. The

free energy. L. per unit arca of a liquid film of thickness /g due to the van der Waals
interactions is [73]

U(ho) = (L.

When A is positive. the van der Waals

ing coefficient is defined as

S =10 — (G +u) (1.8)

where and 5, are the solid-vapor. solid-liquid and liquid-vapor surface ten-

sions. respectivel

If S is negative the liquid does not wet the surface. The c:

where A is positive and S is negative is classified as partial wetting. In this case the

films are unstable. Holes begin to form due to thermal fluctuations and the films

eventually break up into droplets

In thin films applications it is generally preferred that the films be stable against
dewetting in order to keep the films at a uniform thickness. The presence of end-
tethered or free polymer can strongly alter the properties of the system. It has been
remarked in experimental studies (5. that an end-tethered laver or free polymer alone
cannot be used to stabilize the films and a combination of both is required to make

the films stable for extended periods of time. Furthermore. there is a minimum bulk
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volume fraction of frec polymer required. The threshold concentration is approxi-
mately five times the overlap concentration of the free polymer which. in turn. is

dependent ou the degree of polymerization of the free polymer. These experiments

d ding the

suggest that the key el of these systems are:

(1) the coupling between the free and end-tethered polymers as a function of the de-

gree of polymerization of the polymers. the grafting density and the volume fraction

of free polymer. and (2) the effect of the overlap concentration.

Scaling [13] and analy have been developed for the

al SCF [16. 17.74] theori
study of thin films. The analyses were restricted to Zp < Z, where Zp and Z, are
the degrees of polymerization of the free and end-tethered chains. respectively. In
the case where Zg > Z,. the partial penetration of long free chains was assumed

negligible

29]. For Zr < Z,. three major regimes were identified. In the first regime.

the surface coverage is high. the end-tethered polymers are highly stretched. the

penctration of free chains is negligible and the laver height is not affected by the free

polymer. In the second regime. the overall volume fraction of free chains is large

enough so that the end-tethered layer is affected by the presence of the free chains

but the surface coverage is high enough to prevent penetration of free chains in the
end-tethered layer. In the third regime. the surface coverage is low enough to allow
the free chains to completely envelop the end-tethered layer.

Penetration of relatively high molecular weight free homopolymer in the end-

tethered layer has been observed in recent experiments [2] at commonly observed



end-tethering densities (0* < 15). This observation suggests that corrections to the

‘mptotic brush limit may be important and that the penetration of the free chains

should be investigated for end-tethering densities which are more closely related to
experiment. A NSCF approach is appropriate to deal with finite molecular weight
corrections expected for this range of reduced surface concentrations except that.

again. lateral inhomogeneities in the planes parallel to the end-tethering surface at

a restriction on the applicability of the NSCF approach. In

low concentrations impos

a Monte Carlo study is done in order to obtain a range of reduced surface

this thesi

valid. The volume fraction profiles.

concentrations over which the NSCF approach i:

laver heights and interpenetration of chains at the interface are investigated. and a

comparison with NSCF theory for various molecular weights and surface coverages
done to quantify the range of applicability of the NSCF theory. The NSCF approach

s with the experimental work of Kent et al.. and

s also used to make dircet compariso
with power laws predicted by scaling and SCF theories for the degree of penetration
of the end-tethered and free chains. In particular. the height of the end-tethered layer

tigated for the

and the overlap between the free and end-tethered polymers are inves

three major regimes predicted by scaling and SCF theories.



Chapter 2

Monte Carlo Simulations

2.1 Introductory Remarks

The gencral formalism for Monte Carlo simulations is reviewed in this section. and
the simulations specific to polymer/solvent systems will be discussed in the following

sections.

In statistical physics. a problem of interest is the calculation of thermal averages

in the canonical ensemble. They are given by

<a>r= 1 [ dtpadehespl-s((sh] @1

where {r} is a vector describing a state in phase space. A({.r}) is a local operator.

H({r}) is the Hamiltonian. 3 = 1/kgT where kg is Boltzmann's constant. and Z is
given by

2= [ats}espl- (i) @2

If one or more of the s in {r} is discrete. the integration in Equation (2.1) is replaced



by the appropriate sum.
In practice. it is not always possible to evaluate thermal averages by the means

shown in Equation (2.1). An alternative is to evaluate them numerically by means

of Monte Carlo simulations. In the MC simulations a finite subset of phase space

is sampled. and the appropriate averages are then evaluated. There are two major

methods of sampling. The first method is called “simple sampling™ in which case.

A states are sampled with equal probability (P = 1/11). The averages are then

calculated with the appropriate statistical weight P, {} where

Pufr} exp[—IH({})]. (2.3)

P-4

This is called the normalized Boltzmann factor. This method can be very inefficient if

most of the states do not significantly to the i 1 in Equation (2.1).

A more efficient technique is called ~importance sampling™. In this approach. the
states are chosen with a statistical weight proportional to the normalized Boltzmann

factor so that most of the states that are sampled from the finite phase space are those

Iy to the i 1in Equation (2.1). Thermal averages

are then approximated by

w
<A>rx 73 Allrh) 1)
T =t

where M is the number of states sampled. The accuracy of the result depends on the

number of points sampled and also on the finite size of the system. The accuracy can

be increased by sampling more points and increasing the size of the system. Limited
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ems which are large cnough to

computing resources may not allow calculatios
climinate the finite size effects: in this case the results can be extrapolated by means

6]

of finite size scaling techniques
Metropolis et al. [77] advanced the concept of importance sampling and suggested

that a set of states

{r}, can be generated by choosing states by means of a trajectory
in phase space rather than choosing states independently of cach ather. The result is

a Markov process where a state {.r},+, is constructed from the previous state {r},

w+1). A restriction on the tr:

via a suitable transition probability 11°({x},

ch that in the limit A/ — c the probability

tion probability 11" must be imposed s

ates generated by the process tends towards the equi-

distribution function of the
librium distribution function defined in Equation (2.3). To achieve this condition the

principle of detailed balance is imposed with

Peg({et )W ({r}e = {oh) = Pg({e o)W ({r}e = {r})

where any state {r}, is obtained from any other state {r}, by a finite series of steps

in phase space. Although the principle of detailed balance does not uniquely specify

fies Equation (2.3) is

W({r}, = {x}») a suitable condition which sat
. 1 ifAH >0

W({cl, = {ch) = (2.6)
exp(—3AH) ifAH <0

where A = H({r},/) — H({x},). Having defined a transition probability. a general

algorithm for Monte Carlo simulations can be constructed as follows:

L. Choose a new state {r},. from the state {z},.



2. Caleulate the change in cnergy. AH. in the transition from the state {r}, to

the state {r}, ;.
3. Generate a random number r such that r € [0. 1)

4. Ifr < W ({r}, — {r}.) then the new state is accepted: otherwise it is rejected

and the old state is counted anew. This step is known as the Metropolis rule.

3. Repeat steps 1 to 4 many times.

The method used to generate new states depends on the model being used. and for

tems in the following

the work here. the method is described for polymer/solvent s

sections. We also define time in MC simulations in units of the number of attempts

at generating new states.

The Markov process provides a means of generating new states efficiently. but the
states can be correlated. In general {r}, and {r},-, are highly correlated and n MC
steps are required before the two states {r}, and {r},., are no longer correlated.

In order to gencrate M uncorrelated states. a time n is required. In practice. the

brium and a number. ng. of MC steps

al state of a system may be far from equ
are required before a system reaches an equilibrium state. Therefore. ng MC steps

are required before generated states can be used in statistical averaging. In principle

all subsequent states can be used for statistical averaging. However in practice, for

computational efficiency. there are 9t MC steps in between states which are used in

the statis

al averages. For ional efficiency an & ate choice of ng. n



and 6t is required but in general. no. n and 8t are not known a priori. This problem is

resolved by monitoring various relaxation i which ine the a

Aas

time scales. We define the normalized relaxation function of a quantity

< 4(0]4([) >—-<d >~

alt) = 2
oa(t) s @7
The relaxation time associated with the quantity A is defined as
/ o.4(t)dt. (2.8)
o

Several relaxation times can be calculated corresponding to various properties. and
the maximum relaxation time (7,q:) determines the minimum number of MC steps
n between uncorrelated states. Generally ng = 2074, is a sufficient number of
MC iterations for equilibrium statistics. The calculation of the relaxation times also
provides a means of calculating the statistical error in the averaged quantities. The

expectation value of the square of the statistical error is given by [78]

<(BA) >= ‘i,[< £>_<caxu+ (29)

ol

The correction term 27,/dt accounts for correlations between states. If 6t > 74

then the correction term

negligible and the standard formula in the square of

the statistical error for uncorrelated states is recovered. In the opposite case where

Ot < 74 we find

.

e 42> - <4>Y (2.10)
" Tobe
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where 74 = Mdt. Both limits indicate that the important criterion in minimizing
the statistical error is 7o, 3 Tiner. Where 7,4, is the observation time.

The techniques described above provide a general algorithm for MC simulations in

the canonical ensemble and a mea

s of determining the time required to reach equi-
librium (r5) and the appropriate duration of the simulation (7). The more specific

MC algorithm for polymer/solvent systems is described in the following sectio

2.2 Monte Carlo Simulations of Polymers

In this section. the Monte Carlo simulations of polymer/solvent systems are dli

cussed. The formalis

here are applied to all four

polymeric systems. with slight variations from one sy

em to another. A general

description of the simula

fons is therefore given here and specific details concerning

individual systems will be discussed in the following chapters. More specific details

of the simulations are also given i

Appendix A.

In this thesis. the polymers are on a three di i lattice. Each

effective monomer of the polymer chains occupies a lattice site of a simple cubic

lattice and the empty sites correspond to solvent (S). The systems have volume

1

L, x L, x L. where L, is the length of the s

stem in the direction i. In general.
periodic boundary conditions are applied in all directions except for cases where

confined geometries are required. The linear are chosen to

all the polymers with the condition that the size of the system is large enough so
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that finite size effects are negligible. In all systems. L, > Z; where i = r.y.z and

number of effective monomers in the

Z, corresponds to the polymer with the larges
system. and usually L, > Z;. The polymer/solvent systems may contain A-b-B
copolymer (C) with the A and B blocks denoted by C'A and CB. respectively. Froe
homopolymer in solution. denoted by H B or F. and end-tethered homopolymer ()

stems. The combination of types of polymers is dependent

can also be present in the s;
on the system studied.

Each effective monomer is subject to an excluded volume interaction where only

ed to occupy a lattice site. Generally. the energies E; .

one effective monomer is allow

with (i. j = A. B. F. §). arc associated with nearest ncighbor contacts for cach specics

in the system. The reduced interaction energies are given by e, = E,/kyT. where

ant and T is the temperature.

kp is Boltzmann’s cons

The gencral algorithm described in Section 2.1 is used to generate new states with

new confi fons being g 1 via a combination of four types of motions: repta-

tion. kink-jump (including end-flip). crankshaft and Brownian motion [79-82]. They

One

A reptation:

are illustrated in Figure 2.1 In Figure 2.1(a) the polymer moves v

of the end monomers jumps to a nearest neighbor site and cach remaining cffective

monomer jumps to the site occupied by its preceding neighbor along the chain. In

Figure 2.1(b). one of the effective monomers from within the polymer moves to an-
other site by a flip of the two bonds connecting the effective monomer. The bond of

an end monomer can also flip to change the position of the effective end monomer. In



(a) (b)

9--0
0--0 6--0
—  4--0
(c) (d)

Figure 2.1: Various clementary MC moves: (a) reptation. (b) kin
end-flip). {c) crankshaft and (d) Brownian motion.

shaft motion. as shown in Figure 2.1(c). two nearest neighbor effective monomers

cranl

along the polymer chain move such that the two bonds connecting them to the rest
of the polymer. rotate through an angle of 90°. Figure 2.1(d) shows Brownian mo-
tion. by which the entire polymer is translated. The polymer is allowed to translate

a distance which is larger than one lattice spacing but limited by a sphere centered

about one of the effective monomers.

At the beginning of each simulation. the interaction energics e, arc set to zero and

the simulation is run for a period of 10.000 .N-bead cycles where one .V-bead ¢;

corresponds to NV Monte Carlo attempts with .V being the total number of effective



monomers in the system (N = Y7, Z,\,). The summation is over all speci

polymers in the system. Z, is the number of repeat units of the polymers of type i

the s;

and .\, is the number of polymers of specics i il

In order to evaluate the relaxation time of the s maz- Several relaxation

ners in the system. At each in-

times are calculated for the different types of pol.

tera s then allowed to reach ec

ibrium by iterating for

ion energy €. the system

a period of 20—100 system relaxation times. At this point all calculated quantities

have reached a limit and the system is assumed to be at equilibrinm. Ensemble aver-
ages are taken over a minimum period of 40-200 relaxation times. If required, once
the ensemble averages are done the interaction energies are increased in small incre-

m interaction energies of interest

ments. This process is repeated until the maxim

are reached or the relaxation times no longer permit the simulation to progress. The

times required for equilibrium and cnsemble averages vary and will be discussed in

further detail in the following chapters. In Section 2.2.1. the calculation of relaxation

times for systems with free polymers in solution is described. and Section 2.2.2 gives

a description of simulations with end-tethered poly

mers.

2.2.1 Free Polymers

In MC simulations with free polym local conformations of the chains must be

allowed to relax. Also, the polymers must move around in the lattice and interact

with other polymers. In order to determine the relevant time scales of the system.




relaxation times are extracted from the relaxation functions defined in Equation (2.7).

. different times les are determined from various autocorrelation times

In practic
which are extracted from autocorrelation functions. We define an end-to-end vector

autocorrelation function by

<X(1)-X(0) > -<X() > - <

= = 211
< X(0)? > — < X(0) >2 ( )

Cu(t) =

where X corresponds to the polymer end-to-end vectors Re. Rep. Bea and Ryp.
of the copolymer. B block. A block and B homopolymer. respectively. The symbols
< ... > refer to an average over time and polymers.

In systems with free polymers. aggregates may form and it is important to allow
time for the polymers to escape and migrate from one aggregate to another. We define

. We

an “aggregate” as having 2 or more polymers which are in contact with each othe
specify “small aggregates™ as having 2 or more. but less than 10. polymers. “licelles™

of the order of the molecular dimensions whereas

have 10 or more polymers and a si

arge aggregates” are defined as macro structures with a large number (typically

more than 100) of polymers. Reasons for these choices will be clear in Chapters 4

and 5. To monitor relevant times scales associated with the polymers in aggregates
we have defined chain extraction and chain exchange autocorrelation functions for

the copolymer and the homopolymer which arc given by [83]

<S0f0) >

) = o>

ier was origi-

For the chain extraction autocorrelation function. f(t) = 1 if the poly



36

nally in an aggregate at time ¢ = 0 and has not escaped the aggregate at time ¢, and
zero otherwise. For the exchange autocorrelation function. f(¢) = 1 if the polymer

was originally in an aggregate at time ¢ = 0 and has not migrated to another aggre-

gate at time £, and zero otherwise. The polymers can exchange between aggregates
via single chain or multiple chain exchange. \Multiple chain exchange occurs when
the aggregates split to form smaller aggregates. or different aggregates merge to form
larger aggregates. For example, when one micelle breaks into two smaller micelles.
one of the two micelles is identified as the original micelle by comparing the center
of mass (CM) of each micelle with the CM of the original micelle. The micelle with
the CM which is farther from the CM of the original micelle is identified as the new
micelle and all its polymers have exchanged. The converse applies for two micelles
that merge.

We also define weighted chain extraction and exchange autocorrelation functions

where

_ <9(t)y(0) >

<907 > @)

Cy(t)
In this case a greater weight is given to polymers in larger aggregates. For the
weighted chain extraction autocorrelation function, if a polymer was originally in an
aggregate with Ny, polymers at time ¢ = 0 and has not escaped at time ¢, then g(t) =
Nasi g(t) = 0 otherwise. Similarly, for the weighted chain exchange autocorrelation
function, g(t) = Ny corresponds to the case where the polymer was originally in an

aggregate at time ¢ = 0 and has not migrated to another aggregate at time ¢, and



g(t) = 0 otherwise.

Each ion function is

1 and. in practice. the autocorrelation
times 7, are evaluated using [62]

Sy Cut)dt
L=Cit)’

(2.14)

where ¢, is defined such that C,(t,) = 1/e (i.e. t,=7) and i = x. f.

Heterogeneity in these systems can affect the autocorrelation functions defined

above. In addition. there can be at least two h for cach

function. For example. Haliloglu et al. [84] have suggested that there are mai

two types of mechanisms for the exchange dynamies of copolymers in micelles. The

first mechanism was referred to as insertion/expulsion (I/E) by which single chains

escape micelles and move to other micelles. The second mechanism. which is referred

to as merger/splitting (\/$). oceurs when the copolymers exchange when micelle

cores come into contact (merger) or when a micelle core splits to form more than

one micelle (splitting). Our calculation of the autocorrelation functions does not

discriminate between different mecha but i them by ging over

all polymiers in the system. This implies that the functions can be expressed as a sum

of exponentials or stretched exponentials {85-87].

It is also important to allow time for the polymers to move throughout the system.

The motion of the copolymers and B b vmers is i 1 by calculating diffu-

sion constants D¢ and Dy . respectively. The diffusion constants are approximated



by

0>

—
B (2.15)

where dj(t) = 7(t) — 75(0) is the displacement at time ¢ of the center of mass of

a polymer of type j (copolymer j = C or homopolymer j = HB) from its initial

position. The time. t. at which the diffusion constant is evaluated corresponds to

twice the maximum autocorrelation time defined by Equation (2.14)
for all the quantities defined previously. A relevant time scale associated with the time
required for a free polymer to travel the average distance between nearest neighbor

stem is defined by

free polymers 7, in the
2

o i 216

v, =55 (216)

with

The relaxation time of the system is taken as the maximum of all calculated times.

2.2.2 End-tethered Polymers

In this section. the procedure for performing Monte Carlo simulations with end-

tethered polymers is described. The simulations are once again performed on a cubic

lattice. but impermeable walls are placed at = = 1 and = = L.. These systems must

be treated differently due to the constraints in the geometry of the system and the

mobility of the end-tethered polymers.
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For this type of si ions we define the cing autocorrelation functions [38.

<Y()¥(0) > — < ¥(t) >< ¥ (0) >

G = <Y(0)2> - < Y(0)>2

(2.18)
where the variable )" correspond to the quantities R.. R,. R,. and R,.. The =
component of the end-to-end vector is R. and the radius of gyration is denoted by

R,. The quantities R,. and R,. arc related to the radius of gyration with respect to

the directions perpendicular and parallel to the normal to the surface. respectively.

They are defined as

R = %é((r. = zem) + (0 = yem '} - (2.19)
1 & 3
R.= E;(:. =% (2.20)
and
R =P, +R,. (221)
The ¢ lation times are cal from Equation (2.14). Simulations with

end-tethered polymers may also contain free polymers F in the system as in the
case of thin films. A diffusion constant Dy and its associated time 7p, are therefore

calculated with
<di(t) >

DEs=—y

(2.22)
where di(t) is the displacement, at time f. of the center of mass of a free polymer

from its i

al position calculated from the r and y components only. The time 75,



is given by

o = 1Df

where 72 is given by Equation (2.17).
The end-to-end vector autocorrelation function described by Equation (2.11) is

applied to the free polymers. Once again the relaxation time of the system is taken

as the maximum of all defined time scales.
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Chapter 3

Mean Field Theory

3.1 Introductory Remarks

In this chapter the mean field theories used to study the polymers in solution

used to

are discussed. In the case of crew-cut micelles, simple mean field theory
study the characteristics of the micelles. For the swollen micelle case. the simple

been extended to the case of swollen micelles

mean field theory of micelles. which ha

elsewhere [32]. is reviewed. For the end-tethered layers and thin films. the NSCF

ssed and applied to these sy

formalism of Whitmore et al. [46.88.89} is dist

3.2 Micelles

3.2.1 General Case

In the study of crew-cut micelles. the systems consist of copolymer in a host which

can be homopolymer or solvent. In this thesis the host is solvent. but the theory is



developed for both homopolymer and solvent. The host is denoted by S and the only

which

differences in the expressions arisc in the degree of polymerization of the hos
is Zs = 1 for solvent and. generally, Zs > 1 for a homopolymer host. The simple

and

mean field theory of micelles involves calculating contributions to the free energ:
minimizing the free energy with respect to the characteristic structure of the micelles
and the system in general.

ists

In this theory. the micelles are modeled as shown in Figure 3.1. Region (1) cons
of the core of the micelle which is comprised of the B block of the copolymer and
some solvent. Region (2) is the corona of the micelle and is composed of the A block
of the copolymer and the solvent. The volume fraction profiles throughout the core

med to be uniform. Region (3) consists mainly of the solvent

and corona are a:

with small amounts of A-b-B diblock copolymers. The radius of the core is denoted
by lp. and [y describes the thickness of the corona. The overall volume fractions of

pectively.

copolymer and solvent are denoted by of. and 3. res

The overall volume fraction for cach component of copolymer is given by

O =[xl

for & = A. B. where f, is given by

of pure copolymer and pure component x.

with pge and pyy defined as the density

respectively. The overall volume fraction of copolymer can be expressed in terms of



3.1: Structure of the crew-cut micelles. Region (1) is the core of the micelle
and contains the B block and some solvent. Region (2) con: of the corona with
the presence of the 4 block and solvent and Region (3) is mainly comprised of solvent
with small amounts of copolymer in solution.

the overall volume fractions of the A and B blocks as ol = of., + oy, and from

Equations (3.1) and (3.2) the density of pure copolymer is given by

i A it
me = ze { 2ot Zend 33)
Poa B



The incompressibility condition holds in the three separate regions with

ol +of =1 (34)
o = L
o +0f’ =1

where o}’ is the local volume fraction of component & in region i.
The free energy of the system with micelles (Gy) is calculated with respect to the

free energy in a homogencous system (Gy) where all the polymers are in solution.

The free energy per unit volume is given in units of kuT'po where py is the reference
density. The free energy per unit volume is then given by

_Gu—-Gn
Ag= TaTml

where 17 is the total volume.
The free cnergy. which has been calculated previously [21.22]. is approximated by

the sum of six terms. These ions are an ic ion. two terms

from the entropy of mixing of the solvent and the localization of the A-b-B block
copolymer joints at the core-corona interface, a contribution from the stretching of
the copolymers in micelles. one due to the translational entropy of the micelles. and
one from the interfacial tension arising from the core-corona interface.

The largest contribution to the free energy is the change in interaction energy due

to the reduced number of energetically unfavorable contacts in the micellar phase. It



is given by
e = —\asfafa(e)1 - (EL)*/GY] (3.6)
—\asfaogalll - FFFG/GY - FYF{/GY]
—\nsfuotolll - FF§/G) - FIF{ /G

where y4 is the Flory interaction parameter between two species k and . F is the

fraction of copolymer in micelles. Ff¥ = 1— F§. F is the fraction of solvent molecules

present in region i and G} is the fraction of the total volume occupied by region /.

It is given by

Gl = (la/R).

= ((La+1p)/R)' - GY.

GY = 1=(G) ¥GY).

where R is the radius of a sphere which. on average. contains one micelle. There is

an interfacial tension denoted by 5 at the core-corona boundary. The corresponding

contribution to the free energy is given by

(3.8)

The expression for -+ has been derived carlier [20] and is given in Appendix B. The

for v derived in A dix B assumes lincar density profiles of the polymer

at the interface. We also derived an analytical expression for + using parabolic density

profiles. but the differences in results obtained using the two expressions are less than
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1%. For convenience. we therefore use the more simple expression derived for lincar
density profiles.

In the micellar phiase the solvent molecules are partially excluded from regions (1)
and (2). Also. the copolymer molecules which are in micelles are assumed to have
joints localized at the core-corona interface. The remaining copolymers in solution

are confined to region (3). The free energy contributions are therefore given by
FPIn(FP/GY) + B W(F/GY) + F n(F{'/GY)} (3.9)

and

3 ) +F§ 1n(£{/c!.)} (3.10)
for the solvent and copolymer. respectively.

The block copolymiers in the micelles are stretched. This results in a reduction in

the entropy. This contribution to the free energy is called the elastic free energy and

is given by the Flory expression

(3.11)
where
a4 = (3/Zca) Pla/ba (3.12)
and
ap = (3/Zcy)l/bs (3.13)

are the stretching of blocks A and B respectively. When a; = 1. the polymer corre-

sponds to an unstretched Gaussian chain as discussed in Chapter 1.



The final contribution to the free energy comes from the translational entropy of

the wicelles. which is given by

e 0 ¥ oYY+ CVHGY + GV GY
e P FG{InGY +GY) + GY/(GY +GY)nGY ). (3.14)
m NuZc - -

where Ny is the number of copolymer molecules per micelle. This term is small and
does not affect the structure of the micelles.
In carlier work [21.22]. these expressions were combined to give g as a function

of four ind

which were by minimizing the free energy

with respect to them. However. there were no conditions imposed on the chemical

potentials in cach region. In this thesis. we extend the model to impose the additional

constraint of equal chemical potential of the solvent in regions (1) and (3). In the

mean field theory. the solvent chemical potential in region i

90|

s given by
i a1 5, g
= ptos + 1= o +log(ol!) — 53 0o} (3.13)

Yy

3

i - A
where jigs is the chemical potential of pure solvent. Requiring s’ = p& reduces the

number of independent parameters to three. which can be chosen to be [5. G§ and

FS

. These three independent variables are determined from the minimization of the

free energy subject to the constraint of equal chemical poten in regions (1) and

(3). This minimization is done numerically.



3.2.2 Strong Segregation limit

tems with highly selective solvent. an approximate so-

In strongly segregated
lution for /5 can be obtained analytically. For simplicity we consider the case that

by = by =band poa = pop. which results in fu = Zey/Ze. We sct the Flory interac-

ame species as the

tion parameters to be \ = \v4p = yps. and make the solvent the

A block of copolymer. so that y 45 = 0 and pys = pyy. To a good approximation. the

solvent is excluded from the cores for strongly segregated systems and we may sct

o'y = 1 and F¥ = 0. The incompressibility condition in Equation (3.4) then gives

GY = fpF§oY. The interaction energy term is then

(3.16)

Beoipens [ iden
TC'F\/O(- 1 Z L=

= —\(Zcs/Zo)Fiof

The interfacial tension term in Appendix B is derived for an interface of a ternary

mixture of A and B homopolymer and solvent. For this specific system we assumed

that of!), ~ 1 and the interfacial tension ~ in Equation (B.14). derived in Appendix B.

gives

poksT —

where +§ is the interfacial tension for an A-B homopolymer-homopolymer interface
and is given in Equation (B.15). When the matrix is A homopolymer the interface
(2)

consists of two homopolymers. ¢g’ — 0 in Equation (3.17) and 5" — 4. as expect-

ed [91]. In the derivation of the i analytical i for g and the




Similarly. the width of the interface derived in Equation (B.12) of Appendix B

reduces to

—_— 3.18]
20 (In2)/v) (19

where dy is the width of an A-B homopolymer-homopolymer interface and is given
in Equation (B.13). The contribution from the interfacial tension to the free energy

in Equation (3.8) is then

'
Zew o 2

o= L,
W= 7 Vel

(3.19)

The term arising from the localization of the copolymer joints to the interface is

approximated by neglecting the FE In FE term. which results in

_RFE, (2 In
n==Z w3z d)

ns [21] of /. the matrix was a higher molecular weight ho-

20)

In previous derivat

mopolymer and the term arising from the localization of the matrix components was

neglected. In the case of solvent as the host. we keep this term and the approximation

gives

. 9K Zen
95 = ===
Zc Zs

The contribution to the free energy from the translational entropy term is negligible

and the change in free energy can be approximated as

{—\Zcu + 32('51
B
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Z 1 2
+258 (z«,,+—+n\+f—6)}
Zs

To obtain the radius of the core /5 the expression in Equation (3.22) is minimized

with tespect to I resulting in

U = (+) 3 (bZcp)*? {1 +0(1/243) }. (3.23)

: /3 : _—
The radins lg thercfore scales as ZZ/j as long as o) is independent of Zcp. which is
nearly the case. and is determined from the competition between the interfacial ten-
sion and the free energy associated with the stretching of the core block. Substituting

Iy into Equation (3.22) and setting g = O gives an approximate expression for the

critical micelle concentration:

.
)zp,,u(ﬂ 748

This analytical expression can be used to obtain qualitative features of the micelle

stems. For a high molecular weight homopolymer host with Zep < Zs. the theory

predicts that micelles can form for y > 0 whereas for a solvent host with Zey > Zs.
the expression in Equation (3.24) predicts micelles for y > 1. This is an approximate

result and the CMC is affected by other terms. but the essential features remain.

In either case. the CMC is driven by the product of the Flory parameter \ and the

degree of polymerization of the B block Zcp.
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For the special case of high molecular weight homopolymer with Zy > Zep.

— g and d — dy in Equations (3.17) and (3.18). respectively. and the expression

for the critical micelle concentration in Equation (3.24) simplifies to

ot > 030225 exp {—\Zcp + 1.65(\ Zen) '

Ze.
3 ez
1 y 1.56
2 (1.65(xZcp)' + =G
+3 ( 65(\Zes) ' + RYZPEG

3.3 Swollen Micelles

The simple mean field theory of swollen micelles has heen developed carlier [32]

and is reviewed in this section to gain some insights about the physics involved in

an extension

and microphase. This theory i

the interplay between the macrophas
of the simple mean field theory [21] developed for A-b-B diblock copolymer in A
homopolymer or solvent as discussed in the previous section. However. small amounts

vstem. There is only one effective

of B homopolymer are now added to the binary sy

ity also.

Flory interaction parameter \ with \ = \as = \ss and \us = 0. For simpli

For these systems of.5 = 0.02

the densities are taken to be py = pos = pos = p

and the total volume fraction of B polymer is 6% = 6., + 0, 5.

Experimentally, these systems are generally strongly segregated and the homopoly-

mers are highly incompatible. Thercfore. the model neglects any B homopolymer

dispersed in the A homopolymer matrix. Instead. it assumes that a certain fraction.



f- of the B homopolymer is solubilized within the micelle cores. and the remaining

lenlat-

fraction. 1 — f. forms a separate The theory is 1 by

stem as a func

ing the free energy of the s n of f. The equilibrium fraction f is

determined by minimizing the free energy. The matrix component is assumed to be

expelled from the core. The fraction of the volume of the entire system which con

of micelle cores is therefore

Ocore = 6¢5 + fOYg (3.26)

and the volume fraction occupied by the separate B homopolymer phase is (1— )09 5.
Another restriction is imposed on the degree of polymerization of the B homopoly-

mer such that Zyy < Zep. In this case. the entropic effects result in solubilized

h v being distributed the cores. This is corroborated by exper-

iment [92-95] and theory [96.97]. In the model. the volume fraction profiles of ail

components are assumed to be uniform in the core and corona. The B block of copoly-
mer must therefore stretch to the center of the micelles to prevent the homopolymer
from accumulating at the center of the micelles. Otherwise. the copolymers would
relax. the homopolymers would accumulate at the center of the micelles. and the
aggregates would grow without penalty. This would correspond to one of the sug-
gested macrophase-separated systems. The point at which the entropic penalty due to
stretching the B block of the copolymer is too large to keep the volume fraction pro-

files constant provides the basis for a model where two limits are considered: swollen

micelles with uniform cores, and macrophase separated B homopolymer.
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To obtain an expression for the free energy. we begin with the free energy of a

binary system containing A-b-B diblock copolymer in an A matrix. and discuss the

effect of including a third component. consisting of B homopolymer. in the system.

The expressions simplify because of the assumed limits F{; — 1 and F{' — 0. The

contribution due to the interaction energy in Equation (3.6) reduces to

Gint = —\0Q-g(0¢-4 + 0%) (3.27)

which. physically. reflects the absence of A-B or S-B contacts in the segregated
system.  Contributions from the interfacial tension. localization of the copolymer

joints and the elastic frec energy are given by Equations (3.19). (3.20) and (3.11).

respectively. noting that o5 = 0}-Zcs/Zc in this case. The contribution due to the
solvent entropy is obtained from Equation (3.9) assuming that F{ = 0.
S In(FS/GY) + F n(F5/GY)). (3.28)

The term arising from the translational entropy of the micelle in Equation (3.14) is

neglected and the free energy of the binary

Ag =

Equation (3.29) is an approximate expression for a binary system. Now we obtain

an approximate expression for the free energy for systems with added B homopolymer.



The first term in Equation (3.29) is a contribution from the interaction energy. Since

we assume that there is no mixing of the B homopolymer in the 4 matrix this term

independent of f. The contributions from the interfacial tension and localization of

the copolymer joints corresponding to the second and third terms in Equation (3.29).

respectively. depend on the volume fraction of the cores. Contributions from these

two terms can therefore be obtained by replacing 0% with o In the term in
Equation (3.29) involving the solvent entropy of mixing. any effect of the core swelling

ume that this contribution is

on the volume of the corona is neglected. and we

independent of f. In ternary mixtures an entropy of mixing term arises due to the

added B homopolymer. If f =0 the system is macrophase separated and the added

homopolymer occupics a volume fraction of 5. On the other hand. when f = 1. the
homopolymer can occupy a larger volume fraction 0% = 0%, + of.;,. For the general
case. the fraction f of B homopolymer is localized to the volume fraction oore and
the remaining fraction. 1 — f. to the volume fraction (1 — f)o%,. The free energy

contribution can therefore be written as

g () e0-nn(om)] o
o= Ze | fin () + (- Do (=) |- (3.30)

. As noted

due to the stretching of the core and corona blocl

The remaining term
carlier. the change in the corona upon swelling the core of the micelles is neglected

and therefore only the stretching term corresponding to the core block remains.

The new expression for the change in free energy is now available from the cor-

rections to Equation (3.29) and the new term in Equation (3.30). It is however



convenient to define the free energy as

2§ = Aglf) - dglf=0) (331)

o ((Ccore _ Oen o ( ly O?'u)
= et . Ock | ocy
( Uy ls ) * {Zcu "\ G 1n

1 jonaly 2 2
5 ((ﬂn)' o T %~
o

as
OIIB OIIE i i w
g (G -]

where I, and af; correspond to the radius of the core and the stretching of the core

block. respectively. when the B homopolymer is present. To obtain properties of the

ternary system. g is minimized with respect to ; and f. The minimization with

respect to l;. assuming that the core block of the copolymer is strongly stretched

with ag > L. yvields

H NV
[ (o"_) L. (3.32)

cB

The radius of the swollen micelles therefore depends on the fraction f of added ho-
mopolymer solubilized in the micelle core. Also. the total number of micelles divided

by the total volume is

Substituting the expression for Iy from Equation (3.32) into Equation (3.33) vields
the result that the number of micelles is independent of the amount of added ho-

mopolymer or the fraction f. To calculate f. we need to substitute the expression

for {; from Equation (3.3

273 3 20
. o 2/3 7173 | Ocore _ = 9cn |
Aj = Zou {-3( )z [(m) 1] +3h (Om”) (3.34)

) into A which vields
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. lowp (o,..,)“_l L (ﬁ)'”,l

2 oy ap |\ Ocore
£t (@) -0-mma-sl)
+Znu0"r,, [/1.. o (=N -0]p .

Since we have assumed that the corona region is unaffected by the swelling in the

strong segregation limit. we can approximate the interfa

as = = C'*+4. The quantity C corresponds to the argument under the square root

34)

sign in Equation (3.17) and is taken to be constant. The free energy in Equation (3

therefore reduces to
A otn [ (9C\Zew " [ ( Gcare )" 2 (o“ ,,)
= S _— e -1 +z
il 3 I 3" o)
s 0 1
(G}"") ! 1 (o,-u) s
= ap | \Ocore

+Zen oy [/1..(%) -1 ~/)Iu(l—/)]} .

Zny of-n o

This free cnergy is a function of the four variables \Zc-n. Zun/Zeu. Ou/oty

and f. The first three variables specify the system and f is determined from the

mization of the free encrgy. which is done numerically. Whitmore and Smith [32]

s gives f = Oor f = 1. This can be explained

eport that the numerical solution alwa

as follows. At low concentrations of B h vimer. all the viner is solubi-
lized within the micelle core. Although there is a small increase in the stretching of
the core block. this effect is offset by entropic effects where the volume of the micelle

cores is larger than that of the separate HB phase. There is therefore a larger en-

mer to a separate HB phasc. As the

tropic penalty in localizing the added homopoly



volume fraction of added homopolymer increases. the contributions to the free energy
due to the stretching of the core block and the interfacial tension also increase until a
certain threshold volume fraction is reached. Above this threshold the homopolymer
is expelled from the micelles into a separate HB phase. If only a small fraction of
the homopolymer were to be expelled. the change in the stretching and interfacial

encrgics would be small and a large entropic penalty would occur in localizing the

vmer to the cor ingly small fraction of the total volume. Instead. all
the homopolymer is expelled. maximizing the entropy and minimizing the stretching
mar

free energy. We therefore define the largest value of 6 for which f = 1 as ojf3.

From the functional form of Equation (3.33) we find

o x o (3.36)

The proportionality constant is R and. from Equation (3.33). R™* is a function

of \Zcp and the relative degrees of polymerization Zyp/Zcg.

For purposes of illustration we approximate the expression for A in Equation (3.33)
by assuming ofj§ /0l > 1. which is not unreasonable as long as Zya/Zes < 1. and

obtain an analytical expression for ofjs /o2.5. Therefore. assuming that Zyp/Zey <

1. Equation (3

3) can be rewritten as

") _Zeal (3.37)

Zus

5= 8 {1 Ze) (°"”
Zen oty

s obtained by

where [ is a eri actor. An i

setting




vtical solution is

Aj = 0. Then. if In(o}}% /0%p) < Zen/Zip- the anal

mar -3
s : -1/1(2"5)
—o— x (xZc e E 3.38
o (\Zcs) Zes (3.38)

37) and (3.38) are strictly valid for the case where

The results from Equations
Zin/Zep < 1 but they nonetheless highlight the essential features. The expression

37) clearly shows that the relative threshold ofj% /ol is de-

for A in Equation
pendent on xZ¢p and Zyp/Zep- The \Zey term arises from a balance between the
stretching energy and the interfacial tension and suggests that the ratio ofj% /0%
decreases with increasing Zep and/or a decrease in temperature. The Zj/Zep term
is due to entropic effects in localizing the added homopolymer. When Zyj decreas-
es relative to Zep. the entropic penalty in localizing the added homopolymer to a
smaller region outside the micelles cores increases. This results in an increase in the
threshold volume fraction of added homopolymer. These qualitative results obtained

from Equation (3.38) are consistent with the numerical calculations.

3.4 Numerical Self-consistent Field Theory

In this section the NSCF formalism of end-tethered polymers and thin films is

presented.  The general formalism presented here is based on the SCF theory of
Edwards and Dolan [98-100], Helfand and coworkers [101-103]. Hong and Noolan-

di [90.104.105]. Ohta and Kawasaki [106]. Whitmore and Noolandi [88.89]. Banasza-

k [107]. and Baranowski and Whitmore [108.109]. In this study. the formalism as
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hed by Baranowski and Whitmore [108.109] is reviewed with some modifica-

It reduces to end-tethered layers by

to extend the application to thin film

mply excluding the free polymer in solution

istical mechanical description of the polymer systems. three steps are

In the sta

followed as d bed in Section 1.2. In the first step. the polymers are represented by

linear fiexible chains with interactions between segments. The interactions are divided

to two categories: those which are limited to a fow segments along the chain and are

referred to as “short range interactions™. and the “long range”, effective monomel

monomer interactions between segments which are far apart along the chain [33. 110,

L11]. or segments on two different chains. or solvent-monomer interactions.

cal quantities which obey universal

In macroscopic systems there exist some ph:

e such

laws. A microscopic model of a system should therefore be able to reprod

universal descriptions. One simple quantity for which many microscopic models ¢
reproduce the same universal scaling law is the an-squared (rms) end: d
distance

< R*>=0Z (3.39)

where bis an effective bond length which depends on the local structure and is referred

10 as the statistical segment length. A simple but powerful model which satisfies th

criterion is the Gaussian chain model. in which an equivalent chain of n segments

with segment length s is chosen such that the contour length remains constant:

n distribution of bond

nAs =bZ. For the Gau

n chain. every bond has a Gaus:
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vectors

(3.40)

The mean square bond length is therefore
<r>=p (3.41)

where 7 is a bond vector. The Gaussian distribution function in Equation (3.40)
can be used to calculate the probability that a chain with Z segments will follow
a particular spatial conformation. ¥(ro.7....7z_;) = ¥2({r.}). The probability

¥z({r-}) can be written as

a({r:) =] eltreei—7a). (3.42)

where 7 is the position of monomer k and r4., — 74 is the & bond vector. The

end-to-end distance squared is then
<R!>= /:lRR’\ll((r,}) = n(bAs) = *Z (343)

which defines the equivalent Gaussian chain. where R is the end-to-end vector of the
chain.

For convenience. the probability that a chain with segments indexed from 0 to n
starts at o and ends at 7, is defined by integrating over all possible conformations
with fixed rg and r,. The result is the chain “propagator”. For the equivalent

G

an chain it is given by

Q(ry.nlro.0) / Vo ({ri D8, = ro)d(r, — ) [T drt (3.49)
=
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] S(ry = ro)o(r, = 7)) [T drl -
o

In the continuous limit of n — >c and As — 0 the Wiener Measure [112] is defined:

drir) ] . (3.45)

dr

3 Z
PlrO] x esp |~ [ ar
e

and the polymer is modeled as a continuous space curve r(7) with 7 varying from 0

to Z. The resulting propagator is
Qrz. Z|r.0) = / Dr(-)8(r(0) — r0)d(r(Z) = r2) P[r(-)] . (3.46)

This function satisfies the ordinary diffusion equation

2

%v?a(r..—w.m Q(r.7r'.0) (347)

with the initial conditions
Q(r.0r'.0) = d(r— ') . (3.48)

The polyvmer chains are therefore modeled as continuous space curves described by
the propagator Q(r. 7|r'.0). which turns out to be equivalent to the Green's function
for the diffusion cquation (Equation (3.47)).

The second step in the description consists of calculating the partition function.
It is evaluated with the use of the propagator defined in Equation (3.46) in the
presence of long and short range interactions. The system consists of V; end-tethered

polymers. N free polymers and N solvent molecules. The end-tethered polymers

are characterized by the degree of polymerization Z . the statistical segment length
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aracterized

b, and the density of pure material po.1. Similarly. the free polymers arc

by Zp. b and por. and the density of pure solvent is pos. The number of monomers

of type » is therefore N

X

. there is no attraction to

[n the experiments we are concerned with in this thesi

any surface except that the end of the tethered blocl confined to an interface at

the surface. In fact. there is a large energy penalty associated with any monomer

the surfaces can be modeled as

extending bevond any surface. s impermeable walls.

In the experiments of Kent et al. [2.68.69.113]. the B block of the copolymer is

strongly adsorbed to the air-solvent interface and so the A block is end-tethered.

hthe

Other types of arrangements include B-block adsorption to a solid surface. or. w

possibility of having a B block consisting of one monomer which is an end-functional

group that binds tightly to the surfacc. end-grafted homopolymer. In all these case
the dangling chains can be modeled as homopolymers with a large energy barrier that

confines onc end of cach polymer to an interface of width a. next to an impermeable

wall. In the formalism presented here. two impermeable walls are placed at = = 0

and = = L. The interface at which the polymers are end-tethered is at = = 0. The

volume of the system is Q = AL where A is the area of the interface and L > b, Z,.

ssumed that there is

where £ = A. F. In the formalism developed in this study it is

10 volume change upon mixing. This is also known as the incompressibility condition
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and is equivalent to requiring that the volume fractions adding up to unity evervwhere

< pulr) >
PR L UESE (3.49)
- Pox
where gy (r) is the local density of species x for a given configuration. and < ... >
denotes the ensemble average.

With the polymer chains modeled as continuous space curves and subject to long

and short range interactions in an incompressible

tem. the partition function can

be written as a series of functional integrals over all possible chain configurations and

locations of solvent molecules:

The kinetic energy contribution due to the solvent molecules and the polymer chain-
s is Zy. Plry(-)] is the Wiener measure and Dr,,(-) denotes the integration over

configurations of the j* chain of type x. The incompressibil

 condition is applied
via the Dirac delta function & (1 ~5 "‘,LJ) The potential ¥ includes interactions

between all components in the system. contributions from the impermeable walls and
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contributions from the confinement of one end of the end-tethered polymers. The
potential T can therefore be written as

 Fed (3.51)

s of all remain-

where | includes the interactions between components and 1™ consi
ing terms.

Since the potential term 1 includes interactions between components and inter-
actions of cach component with an external potential. it is therefore a function of the

microscopic densities which are modeled as

Ns
s(r) =Y 6(r—rs)

:
o) = 32 [ dr br — ragtr) 353)
18 s il =g}
Aelr z/ ety 5

where r,.,(7) describes the position of monomer 7 of type & of the j* chain.

In general the interactions between all molecules in the system are not pairwise
additive. However. for most theoretical models involving Gaussian chains the binary
interactions are assumed to be sufficient to describe real polymers in solution [110].

The potential can therefore be written in terms of two-body interactions

dr [ dr'p(r)Waw (r = 7')pu (7') (3:34)
ZN/T/,,,, ) 5

where 1V (r — ') is the potential acting on a particle x at position = due to another

T |
=0 =iz

o

particle »’ at #'. The interactions due to the external potential can be written as

A== drpu ()W (r) 3
F.S/
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with the external potential 117(r) acting on a particle & at r. From Equation (3.51).

(3.54) and (;

) we can define

==+ (3.36)

The microscopic particle densities in Equations (3.52) and (3.33) are expressed in
terms of individual solvent molecules and chain segments. We perform a change of

variables via the introduction of a Dirac delta function where
Ho(l— b fulr )e\p[—n
.
1 Po0slnet) ~m<-)1} Il (l - ”“") exp [~ W ({p )] -
’ ;

TES

(3.57)

The function 117({px(-)}) represents the two-body interactions and the interactions
with the external potential but evaluated for continuous {p,(-)}. The Fourier trans-
form of cach Dirac delta function
810 = ] = N [ Daziresn [ [ drimlor) - o] - @39
and
pulr) o / pam\] s
= N, [ D) exi dry(r) [1-3 2270 ) [(3.59)
H( ;m Nz [ D) exp )(r) Z,
is introduced. where the limits of integration for the fields w(-) and 7(-) are isc.
and N, and N, are normalization factors.
The partition function can then be expressed in terms of continuous functions

which lead to

)x /[ I Pe)Dul()] Pty x
YL e




II Qf-) X exp [/dr nir) (1— > ”:’1_:))] x  (3.60)

(x AFS k=AFS

rxp[ > [ '«i(")ﬂk(r)] x exp [~ [{pe()}] -

k=AF.S

where. for solvent
Q= [dr expl-tir]. 361)
and for the end-tethered and free polymers
Za
0= [orririn e [- [ araiiran] - (3.62)
0
It is convenient to introduce the propagators
Qur.rir.0) = / Dr(Jora(r) — Flo[ra(0) = '] x

px.,{-[ ar (2% """’i‘m«;[r.(.—'ll)} . (363

and it can be shown that the propagators satisfy the modified diffusion equation

dr’

[ i O L
[Ev —-_(r)] Qu(r.7Ir'.0) = 3-Qu(r.7Ir".0) . (3.64)

with the initial condition given by Equation (3.48).

The field «, includes contributions from the external field which restrict the poly-
mer or solvent to the region between the two impermeable surfaces. The contribu-
tions also restrict one end of cach end-tethered polymer to the interface. The result is
Q(r.7|r'.7') = 0if cither r or ¢’ lics outside the region defined by the two imperme-
able walls. In addition. for the cud-tethered polymers. @ (r, 7{r'.0) = 0 if ' does not

lic in the interface. There is an alternative approach to solving the modified diffusion
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equation (Equation (3.64)) subject to the external potential ficld. It involves solving
the diffusion equation while neglecting contributions from the external potential in ),
and directly applying the appropriate initial and boundary conditions. We define w,

such that w — w, when there is no external potential. Therefore in Equation (3.64).

wi, = wye. but now the initial condition in Equation (3.48) applies to those regions de-
fined by the impermeable walls and the interface. Effectively. the external potentials
are taken into account by applying the appropriate initial and boundary conditions.
As a result. the partition function can be evaluated by considering the interactions
between the components only. We set »], — w, in Equations (3.60)-(3.64) and. for

convenience. we do not rewrite these equations. Instead from now on we refer to the

g contributions from interactions between the componern

potential ficlds as hay
only.
In this approach the tethered end is subject to a different initial condition than

that at a free end. \We therefore define the propagator @ (r.7|r".0) which also

tisfies the modified diffusion equation but has the additional constraint that one end

is confined to the interface. From Equation (3.63). the integrals Q. in Equation (3.62)

can therefore be written as

Qr =/rlrdr’Q,—(r. Zfp|r'.0) (3.63)

Q= /drdr' Q.(r.Z4|r'".0). (3.66)

for the free and end-tethered polymers. respectively.
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With the use of the Stirling approximation the partition function can be written

2z = N [ I PouDt)Pi) o [-FrllpaCi fa )] - (3:67)
where A is a normalization factor and Fr{{px()}. {wx(-)}. n(")] is the free cnergy
functional given by

Fri{on(t e} n0)] = Fl{aO} {wx()H + GO} ()] - (3.68)

with

FllpeO} el )] = [H'[(m-m— > fdrwh(r)ph(r)]+
st
X {Inﬁ—l} (3.69)

Gllos)} 1)) = /drq(r)[ b %AlJ —

K=AES

With this description of the partition function. physical quantities can be calculated.
One relevant quantity is the average density distribution of each component which is

expressed as
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Pe ing the same i of variables for this expression as were done for

the partition function. it can be shown [107] that. for solvent. the densi

ooy = 5 [ Ll‘[ vpx(-nm(»)} LGRS
=A.F.5

exp (—Fri{{p)} {wnl) b 0] - (3.72)

and for cach type of polymer (x = A. F)

oty = %[ { 11 v,,‘,(,)p,,,(.)] DU e

NZAFS
exp [=Fr({pw ()} fww ()} ()] - (3.73)
3.4.1 Mean Field Approximation

In this section the problem of calculating the free energy and the spatial density

distributions is addressed. The solution involves evaluating the functional integrals in

Equations (3.67). (3.72). and (3.73) by the saddle point technique [114.115]. In this

approsimation. the frec energy. partition function and density distributions reduce to

Fr = FrllO) 2001 0°0) @3.74)
Z —» 2°xexp{=Fr{{p()}- (=)} 0" (N} (3.73)
60 |

(x(r)) — —'EL‘K(,_”“ s=A,FS. (3.76)

where the superscript 0 denotes the saddle point values of the fields. The saddle
point technique involves minimizing Fr with respect to each of p(r). wx(r) and n(r)

subject to the constraint of conservation of particle number for cach component in



the system.

AFS. (3.77)

/ dr{pe(r)) = Ny K
where Ns = Ny for solvent. and Ny = N, Z for # = A. F. The only part of Fr which

depends on the field f(r) is G. and this mini

= Lx (3.78)

Hence
G=0. (3.79)

so that
FL=F°. (3.80)

Minimization with respect to the field w,(r) vields

AT+ 5 (3.81)

Equations (3.76) and (3.81) imply that the saddle point values of p2(r). which are

what can be calculated. are equal to the equilibrium density distributions (7 (r)) in

can therefore be written as

pproximation. The constraint in Equation (3.

[ ariir =

Minimization gives a set of equations for every component. connecting the interaction

k=AF.S. (3.82)

cnergy. densities and self-consistent potentials given in Equation (3.81) and

—wn(r) + l(/‘:r) —A = 0. (3.83)
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where A, are the Lagrange multipliers associated with Equation (3.82). The super-
scripts can now be dropped. but all quantities are intended to refer to the saddie

point. Equations (3.61) and (3.81) vield

ps(r) = o exp[—ws(r)] . (3.84)

Expressions for the densities of cach type of polymer are obtained from the functional

derivatives -—%,- Following the derivation presented in Ref. [107]. it can be shown

that
e
pr(r) = Q—:/“ " b {/r[r’rlr"Q,.—(r. Hr'.0) Qu(r". (Zr — r)\r..—)} (3.85)

and

palr) = g\z‘ dr {/dr’ dr'Q \(r.71r'.0) Q\(r".(Zy = 7|77 (3.86)
4 Jo

The potential encrgy defined in Equation (3.34) is very general but in practice it
is uscful to express it in terms of Flory interaction parameters [33] and the volume
fractions of the components. A symmetric form of the potential energy [90] is therefore
introduced where

. i s o o iu i -
L (7) = W (7) = 5 (W (1), + Woew (P)) - (3.87)
Equation (3.54) can be written as
W= L (LIPS,
=5 > WVt

K=ARS

53 [ e et = e (3.88)



where
Wow = /drww(r) (3.89)

and is a measure of the overall strength of each interaction. The contributions to

11" that depend on pu(r) enter only via Uy not 1. Performing a gradient ex-

pansion [90] where Ly (r — ) s assumed to be short ranged. the potential can be

written as

(3.90)

%VO‘(T)VOA:(T)) .

(3.91)

and

(3.93)

The reference dens s usually taken

ty used to define the Flory interaction parameters
to be the density of pure solvent present in the system. pgs. The parameter o is a

measure of the effective range of the interaction and, for these calculations, is taken

to be 0¥ = 0. The local volume fraction o.(r) is defined as

(3.94)
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The self-consistent ials can be d through E ion (3.83). using the

expression for the potential encrgy in Equation (3.90). The result is

Po:
Pox

wa(r) = o) i
Pox

\nnrOn(F) — Ax - (3.95)

The field 5(r) can be eliminated using Equations (3.84) and (3.93). and each A, is

chosen so that w,(r) = 0 if 0x(r) = 6, where the 6,’s correspond to average volume

fractions. By requiring that ws(r) = 0 for 0s(r) = 6. Equation (3.84) vields

ws(r)=1In (5—’) (3.96)

os(r)
Because of the incompressibility assumption in Equation (3.78). the density distribu-

tion of the solvent can be obtained from the distributions of both polymers from
os(r) =1 —o.lr) —on(r) . (3.97)

Using Equations (3.95) and (3.96) the potentials are therefore given by

s

“lr) =

—) + 3 (e = \swlow(r) — } (3.98)
wiTEs
where x = A F.

Finally the free cnergy in the mean field approximation can be written as

Fllo)} )] = W= 3 v/dfdx(r)/'x(r)‘r

(3.99)

where 1[{p(-)}] is given by Equation (3.90).



34.2 S y — Self- i Mean Field Theory
Tos ize. the th | approach presented above is based on the following
assumptions:

@ Polymer chains in bulk are described by continuous Gaussian random walk-

s [110-112].

o Incompressibility is assumed. which is equivalent to assuming no volume change
on mixing [90]. The local volume fractions of all components therefore sum

locally to unity everywhere.

o Effective interactions between the components are two-body and are expressed

in terms of Flory parameters [33] and local volume fractions of the components.

A Mean field approximation is used which means that the density fuctuations

abont the most probable distribution are neglected.

These general assumptions result in equations for the density profiles of every com-

ponent present in the tem and a free energy expression written in terms of the

den: interaction parameters and effective fields.

The density profiles for both kinds of polymers are calculated using Equation-

s (3.85) and (3.86), and the density distribution of solvent is determined using E-
quation (3.97). To obtain the density distributions of polymers, one has to solve the

modified diffusion cquation (Equation (3.64)) for the propagators Q,(r.7|r". 0) which



are subject to geometry-dependent boundary conditions. The potentials w,(r) which

modify the diffusion equation include enthalpic interactions between the molccules

s are therefore w

The potentia itten in terms of Flory parameters. and terms ari

from the condition that there is no volume change upon mixing.
The problem has to be solved self-consistently. To solve the diffusion equations.
potentials are needed which depend on the densities. and the densities are determined

from solutions of the diffusion equations.

3.4.3 Problems in One Dimension

In this thesis. a further. lateral averaging approximation is used in the study of
end-tethered polymers and thin films. which implies that the volume fraction profiles

are homogencous in the planes parallel to the surfaces. The problem therefore reduces

to one dimension. and pu(r) — pa(z) and we(r) = w(=). It is useful to introduce

integral representations of the propagators given by

qu(T.

/dr’ Q.(r.7lr'.0) (3.100)

and

dalr,7) /dr'é,\(r.ryr'.o) . (3.101)

Expressions for the densities follow and Equations (3.85) and (3.86) reduce to

T @) (e 2T (3.102)




and

Zs
=: /u dr Ga(=7) qalz-Za = 7). (3.103)

respectively. The propagator g.(z.7). where x = A. F. is proportional to the proba-
bility that a chain of type x and of length 7 ends at = given that it starts somewhere
in the system. The ¢,(=.7) is proportional to the probability that an end-tethered
chain of length 7 ends at = given that it starts in the interface. The expressions for Q¢
and @, in Equations (3.63) and (3.66) can also be rewritten in terms of the surface
area A as

Q=AQ, . (3.104)

where. from Equations (3.63). (3.66). (3.100) and (3.101).

Q= /d: ar(=. Zp) (3.105)
and
2, =/d:ti.{(:- z,). (3.106)
The density of free polymer in Equation (3.102) can be rewritten in terms of the
overall volume fraction 6F = N¢Z¢/(porAL) of free polymer with
O, ZF
pr(z) = %%/., A7 qp(=-7) ap(=.Zp = 7) . (3.107)
Similarly. the density of end-tethered polymer in Equation (3.103) can be expressed

in term of the surface coverage 0 = N,/ A. and with Equation (3.106) the density is

Za
palz) = L‘fﬂ dr ga(=.7) qa(z. 20— 7). (3.108)




The propagators gg(z. 7). ga(=.7) and G4(=.7) have been constructed from Qf.
Q. and Q. respectively. In addition Q4. Q , and @, satisfy the modified diffusion
equation. Equation (3.47). and can be used to show that ¢r. g4 and G4 also satisfy

the modified diffusion equation

.-)] au(z.7) = —0—‘7’_.,,‘(:. 7). (3.109)

where b, is the statistical segment length.

The

I must satisfy jate boundary conditions. At the end-

tethering surface. we set 0,(z) = 0. As a c q! the first |
is
4:(0.7)=0. (3.110)

An impermeable wall is placed at = = L. which implies

(3.111)

for g« = qr.q1.4a- One end of the each end-tethered polymer is confined to the

interface of thickness a. The propagator ¢4 therefore satisfies the initial condition

Ga(z.0) = 6(z)8(a — =). (3.112)

The free end is simply restricted to the region 0 < = < L. s0 g4 obeys

9a(2.0) = 8(:)0(L - =). (3.113)

Similarly. the ends of free polymer are also restricted to the region 0 < = < L and



results in the initial condition

ar(=.0) = 8(=)8(L — (3.114)

The formalism described in this section will be used in Chapters 6 and 7. Fur-
ther details of the NSCF calculations are given in those chapters and details of the

numerical solutions are given in a previous study [109].



Chapter 4

Crew-cut Micelles

4.1 Introduction and Review

Diblack copolymer miicelles have been studied extensively both theoretically and

experimentally. Most of the studies have been focused on systems of micelles with

relatively short core blocks and long corona blocks. The result is a micelle structure

with a small core and a thick corona. In the limit of strong segregation between

the core block and the solvent. it is generally understood that the size of the micelle

controlled by the interplay between the interfacial tension and the free cnergy

associated with stretching the core block. Consequently the radius of the micelle

ling relation has been consistent

core

cales as lg x Z&y where a = 2/3. Th

with experiment [116]. and the above physical mechanism is believed to be correct.

However. recent experimental studies of crew-cut micelles in water suggest otherwise

and so further investigation on micelles with relatively long core forming blocl

warranted.
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of the micelle core and

Of particular interest in all these systems is the s
corona as functions of the degrees of polymerization of the A and B blocks. Zey

and Zc-p. respectively. de Gennes [117] found that the radius of the micelle cores

scaled as Z25 where o = 2/3. Leibler et al. [19] extended the work of de Gennes

for systems of A-b-B diblock copolymer micelles by minimizing the total free energy
of the system. A scaling expression was obtained for fixed composition of copolymer

(Zcw/Zea = K where K is a constant). The core radius of the micelles again

scaled as Z&, with a = 2/3. Noolandi and Hong [118] have performed mean field
caleulations on diblock copolymer micelles in selective solvent with fixed Zep/Zey
and obtained a scaling relation for the core radius [ with Iy x Z&; where a = 0.64.

The radius [ = I+, of the entire micelle was found to scale as [ x Z7. and ~ = 0.68.

g Zea

re and Noolandi [21] extended the work of Hong and Noolandi. Var;

y : o 73
and Ze-y independently. their results for the radius of the core gave Iy x Z24Z7.

with 0.67 < a < 0.76 and —0.1 < .3 < 0. For the thickness of the corona they found
Ly x Z, with 0.5 < v < 0.86. Nagarajan and Ganesh [24] performed a similar

tems of micelles. They obtained similar results

caleulation bur with polydisperse s
with Iy x ZgZ2, with 0.70 < a < 0.73 and —0.17 < 3 < —0.08. and I, x Z4,Z¢,

with 0.06 < 2 < 0.07 and 0.68 < v < 0.

All these theories assumed a constant volume fraction profile of all constituents

in the micelle core and corona. Halperin [25] noted that micelles are structurally

similar to colloidal particles coated by grafted chains and to star polymers. Therefore,
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he performed a scaling analysis of the micelle structure by adapting the theory of

Daoud and Cotton [26] for star polymers. He considered the two limiting cases of
Zea > Zeg and Zey € Zey. The first case corresponds to micelles with relatively

short core blocks and the scaling relation obtained gives lg x Z& with a = 3/5 and

I x Z252Z%, with a = 4/25 and 3 = 3/5. The second limiting case corresponds to

crew-cut micelles and [ = l; x Z& where a = 2/3. These results are summarized

1 Table 4.1. Experiments on the structure of polystyrene-block-poly (ethylene oxide)

(PS--PEO) block copolymer micelles in cyclopentane and deuterated cyclohexane

were also done by Gast et al. [119]. They concluded that the star-like model best
suited for describing density profiles in micelles with moderate aggregation numbers
and long corona blocks.

NSCF lattice calculations [48.49.51] have been done to obtain the volume fraction
profiles in the core and corona. D [122] and MC simulations have also been used to

study miicelles. In particular. Mattice et al. [83.84.123131] have done extensive \IC

studies of diblock copolymer micelles on a cubic lattice but scaling relations were not

investigated in these studies.

Generally. the predicted scaling relations have been in good agreement with ex-
periments. Whitmore and Noolandi [21] made a direct comparison with the small

angle neutron scattering (SANS) experiments of Selb et al. [116] on poly(styrene-b-

butadiene) diblock copolymers in polybutadiene. The experimental results showed

micelles with a narrow size distribution. and the micelle core radii s
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4 Ly X Z¢8pZe
Authors m i v
Tde Gennes [117]
TLcibler ef al. [19]
THong e ol [118]
"Whitmore et al. -(0-0.1) 0 0.5-0.86

TNagarajan ef al.
THalperin [25] Zos < Zea
THalperin [25] Zep > Zea

-(0.08-0.17) |[ 0.06-0.07 | 0.68-0.74

"Selb ct al. [116] -(0.14-0.19)
"Blubm et al. [22] -0.17 0.12 051
Zhang et al_[1] -0.15

PN can field theory (current) 018 -0.051 0.861

THong et al. 21] Tx 205 =068
THalperin [25] Zep < Zea || L x 22 a=1/25and 3 = 3/5
THalperin 25] Zes > Zea || L~ 1l x Z85.0=2/3
Nunk et al. [120]
THurtrez [121]
PHurtrez [121] Ry X Z8yZp 4. a =0.09. 3 = 0.31
1.01225Z0, + 0.78Z0 5 28,
J=-017.

Hurtrez [121]

v .74
"Bluhm et al. [22] Ry x Z¢. 7 =044

Table 4.1: Scaling laws for various theories (1) and experiments (f): (g is the core
radius. L, is the thickness of the corona. { = lg + Ly. Ry is the hydrodynamic radius
and Ry is the radius of gyration of the micelle.
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with 0.75 < a < 0.81 and =0.19 < .3 < —0.14. These results are consistent with th
results and assumptions of the theory of Whitmore and Noolandi. Liu ef al. [132]
performed experiments on polystyrene-5-poly(2-cinnamoylethyl methacrylate) block

copolymer micelles in cycloheptane. They observed that the core radius could be well

represented by the scaling laws predicted from existing theories. Similar results we

obtained by Kinning et al. [133] for poly(styrene-butadiene) block copolymer micelles

a polystyrene homopolymer. Other experimental results were obtained by Munk et
al. [120]. They fonnd that the hydrodynamic radius of polystyrene-b-poly(methacrylic
acid) block copolymer micelles in dioxane and water scaled as Z&,Zg , with a = 0.71

and 3

—0.09.

In all ca

s reported above. the core radius is proportional to Z2, with o > 0.6.
However. recent experiments give results which are quite different. Hurtrez [121] has

b-cthylene oxide) copolymers in water with

on poly

short PS blocks and long PEO blocks forming the core and corona of the micelles.
respectively. The author measured the hydrodynamic radius Ry of the micelles and
fitted powers to the scaling functions predicted by the theory of Hong and Noolandi.
Halperin. and Nagarajan and Ganesh and found Ry x Z2%. Ry x Z2PZ03 and
Ry = 101245225 +0.78Z:5 Z2 7} respectively. The comparison between exper-
imental and theoretical results can be seen in Table 4.1. The important point is that
all these scaling laws show weak dependence on the degree of polymerization of the

copolymer. Superficially. this rescmbles the results of Bluhm and Whitmore [22] who
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found a similar scaling relation for the radius of gyration Ry of the micelles with

Ry x Z[. with 0.-44. However. that result is a consequence of the variable chemi-

cal composition of the molecules used in the experiments. and is fully accounted for by
the theory. The third scaling law obtained by Hurtrez can be interpreted as the sum

. From

nd one for the corona thicknes

one for the core radius

of two scaling law:
such an analysis the strong dependence of the core radius on the B block is recovered.

This result suggests that the hydrodynamic radius is better described as a function

of the sum of the radius of the core and the thickness of the corona. Nonetheless.

it is striking from this analysis that the thickness of the corona is strongly inverse-

tion of the B block. in disagreement with

Iy dependent on the degree of polymeriz

ems the measured radius of a micelle was. in some

theory. We note that in these sy

single molecule and the radius of the

cases. comparable to the radius of gyration of a

core is expected to be small compared to the thickness of the corona. It is therefore

adius from a measurement of

difficult to extract an accurate power law for the core
the hydrodynamic radius.

Zhang et al. studied “crew-cut” micelles composed of polystyrene-b-poly(acrylic

acid) block copolymers in water. They measured the core radii by transmission elec
tron microscopy (TEM) and found that they scaled as lp x 28422, where a = 0.4

and 3 = -0.1 of the core radii on the core block once again

¢

. The weak depend
contradicts the theoretical predictions. As noted by the authors. this difference may

. the same effect might apply to

be due to non-equilibrium effects. If this is the cas
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aling.

Nonetheless. from this discrepancy in s

udied by Hurtrez

the similar systems s

questions arise about the theoretical picture of the micelles. and further theoretical

rranted.

ut micelles. are w

and in particular cre

studies of micelles

In this chapter. crew-cut micelles are studied with the use of MC simulations and

simple mean field theory. The MC simulations are performed to probe the assump-

ze distributions

tions made in the mean field approach regarding the structure and si

of the micelles. The simulations are performed to study micelles in weakly segregated

t the final

s involved in micelle formation might aff

systems. and how the mechanist

nou-cquilibrium structures found exper v in strongly segregated svstems. S-

caling relations for the radius of the core with the composition of the block copolymer

are investigated by simulating the equilibrium conditions under which the micelles
form and determining the equilibrium conditions under which the polymers begin to

be “frozen™ in the micelles. In this way. the MC 5 are used to

mean field theory.

The following section reviews the theoretical and experimental studies related to

ion,

block copolymer micelles. Other sections include mean field results and dise

a description of the MC simulation technique with results and discussion. and a

summary.



4.2 Mean Field Study

The simple mean field theory of Bluhm and \Whitmore [22] has been extended

in Section 3.2 of Chapter 3 to systems of diblock copolymer in selective sol

The solvent is now a different species than either block of the copolymer. as in the

recent experiments (Hurtrez. Zhang et al.). We perform a direct comparison with the

experimental results of Zhang et al. [1]. \We calculate the g of the core radius

of the micelle and the number of copolymers per aggregate Ny, with the degree of

polymerization of the copolymer.
In the expression for the free energy derived in Scetion 3.2. the statistical segment
lengths for the A and B components of the copolymer are set to by = 0.56 nm and

by = 0.71 nm. respectively. We did not find accurate values for the Flory interaction

ature 50 we estimated them. The solvent is a good solvent for

parameters in the i

the A block. 50 we chose \ 15 = 0.2. Similarly. we set \.5 = 0.2. We found that the

results in the strong segregation limit were relatively insensitive to changes in \.as

and \ 45 compared to the dependence on \gs. For PS in water. gy was found to
be equal to 4.4 [134] for a temperature of 263.13°C. As the solvent quality worscns.

is to increase the size of the micelles. The mean field

\ns increases. The effect of thi:
results will show micelles much larger than observed in experiments. but we found
that the scaling laws are insensitive to the choice of Flory parameters. Our estimates
are therefore adequate for our purposes. The densities for A and B components of the

nd

copolymer are py, = 8.749 nm=* [134] and pog = 6.204 nm~* [22], respectively.



Compusition || Experiment || Theory \gs Theory \as = 1.26 ]
Zen | Zea [ s | Nu g | Ly [
170 | 33 13| 268 [[26.3] 182
180 [ 38 |12 T 418
1016 246 544
30 [ 1 9.90
6 [ 15 190 6.13
G0 [ 139 761
55 |20 268 6.90
180 16 125 19.3
170 20 188 182
120 21 159 132
310 18] 87 299

Table 4.2: Radius of core. thickness of corona and number of copolymers per micelle
from experiment [1] and theory.

fos = 33.44 nm~ for the solvent density. The reference density is chosen as po = pos.

The molecular weights of the A and B monomers and solvent are Mcy = 72.06 u.

Mep = 10415 u and My = 18.016 u. respectively.

Table 4.2 displays the experimental results of Zhang et al. and the mean field

theoretical results. The core radii for the experimental and mean field theoretical
data are plotted as a function of the degree of polymerization of the B block in
Figure 4.1. In all cases. for \gs = 4.4. the core radii from the theoretical results

are much larger than the corresponding ones obtained experimentally. As discussed

in Scction 3.2.2. in strongly segregated systems such as the case here. it has been
shown that the size of the core is determined mainly by the interplay between the

stretching of the B block in the core of the micelle and the interfacial tension [21]. In

these experiments the cores are too small for the B block to be significantly stretched.
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Figure 4.1: Core radius of micelle (I5) as a function of the degree of polymerization
of the B block (Zcs)

There must therefore be a different mechanism that stabilizes the size of the micelles.
The explanation may lic in the process of micellization. In the experiments of

Zhang et al.. the micelles arc prepared by slowly decreasing the solvent quality. They

describe two methods of preparation. In both cases the copolymers are dissolved
in N.N-dimethylformamide (DMF). In the first method. 100 ml of water was added

slowly from a burette. The solution was then dialyzed against water for 1 weck until

the DMF was removed. In the second method. the same process was used except
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that wethanol was slowly added to the solution of copolymer and DMF before any
water was added. The effect of adding methanol was to ensure a gradual change in the

solvent property. The two methods produced quite different results in the average size

of the micelle cores. Method 2 produced micelles with cores much larger than those

from method 1. clearly indicating that the method does affect the size distribution

of the micelles which. in turn. indicates that these are non-equilibrium structures. It

appears that micelles form relatively suddenly as the solvent quality decreases with
increasing concentrations of water: A further decrease in the solvent quality causes
the relaxation times for polymer exchange between micelles to become extremely long

and the systems become trapped in a non-equilibrium state.

n ficld calculation intended to

In light of this we have performed a sccond my

simulate conditions of weaker segregation at which micelles might form. For these
calculations. the Flory interaction parameter. \ gs. was chosen such that ocg =~ 0.8

1.26. The results are shown in Table 4.2 and

iu the core. which resulted in \ps

Figure 4.1. For all s) the results are closer to the experimental data. For lower

al

degree of polymerization of the B block the results are comparable to the experimes
data. However. for higher degree of polymerization. the predicted core radii are still
much larger than in the experiments. by as much as a factor of three.

The calculated core radius and corona thickness are shown in Figures 1.2(a)
and 4.2(b). The results are well described by power laws. with lg x 28,20, with

a = 0.77 £ 0.01 and J = —0.18 = 0.01. and for the corona Iy x Z/gZ¥., where
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# = —0.051 % 0.004 and v = 0.864 = 0.004. In both cases the plots show good fits

0 -

Core Radius (nm)
&
]

N
S

Corona Thickness (nm)

L
Z. %2
Figure 4.2: a) Core radius of micelle ({5) as a function of the degree of polymerization
of the A and B blocks. b) Thickness of corona (14) as a function of the degree of
polymerization of the A and B blocks. (\ns = 1.26)

and the fitted results are consistent with previous theoretical results but not with the

experimental results of Zhang et al.
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The theoretical results

give a power law dependence on Zep for {y which is close to

as seen in earlier theoretical predictions and experiments. for both choices of \ .

We note that in the experiments the sizes were measured using transmission electron

microscopy (TEM). The s

amples of micelles were transferred to copper EM grids with

thin film coatings of Formvar and carbon. and the water was then evaporated from
the grid. The water in the core of the micelles was effectively removed which wonld
result in a decreased radius. We investigated whether or not this effect explains the
weaker scaling observed. by calculating. from the mean field results. what the radius
of the micelles would be if all the solvent were removed from the core. The core radius

with no solvent is then given by

N Zea N
Reore = (—-" <l : (1)
A7 pon
For this caleulation. we took the results using \gs = 1.26 for which the volume

fraction in the core is o¢p > 0.8 for all systems. Removing the solvent would cause

the radii of the micelles to decrease by approximately 7%. The most important point

is that all the radii are reduced proportionately. and this would have occurred for

any choice of \ps. Hence. this effect cannot account for the discrepancy between

experiment and theory in the scaling results.

Mean ficld theory predicts that the critical micelle concentration is mainly driven

by the product ypsZep as shown in Equation (3.24). As a result. for higher degree

of polymerization Z¢p micelles should begin to form in systems with relatively better

solvent quality (lower \ps). In addition. the enthalpic energy penalty in removing a
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polymer from a micelle at a given \gs i with i ing Zcp. The

time of a tem is therefore expected to increase with increasing Zep for constant

\ss- As a result non-equilibrium effects should begin to appear at a lower \ s for

systems with higher Zep. In the following sectious we performs MC simulations

to study this effect and how it affects the power laws. This is done by identifving

the solvent quality along with the properties of the micelles at the point where the

polymers begin to be “frozen” in the micelles.

4.3 Monte Carlo Study

4.3.1 Monte Carlo Simulations

The general procedure describing the MC algorithm has been outlined in Chap-
ter 2. Here we summarize the method. The simulations are performed on a cubic
lattice of volume 1" = L x L x L. Periodic boundary conditions are applicd in all
directions. The systems contain A-b-B copolymer and solvent. The lincar dimensions
are chosen to accommodate all the polymers with the condition that L > Z where

Z is the chain length of the copolymer.

The effective monomers are subject to reduced nearest neighbor interaction e
ergies, €,. with (i.j = A.B.S). In this instance the solvent is the same specics
as the A block of the copolymer. and only one effective reduced interaction energy

solvent

remains where ¢ = ¢4 = eps. All remaining polymer-polymer and solvent-s
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interactions are equal to zero. A new configuration is generated via all four types

of motions: reptation. ki p. crankshaft and Brownian motion [79-82]. A new

configuration is accepted or rejected on the basis of the Metropolis rule (described by

Equation (2.6) and following paragraphs) and excluded volume constraints.

The number of iterations required to reach equilibrium is determined from the

autocorrelation times which are calculated from the autocorrelation functions defined
in Equations (2.11) and (2.12). The end-to-end vector autocorrelation function is
defined to describe the relaxation of the end-to-end vectors of the polymers. When

aggregates are present. it is imperative that polymers be allowed to escape from

aggregates and migrate to other aggregates. The chain extraction [23.83]. chain
exchange [23.83]. weighted chain extraction and weighted chain exchange autocorre-
lation times are therefore used to monitor these two processes. We also calculate the

time required for all polymers to migrate a distance corresponding to the average n-

tion

carest neighbor distance of free polymers as given in Equation (2.16). The relay

time of the system is taken as the maximum of all time scales.

At the beginning of cach simulation. the polymiers are allowed to move freely for

10.000

creased

bead cycles where N = NeZe. The interaction energy is then
in small increments. For each interaction energy the system is allowed to equilibrate
for a period of 100 relaxation times. after which ensemble averages are taken over a
period of 200 relaxation times.

As the interaction energy increases. small aggregates begin to form and. at lower
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solvent quality. micellization occurs. Once micelles have formed. the density in the

micelle cores is generally high and the enthalpic penalty in removing a polymer from

a micelle is high due to the large number of energetic contacts. The result is a long

tem relaxation time. Therefore. there exists a lowest solvent quality (or maximum

interaction energy €) for which the simulations are feasible. The simulations are

therefore performed by slowly increasing the interaction energy until the required

solvent quality is reached or the central processor unit (CPU) time required to perform

us to monitor structural properties

the simulations is

too large. This method allow:

and time scales as a function of solvent quality. This approach can therefore be used

to identify the behavior at the point at which the polymers begin to be “frozen™ in
the micelles. As a practical matter. the simulations are restricted to relatively short

polymers and weakly segregated systems.

4.3.2 MC Simulations of a Typical System

ics and the beha

In the first simulation. we discuss the micelle characteris

There are 1000 copolymers in

vical system as a function of the interaction energy

‘mer

10. The overall volume fraction of copol,

the system with Zep = 50 and Zey

is ol = 0.02.

In Figure 4.3(a). the various autocorrelation times and the time associated with

the diffu

n of the copolymers are plotted as functions of the interaction cnergy €

increased to 0.248 and subsequently

on a semi-log plot. During the simulation. € wa:
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Figure 1.3: (a) Semi-log plot of the relevant autocorrelation times as functions of the
interaction encrgy: Copolymer extraction (e). copolymer exchange (#). copolymer
end-to-end (4). copolymer diffusion (A). copolymer exchange with decreasing € (0)
and copolymer end-to-end (¢) with Ve = 800. (b) Fraction of polymers in micelles
(®) and small aggregates (o) vs e.

reduced to zero. The results show that the weighted chain exchange autocorrelation

time is independent of the annealing process. A second simulation with N = 800
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was done to assure that finite size effects are negligible. As shown in Figure 4.3(a).
the end-to-end vector autocorrelation times from both simulations agree.

For ¢ = 0. there can be small. short lived aggregates with as few as 2 polymers
in cach one. Hence. the weighted chain extraction autocorrelation time is very small.
However. the weighted chain exchange time is long compared to the weighted chain
extraction time. As shown in Figure 4.3(b). when € = 0. a small fraction of polymers

is in aggregates which results in few aggregates. In addition. the volume fraction of

free chains in solution is small (o = 0.017). The time required for a polymer to

come in contact with another polymer or aggregate can therefore be long compared

to the extraction time. As shown in Figure 4.3(b). the fraction of polymers in small

aggregates increases slowly with € while the fraction of polymers in micelles remai
essentially zero for € < 0.21. When € = 0.23, the weighted extraction and exchange

times suddenly increase by two orders of magnitude over a small range of €. At

point. the fraction of polymers in micelles increases sharply while the fraction

in small aggregates decreases considerably. The changes in fractions of

polymers in micelles and small aggregates are accompanied by an increase in the

average size of micelles.
The copolymer end-to-end vector autocorrelation time and the time associated
with the diffusion of polymers. which are quantities averaged over all polymers in the

tent. also increase with decreasing solvent quality. However. the increase in the

end-to-end vector time is modest compared to the weighted extraction and exchange
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Figure 4.4: Semi-log plot of the weighted and non-weighted chain extraction and
exchange autocorrelation times vs €.

Figure 4.4 shows a comparison between the chain extraction and weighted ch

ige and weighted exchange times. When € > 0.2 the

extraction times. and the ex
weighted extraction time begins to deviate considerably from the extraction time.

imilar. As shown in

Differences between the two exchange times are qualitatively
Figure 4.3(b). the differences coincide with a sharp increase in the fraction of polymer-

s in micelles. When the polymers are approximately equally distributed in micelles
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s between the two extraction

and small aggregates (¢ =~ 0.23). the relative differenc

and the two exchange times are i The relative differences decrease with

increasing € as the fraction of polymers in micelles reaches unity. Nonetheless. when

€2 0.21 the weighted functions are always greater than their non-weighted counter-

part. The polymers therefore have long residence times in the micelles compared to

their residence times in small aggregates.
\We now turn to the micelle characteristics. In the theory of Whitmore and Noolan-

di [21] a single size of micelles was assumed. This assumption was consistent with

experiments [116] in the case of micelles with relatively small cores compared to the

of the corona. for which the experiments showed a narrow size distribution of

micelles. This

sumption is also reasonable in view of the experiments [1] on crew-

index of 1.08. Figure 4.5 displays the

cut micelles. which indicated a polydispersity

frequency distribution of aggregates as a function of the number of polymers in the

aggregates. The distribution shows the presence of small aggregates and micelles.

The distribution of the micelles is narrow except for a rather long tail region. The
long tail is due to micelles which have come in contact and are being counted as a
single large aggregate. This is because. in the simulations. two micelles are counted
as one aggregate if any B monomer from the core of one micelle is in contact with a

B monomer in the core of the other one. Mlicelles coming in contact with each other

can also be observed in a visual representation of a series of snap-shots of the polymer

configurations. In our MC simulations of diblock copolymer micelles. the long tails in
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Figure 4.5: Normalized distribution of aggregates as a function of the
copolymers in the aggregates. (¢ = 0.248. Z¢4 = 10. Zeg = 50)

the size distributions are scen only in cases where micelles con:

corona blocks. In the case of crew-cut micelles. the long tails diminish with increasing
Ze- for constant Z¢p/Zca. The relatively thin coronas in crew-cut micelles therefore
seem to enhance the frequency of micelles coming in contact with each other and

e distribution of micelles.

forming larger micelles and aggregates. To quantify the



we calculate the polvdispersity index.

0 M N?) (T

is the number of copolymers in a micelle. ' is the total number of copolymers in

. For the

the system and My

the average number of micelles with V' polyme:
distribution in Figure 4.5. the polydispersity index is 1.14.

Figure 4.6(a) shows volume fraction profiles for both components of the copolymer
averaged over micelles with 86 to 100 copolymers. The maximum in the distribution
of micelles shown in Figure 4.5 lies in this interval. In general. averaging over all
micelles tends to broaden the interface and the size specific averaging is therefore
done to more accurately specify the volume fraction profiles.

In the core of these micelles at e = 0.248. the polymer volume fraction is as

high as 0.82 and 10.5 £ 0.9% of copolymers remain in solution. The facts that the
maximum volume fraction of the copolymer in the core is well below unity and the

moderately high indicate that the system is weakly

fraction of polymers in solution i
segregated. As noted earlier. most experiments are in the limit of strong segregation.
Nonetheless. we can extract information about the structure of the micelles and other

characteristics of the system. As assumed in most mean field theories. the volume

fraction profile in the core is relatively uniform. with the exception of the volume
fraction of the A-block in the corona. oc.4(r). as suggested by Halperin [25]. What is

most striking in Figure 4.6(a) is the poorly defined core-corona interface: the corona
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gure 1.6: (a) Volume fraction profiles of A and B blocks and. (b). normalized
distributions of A and B ends and A-B joints as functions of the distance from the
center of mass (C.\.) of the micelles (¢ = 0.248. Zcy = 10. Zep = 50): The inset
in (b) shows the volume fraction profiles of A and B ends and A-B joints. The lines
are shown as a guide to the eye ouly. Averages are taken over micelles with 86 to 100
copolymers.

region is not even well defined with ocp(r) 2 0¢.a(r) througiout most of the corona.

We attribute this to the fact that the corona block is relatively short. the host matrix
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tem is weakly segregated. Entropic

olvent as opposed to homopolymer. and the

s due to the solvent tend to produce a larger interface whereas enthalpic effec

effect
tend to produce the opposite effect. Therefore. for lower solvent quality. i.e. stronger
segregation. the core and corona regions are expected to become better defined.
The similarity between the results of Halperin and other models with constant
density profiles (sce Table 4.1) implies that the approximation of uniform profiles

does not affect the scaling relations significantly. Therefore. the fact that oc.a(r) is

annot account for the dis with the recent experimental results.

crepancy

Figure 1.6(b) displays normalized distributions of the free 4 and B ends and the
A-B joints of the copolymer. Normally, the distributions would be calculated from
the number of ends or joints present in each shell of radius r about the center of mass

ites per shell

the micelle. In this way. there can be large fluctuations in the number of s

between two adjacent concentric shells. To reduce the effects of these variations. the

data are collected in bins of unit width. A single bin can therefore include data from

several shells. and this results in a smoother distribution of available sites per bin as

s well represented

a function of r. To a first approximation. the distribution of s
by the quadratic function Ar? where A is a constant.
The B ends do indeed penetrate to the center of the micelle core as assumed in

the mean field picture. but they are distributed throughout the core. This result

For the A

s consistent with previous MC simulations [124] and experiments [13

copolymer ends, the peak in the distribution is shifted slightly to the outer portion
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System

Zceg [ Zea | Ne
20 | 4 | 1000
30 | 6 | 1000
30 8 [1000
50_|_10_| 1000
60_| 12 | 1000
30 _|_10 | 1000

91 |
607 |

Table 4.3: Results for the radius of aggregate cores (Reore). the number of copolymers
per aggregate (Ny) and the reduced interaction energy (¢.) for 7, = 8.000 and
2.000 from MC simulations at different molecular weights.

of the corona as compared with Figure 4.6(a). This indicates that the A copolymer
ends tend to reside on the outer edges of the corona. but a considerable fraction
of the A ends is dispersed throughout the corona. The distribution of joints shows
a maximum at the interface. and the wide distribution is consistent with a poorly
defined interface. The distribution of B ends decreases to zero with decreasing r
near the center of mass of the micelle. since the number of sites decreases to unity.
However. the volume fraction of B ends is maximum at r = 0 as shown in the inset

of Figure 4.6(h).

4.3.3 Systematic Monte Carlo Study

In this section. a series of MC simulations is performed to investigate if non-
equilibrium effects can account for the discrepancy in power laws found in experiment
and theory. The molecular weights of the copolymers are different in each simulation

but the composition is kept constant in most cases (see Table 4.3). In each case the
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solvent quality is decreased until the system relaxation time reaches a value well up

of the

in the range of relaxation times where micelles have formed. The properti

stem are determined for an interaction ¢, which corresponds to a system relaxation

2

time of 7 = 12.000. This method of choosing ¢ provides a criterion for capturing

the solvent quality ar which non-equilibrium effects become The choice

of 7 is arbitrary but the important point is that it is the same for all systems. The
radius of the micelle cores. the number of copolymers per micelle. and the reduced
interaction energy at which the system relaxation time is 12.000 N-bead cyeles are

shown in Table 4.3. We calculated the core radii from Equation (4.1) with pog = 1 to

simulate ~dried” micelles. Data are also given in Table 4.3 for values of € which give

7e = 8.000. This is done to investigate the effect of the system relaxation time 7.

tem relaxation time

As shown in Figure 4.3. there can be a large change in the

for a relatively small increment in e. It is therefore difficult to determine. a priori.

the interaction for which r = 7. To determine .. we performed an interpolation
of the weighted chain exchange antocorrelation time as a function of e. From our
interpolation we determined the values of € at which the weighted chain exchange
autocorrelation time is cqual to 8.000 and 12.000 N-bead cycles. At each value of

¢ we performed a Gaussian fit to the distribution of micelles as a function of the

umber of copolymers per micelle. The average number of polymers in micelles, .

At
was determined from the maximum of the Gaussian fits. An interpolation of Ny, as a

function of € was also performed to determine Ny at .. This method of determining
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the average number of polymers per micelle is adequate since the relative change in

small compared to the change in 7 with increasing e. Uncertainties in Vy, due

to the interpolation are only a few percent.

differently than the res

The system with Zeg = 20 and Zey = 4 behave

When the system relaxation time exceeds about 10.000 N-bead cycles very large

nou-spherical aggregates begin to form showing signs of macrophase separation. To

wlation for Zeg = 20

illustrate the effect of the corona block. we performed a MC

case there is a narrow

and Zey = 10. The results are included in Table 4.3. In thi

distribution of micelles with no large aggregates. Our simulations with Ze1/Zes

z¢ distribution of micelles decreases with

kept constant also show that the width of

. as shown earlier from the MC simulation with Zey = 50

increasing Zc.. Nonetheles

S a long tail in the distribution

and Zcy = 10. even when Ze = 60 there remain:

of micelles. The presence of large aggregates in the simulation with Zep = 20 and

s therefore attributed to the relatively short corona block compared to the

Zea=+
core block augmented by the fact that Ze is small.
The reduced interaction energy at which the copolymers begin to be trapped in the

aggregates decreases with increasing molecular weight of the copolymer. as expected

from the mean field predictions. Figure 4.7(a) shows a plot of the product e, Zcp as
a function of the chain length Zep for both 7. = 8.000 and 7. = 12.000. The plot

shows a linear increase with Zcg which can be expressed as

€Zep =mZen+b (4.3)
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Figure 4.7: a) Product of the reduced interaction cnergy and the chain length of the
B block versus the chain length of the B block. b) Radius of gyration of the core
of the micelles versus the chain length of the B block (semi-log plot). The open and
closed symbols correspond to 7. = 8.000 and 7, = 12.000. respectively. The straight
lines correspond to the lines of best fit.

with m = 0.182 £ 0.003 and b = 2.85 £ 0.14 for 7. = 8.000 and. m = 0.182 + 0.002

and b= 2.95 % 0.12 for . = 12.000.
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In Figure 4.7(b) the radius of the micelle core. with the solvent expelled from

cos of 7.

the core. is plotted on a log-log graph as a function of Ze-g for both ch

Although Ny decreases with increasing molecular weight of the copolymer. as seen
in Table 4.3. the core radii increase. The slope of the curve gives a = 0.181 = 0.014

where Repre x 28 for 7. = 8,000 and a = 0.165 + 0.012 for 7. = 12.000. The power

law therefore does not seem to be affected significantly by the choice of 7. The value

of a is lower than the experimental results which give a >~ 0.4. and much less than

equilibrium mean field results for which a > 0.6.

The interpretation of these results requires care. It appears that setting the system

relaxation time as a criterion for the solvent quality at which the micelle characteris-

as ubserved experimentally. There

tics are caleulated can explain a weak power law

are other factors that may contribute to the observed scaling behavior. The choice

of 7 is judicious but. in each simulation. the combination of different types of moves

was held fixed. In addition. the unit of time defined in the MC simulations is not

necessarily proportional to the physical time. Therefore the criteria used to identif

the conditions under which non- effects become signil may not be

optimal. Nonetheless. we note that for systems with well defined micelles. the radius

slowly with increasing e. or increasing system re-

of the micelle cores varies relativ

aling law for the core radius would

laxation time. A relatively small change in the s
therefore be expected for a more realistic correspondence with the real physical time.

e therefore believed to be reasonable and it is reasonable

The chosen criteria for 7.
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to interpret the observed lower power as mainly an cffect of the time scales

4.4 Summary

We have performed mean field calculations and Monte Carlo simulations of block

copolymer micelles. The mean ficld calculations were used to make direct compar-

or of the micelles”™ ¢

res

isons with experiments and to investigate the scaling bel

and coronas. The MC simulations were used to probe the micelle structure. the poly

ation

dispersity of micelles. the scaling of the core radius with the degree of polymeri

of the core block of copolymer. and the effects of solvent quality in weakly segregated

stems.

In recent experiments on crew-cut micelles. it was found that the core radii had

a relatively weak power law dependence on the molecular weight of the B block.
The mean field results showed micelles with core radii and number of polymers per
micelle much larger than those found in these experiments. The calculations also
periments are too small to have

showed that the crew-cut micelles observed

significantly stretched core blocks. The calculated core radii obeyed a stronger power

predicted by previous mean field calculations. This

law dependence, similar to thos
discrepancy between experiment and theory may be attributable to non-equilibrium

effects.  An attempt to investigate the non-equilibrium effects on the micelle size

and scaling laws was made by varying the compatibility between the B block and

the solvent. These calculations showed that improving the solvent quality produced
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micelles with smaller cores. but they could not account for the discrepancy in the
scaling laws between experiment and theory. In addition. mean field theory predicts
that the critical micelle concentration and the solvent quality at which the polymer
begin to be “frozen” in micelles is expected to be highly dependent on the product
\#sZcp. Together. these two effects suggest that the solvent quality at which the

to be at equilibrium depends on the molecular weight of the B

micelle systems coas

block.
This investigated with the use of Monte Carlo simulations. Other systems
characteristics were also investigated using MC simulations. Autocorrelation func-

stem

tions were monitored to obtain system relaxation times. In all cases. the s

relaxation time increases dramatically with an increase in the interaction energy as

micelles form. The sharp increase in the system relaxation time is consistent with the
idea that the strongly segregated systems found in experiments are non-equilibrium
structures.

The MC simulations showed micelle cores comprised of the B block of the copoly-
mer and solvent with relatively uniform density profiles. as assumed in mean field
theory. However. the A block. which normally forms the corona. showed a non-
uniform density profile. This is inconsistent with the structure of the corona region
assumed in most mean field theories. but the work of Halperin [23] suggests that this
assumption does not significantly affect any scaling behavior. The distributions of

copolymer ends and the A-B copolymer joints were also investigated. The B ends
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penetrate to the center of the micelles and the A ends extend to the edge of the coro-
na. However. the 4 and B ends are also present throughout corona and core regions.
respectively. The A-B joints are distributed across a relatively broad interface which
is not well defined. This is attributed to a low molecular weight corona block. a low
molecular weight host and weak segregation. The presence of a significant amount

of copolymer in solution. along with a considerable amount of solvent in the cores of

indicate that the systems are weakly segregated.

The micelle sizes were distributed with a relatively narrow distribution except for

a long tail region. This is attributed to the fact that the core-corona interface is

not well defined and the A block is relativ hort. allowing the cores of micelles to

in the dis of

come in contact with each other. The

micelles was L14. which is slightly higher than the polydispersity of 1.08 observed in

experiments [1].

The non-equilibrium effects on the scaling behavior of the micelle cores was inves-

tigated by idemtifving the equilibrium conditions under which the micelles form and

the solvent quality at which they start to become non-equilibrinm structures. Results

from the MC

wilations show that the system relaxation times do depend on the
molecular weight of the B block and this cffect can account for a large discrepancy

in the scaling of the core radii between experiment and theor
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Chapter 5

Swollen Micelles

5.1 Introduction and Review

As discussed in Chapter 1. the swollen micelle systems consist of a ternary blend
of A-b-B diblock copolymer micelles in an A homopolymer. or solvent. matrix with
small amounts of added B homopolymer. The simple mean field theory of micelles
has been extended to swollen micelles as reviewed in Section 3.3. The theory predicts
that the threshold volume fraction of homopolymer (0j%). at which the homopoly-
mer macrophase separates. is given by Equation (3.38). The predicted phase behavior

is in qualitative ag with experiments which were reported by Whitmore and

Smith [32]. However. questions arisc about the assumed structure and size distribu-
tions of the micelles. These assumptions, along with the predicted phase behavior.
can be investigated with the use of MC simulations.

Several MC studies [136.137] of block copolymer micelles have been done to study

the structure of the micelles. Mattice et al. [83.123-130] have performed several MC
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studies and developed techniques to study these systems. Further MC [138.139]. mean

field [z

54.140] and experimental [141. 142] studies of micelles were done to study
the effects of added solvent which was compatible with the core forming block of a
triblock-copolymer. A MC study [143] was done with shorter surfactant molecules

composed of a head group and a short tail in a solvent-solvent mixture. The studies

were done to investigate the effects of added surfactants on stabilizing the domain sizes

of the minority solvent component. Although these simulations have been restricted

mers. the insights obtained on the behavior of these systems

to relatively short poly
have been important.
In this chapter. we perform MC simulations of block copolymer in solvent with

added homopolymer which is compatible with the core-forming block of the micelle.

The main focus is on the investigation of the theoretical and experimental results

obtained by Whitmore and Smith [32] which was discussed in Chapters | and 3. We

by inv

stigating the

re

sit the phase behavior predicted by the mean field calculations

threshold volume fractions of homopolymer and its dependence on the volume fraction

and degree of polymerization of the B I vmer. The techniques developed by

2.1 and

Mattice et al. to perform the simulations are used as described in Section 2

have also been extended to suit this

particular type of simulation and gain some

stems. The MC simulations have been restricted

understanding of these types of

Nonetheless. they are used to address

to relatively low molecular weight polymers

questions about some of the assumptions in the mean field approach. including the
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structure and size distribution of micelles. for weakly segregated systems.

5.2 Monte Carlo Simulations

The general Monte Carlo algorithm is given in Chapter 2. Here we describe the

wilations specific to swollen micelles. The systems contain A-5-B copolymer (C).
homopolymer (H B) and solvent (S). As usual. each cffective monomer occupies a
site of a simple cubic lattice and the empty sites correspond to solvent. Periodic
boundary conditions are applied in all directions.

The monomers are subject to an excluded volume interaction and nearest neigh-

bor reduced interaction cnergics €, (i.j = A.B.HB.S). The homopolymer is the

same species as the B block of copolymer and the solvent is the same species as

the A block of copolvmer. All interactions between like species of polymer-polymer
and solvent-solvent are set to zero (e, = 0). Therefore. only one effective reduced

interaction energy parameter remains. which is € = €5 = €ps. New configurations

For

are gencrated by reptation. kink-jump. crankshaft and Brownian motion [79-82)
Brownian motion the polymers are allowed to move anywhere within a sphere of
radius corresponding to 30 lattice sites.

Afiter a new configuration is chosen. if the new site is occupied the move is rejected:
otherwise the change in energy is calculated and transitions are accepted or rejected
according to the Metropolis rule.

Autocorrelation functions are calculated using Equation (2.11) for the polymer
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end-to-end vectors Re-. Rep. Rea and Rpp. corresponding to the copolymer. B

block of copolymer. A block of copolymer and B homopolymer. respective

To monitor relevant relaxation times associated with the polymers in aggregates

we make use of the weighted chain extraction and exchang func-
tions defined in Equation (2.13). The autocorrelation functions are calculated for
the copolymer and the homopolymer separately. Each autocorrelation function is

monitored. and its related autocorrelation time is calculated in Equation (2.14).

also monitored by

The motion of the copolymers and homopolymers i calculating

diffusion constants D¢ and Dy y. respectively. as defined in Equation (2.15). and the
related times defined by Equation (2.16).

As in the MC simulations of crew-cut micelles. there are limits on the degree of

polymerization of the polymers and the solvent quality where the simulations are

feasible. As a consequence. the si s are done with relatively low

weight polymers and weak segregation.

At the begiuning of each simulation the interaction energy € is set to zero and the

simulation is run for a period of 10.000 N-bead cycles. where N = Ne-Ze+ NypZyp-
Once the polymers have reached a random configuration the interaction energy € is

tem is allowed to reach

slowly increased in small increments. At cach value of € the

equilibrium by iterating for a period of time. For every value of €. ensemble averages
are taken over a period of 100-200 relaxation times. Once the ensemble averages

are done. the interaction energy is increased and this process is repeated until the




s reached.

maximum interaction energy

5.3 Results and Discussion

5.3.1 Swollen Micelle System

For relatively low homopolymer molecular weight and volume fraction. the ho-

ection we

mopolymer is expected to be solubilized within the micelle cores. In this

xpected. to probe the assumptions

study a typical system in which solubilization is

5 of copolymers with Zeg = 30 and

of the mean field model. The system con

e = 42 and homopolymers with Zyrz = 4. The composition of the copolymer was

chosen to correspond with the experiments of Whitmore and Smith [32]. The overall

volume fractions of copolymer and homopolymer are of = 0.025 and 645 = 0.012

0.31.

respectively. The maximum interaction parameter was ¢
Figure 5.1 shows the autocorrelation functions for € = 0.31. They are plotted on

different time scales. for convenience. When € = 0.31. micelles have formed and the

exhibit

ighted chain extraction and exchange autocorrelation function

copolymer w

the slowest decay. At constant e. the enthalpic penalty in removing a polymer from

an aggregate increases with increasing number of B units in the molecules. Therefore,
the weighted chain extraction and exchange functions for the low molecular weight
homopolymers decay much more rapidly than the corresponding copolymer functions.

Previous simulations by Haliloglu et al. [84] suggest that the decays of these func-
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Figure 5.1:_Autocorrelation functions: Homopolymer extraction (o). homopolymer
(D) and | lvmer end 1 (©). The filled symbols correspond m
the copolymer autocorrelation functions. ¢ = 0.31. Ze = 12. Zeg = 30. Zy =
and o = 0.0125. The lines arc fits to a function of the sum of two
The functions are plotted on different time scales which are given in

o¢ = 0.02
exponentials.
the legend.

tions are not necessarily simple exponentials. Therefore. we fitted the data for cach

function to a sum two exponential functions. i.c..
Cy(t) = Ae™™ + (1 = A)e™/n (5.1)

where A. 7, and 7 are the fitted parameters. The results are shown in Table 5.1. The



Function A

Copolymer weighted extraction 0.074

Copolymer weighted exchange 0.

Copolymer end-to-end 0.33

Homopolymer weighted extraction | 0.31 36 x 10
H lvmer weighted exchange | 0.36 38 x 10
Homopolymer cnd-to-end 0.81 53 x 1

Table Results from the fit of the autocorrelation functions to a sum of two
exponential functions. The times 7, and 7 are given in N-bead cycles. € = 0.31.
Zea=42. Zep = 30. Zyp = 4. 0¢ = 0.025 and opp = 0.01

fitted curves show reasonably good agreement with the data for all curves. Stretched

exponen We did fits

al relaxation has also been studied [85.86] in polymer dynamic:
to Kohlrausch-William-Watts stretched exponential functions [87] of the form e~/
These fits also resulted in good agreement with the data. with values of 3 varving
from 0.39 to 0.93. In contrast. fits to single exponential functions did not result in a

good agreement. We note that the fits are done over a short time interval and a full

analysis would require monitoring the functions over a longer time.
The values of A in Equation (5.1) which are shown in Table 5.1 are higher for the

functions averaged over homopolymer than their counterparts involving the copoly-

mers. When € = 0.31. about 68% of homopolymers arc in solution while only 11% of

copolymers are in solution. Qualitatively. the mechanisms responsible the short time

to i for i related to the polymer.

scales are therefore

On the other hand, the long time processes in the relaxation of copolymer are ex-

pected to be more important. The values of A for the end-to-end vector functions
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are higher than those from the weighted chain extraction and exchange functions. In

this system there arc micelles. small and free les. The end: 1

vector autocorrelation functions are averaged over all polymers in the system, while

the weighted chain extraction and exchange functions do not include the free poly
mers. The fact that the weighted functions include only those polymers in aggregates
is consistent with lower values of 4. Our results are in qualitative agreement with the

es are associated with relaxation of the

physical picture that the short time proc

free polymers and perhaps the polymers in small aggregates. We note that a quanti-

s of all mechanisms in each function.

tative analysis would require a detailed analys

In conclusion, the non-exponential decay of the autocorrelation functions is due to
heterogeneity in the systems and the fact that there can be more than one mechanism
responsible for relaxation. as suggested in Section 2.2.1.

Figure 5.2 shows the various autocorrelation times and the times associated with
diffusion of the copolymer and homopolymer as functions of the interaction €. As

d above. the autocorrelation times increase with increasing interaction ener-

discu:

The onset of the rapid increase occurs at € > 0.28 where small aggregates and

micelles have formed. As the solvent quality decreases more micelles form and cons
quently the relaxation times. and more specifically the copolymer weighted exchange

autocorrelation time, increase dramatically. The relatively low molecular weight ho-

mopolymer can more casily migrate from aggregates to other aggregates. and more

remain in solution. cen from the homopolymer weighted exchange auto-
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Figure 5.2: Semi-log plot of the relevant autocorrelation times as a function of the
interaction energy: Homopolymer extraction (o). homopolymer exchange (0). ho-
mopolymer end-to-end (©) and homopolymer diffusion (A). The closed symbols cor-
respond to the data for the copolymer. Zey = 12, Zey = 30. Zyp = 4. o = 0.0
and o = 0.0125.

correlation time which shows a relatively modest increase with increasing interaction

in

At low values of ¢, there is a considerable difference between the weighted ch
exchange and extraction autocorrelation times for both copolymer and homopolymer.

As discussed in Chapter 4. the time required for a polymer to come into contact with
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another polymer or aggregate may be large compared to the time required to escape
the aggregate. At lower solvent quality. the opposite is true and time required to es-

to another micelle

cape a micelle is much larger than the time needed to migrate freely

which results in nearly equal chain exchange and extraction times for the copolymer.

Also. as aggregates form. the copolymers present in the aggregates become clongated

and they can remain oriented for long periods of time. In the core of the aggregates.
the polymer volume fraction can be high and both copolymers and homopolymer-

- remain in the aggregates for extended periods of time. The mobility of the

the end-to-end

polymers in the aggregates is reduced. which results in an increase

vector autocorrelation times and the time associated with the diffusion of polymers.

At high solvent quality. the time associated with the diffusion of polymers is smaller

than the end-to-end vector autocorrelation times. As discussed in Section 5.2. the

polymers are allowed to move a large distance during a Brownian motion type move

which accounts for the relatively high diffusion constants.
Figures 5.3(a) and 5.3(b) show the normalized frequency of aggregates as a func:

tion of the number of copolymers and homopolymers. respectively. in the aggregates.

mall

1 solut

The distributions in both figures show the presence of free polymers
aggregates and micelles. Generally. as the solvent quality decreases. small aggregates

first begin to form as shown in Figure 5.4. With decreasing solvent quality the num-

ber of small aggregates increases and micelles begin to form (sce inset of Figure 5.4).

A further decrease in the solvent quality. i.c. bevond € = 0.27. results in fewer small
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Figure 5. lized distribution of as a function of the number of
copolymers (a) or homopolymers (b) in aggregates (e = 0.31).

aggregates and an increase in the number and size of the micelles. As this process
continues. the micelles continue to grow in size but the number of micelles decreases.
In addition. as € increases, the fraction of polymers in aggregates also increases.

When micelles have formed. the fraction of homopolymer

as shown in Figure
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Figure 5.4: Number of small aggregates in the system as a function of the interaction
energy. e. The inset shows the number of micelles in the system as a function of e
small aggregate is defined as having more than two but less than ten polymers. A
micelle has ten or more polymers and a well defined core-corona interface.

in aggregates is much lower than that of the copolymer. due to the lower molecular

weight of the homopolymer.

averaged over micelles with ap-

Figure 5.6(a) shows the volume fraction profil

prosimately 1135 = 7%* effctive monomers which corresponds to approximately the

Actually the volumie fraction profiles are dw‘r.lgﬂl over micelles with 1135%85 effective monomer-
s. The entire range of micelle sizes is discret into 10 intervals and this defines the number of
monomers and the width of the interval. The xmmal which matches the maximum in the distribu-
tion of micelles is then chosen.
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Figure 5.5: Fraction of polymier in aggregates as a function of the interaction €

copolymer (o) and homopolymer (o).

average size of the micelles. The volume fraction of the copolymer plus that of the
homopolymer is as high as 90%. In the core region the volume fraction profiles for the
B copolymer and B homopolymer are quite uniform. This result supports previous
experiments [92-95] and theories [96.97] in showing solubilized low molecular weight

b { the ins. On the other hand. the volume fraction

vmer t

profile in the corona region is non-uniform.
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: (a) Volume fraction profiles of A and B blocks of copolymer and. (b).
normalized distributions of A and B copolymer ends and A-B copolymer joints as
functions of the distance from the center of mass (C.\.) of the micelles: B copolymer
(®). A copolymer (W) and B homopolymer (#). The insct in (b) shows the volume
fraction profiles of A and B ends and 4-B joints. The lines are shown as a guide to
the eye only. € = 0.31.

Figure 3

Figure 5.6(b) shows normalized distributions of copolymer ends and A-B copoly-

mer joints throughout the micelles. For this Figure. the data were binned in the same



way as described for Figure 4.6(b). The B copolymer ends penctrate to the center of

umed in the mean field approach but. again. they are distributed

the micelles as

ribution of the B ends occurs at

t the core. The i in the dis

This is consistent with an increase in the number of sites available with increasing
r. The inset of Figure 5.6(b) indicates a decrease. with increasing r. in the volume

ribution

However. a local maximum in this dis

fraction of B ends. bevond r

oceurs at r = 16 in a region of the corona beyond the core-corona interface. This is

due to the increased number of available sites. but is nonethele

obvious

The A copolymer ends are distributed throughout the corona. and the A-B copoly-
mer joints are at the core-corona interface. The interface is not sharp. as expected for

a weakly segregated em. This relatively weak segregation is also consistent with

the fraction of copolymer and homopolymer remaining in solution. 11% and 68%.

respectively. as shown in Figure 5.

To summarize. this system shows a reasonably narrow distribution of micelle sizes.

arc solubilized within the micelle cores resulting in a microphase

The homopolymers

cons

isting of micelles swollen by the homopolymer. The volume fractions are uniform

umed in the mean field approach. but not in the corona. A

within the core. as
considerable fraction of the polymers remain in solution which indicates that for

interaction energies up to € = 0.31 the system is not strongly segregated.



5.3.2 Microphase vs. Macrophase Separation

As discussed carlier. mean field calculations predict a threshold volume fraction of

homopolymer below which the homopolymer is solubilized within the micelle cores.

and above which. the system will separate into a macrophase. \We are interested in

the solubilization limits imposed on the homopolymer. Furthermore. the mean field
theory predicts that the solubilization limit depends on the product \Zeg. 0l and
the ratios Zyg/Zep. In this section, a series of simulations has been done for various

ratios of volume fractions and degrees of polymerization. As seen in the previous

section. the system relaxation time imposes limits on the solvent quality at which

the simulations are feasible. In order to perform a series of simulations at constant

mer with Zey = 14 and Zey = 10

interaction energy a lower molecular weight copoly
has been chosen for all subsequent simulations. The linear dimensions are chosen

such that L, =S80 (i = .

Two simulations are of particular interest. In both simulations the copolymer

6. In the first one. the ho-

0.4

volume fraction has been set to of: 2 and Zug
mopolymer volume fraction is chosen such that o /0% = 0.1. In the second one.
the homopolymer volume fraction is increased to o 5/0%; = 0.5 with Zy s kept con-

stant. Systems with a narrow distribution of micelles and homopolymier uniformly

distributed throughout the micelle cores are identificd as microphase separated. Sys-

tem showing the presence of very large with the ymer

tentified as | 1

at the center aud copolymer at the edges are i



Figure 5.7: Snap-shot of the polymer configuration: a) ¢ 5/¢%5 = 0.1, Zyg = 6. b)
6%p/0%s = 0.5, Zyp = 6.
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Figures 5.7(a) and 5.7(b) display snap-shots of the systems for the first and second

simulations. respectively. Figure 5.7(a) shows micelles with the homopolymer solubi-

lized in the cores. whereas in Figure 5.7(b). we see a single large domain comprised

mostly of homopolymer with copolymers at the interface. This indicates a macrophase
separated system. In both cases. there is a significant number of polymers in solution
and in small aggregates. which indicates a weakly segregated regime.

Figure 5.8(a) shows a semi-log plot of the autocorrelation times and the time

ociated with the diffusion of polymers for the first simulation. We also did a

simulation with Z, = 100 and decreasing e. Results for the copolymer weighted

chain exchange autocorrelation time show that finite sizes effects are negligible and

independent of the annecaling proce:

- to the

The general trends shown in Figure 5.8(a) for the first simulation are simil
results shown in Figure 5.2 from the previous scction. In this case. micelles and small
aggregates first form at a higher interaction energy than the system corresponding to

sistent with

258

Figure 5.2, since these are lower molecular weight polymers.

strongly

mean field theory [21]. which predicts that the critical micelle concentration i

dependent on the product \Zep. A second difference with respect to Figure 3.2
is in the homopolymer weighted extraction and weighted exchange autocorrelation
times. In the present case. these relaxation times increase with € in concert with
the corresponding times for the copolymer. This is due to higher molecular weight

tion of the B block

homopolymer which is now closer to the degree of polymeri
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Figure 5.8: Semi-log plot of the relevant autocorrelation times as functions of the
interaction energy: Homopolymer extraction (o). homopolymer exchange (Q). ho-
mopolymer end 1 (©) and | mer diffusion (A). The closed symbol-

s correspond to the data for the copolymer. a) oY /6%y = 0.1 Zyy = 6. b)
Sip/0tp =05. Zup = 6

of copolymer. In Figure 5.8(b). where o} /0%, = 0.5, the homopolymer weighted

those of the copolymer. In this case.

extraction and exchange times actually surpass
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the homopolymers present in large aggregates are concentrated in the center of the
cores and the copolymers tend to be located at the surface of the large domains as
shown in Figure 5.7(b). The homopolymers therefore remain in the dense cores of the
large domains for extended periods of time. For the macrophase separated system. the
interaction could only be increased up to € = 0.42 due to the large system relaxation
time,

The volume fraction profiles for the first system are shown in Figure 5.9(a). Once

lubilized within the core of the micelle although the

again. the homopolymer

volume fraction profiles in the core are no longer uniform. The profile for the B

component of copolymer actually decreases slightly near the center. The copolymer

Jjoints tend to be localized at the core-corona interface duc to enthalpic effects. and

entropic effects prevent the ends of the B block from stretching to the center of

the cores.  Nonetheless. the micelles have a smooth size distribution with a well

defined peak at about 36 polymers per aggregate. as shown in Figure 5.10(a). This

distribution is once again a si; of a mi sepa system.

In contrast. the domain size distribution shown in Figure 5.10(b) for the second

simulation shows a single large aggregate with up to about 850 polymers. A large

aggregate with 850 polymers contains about 66% of all polymiers in the system. The

volume fraction profiles shown in Figure 5.9(b) are for aggregates with approximately
800 polymers. and cleatly show that the homopolymer accumulates in a large aggre-

gate. with copolymers at the surface. These features imply a macrophase separated
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Figure 5.9: Volume fraction profiles as functions of the distance from the center of
mass (C.\.) of the micelles: B-copolymer (s). A-copolymer (M) and homopolymer
(). a) /0%y =0.1. Zyp =6 and b) o} 5/0%g = 0.5. Zyp =6.

system. The results from these two simulations therefore suggest that a threshold
howopolymer volume fraction does exist as predicted by mean field theory.

Further simulations were performed to obtain the solubilization limit as a function
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of the relative volume fractions 0% /0%, and the ratio Zyp/Zcp by varying the
homopolymer volume fraction and degree of polymerization. Figure 5.11 shows a

ase and b sep: regions. The

phase diagram displaying both
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Figure 5.11: Phase diagram indicating the macro/microphase regions as functions of
the ratios 09, 5/0% and Zyg/Zcp: Microphase (). macrophase (B). The dashed
line corresponds to the phase boundal

open symbols refer to microphase separated systems. whereas the filled symbols refer

toa cropha

c. The datum from the simulation in Section 5.3.1 with Z¢, = 42.

Zcp = 30 and Zyp = 4 is also shown in Figure 5.11 (open circle). even though
the interaction € could not be increased up to 0.49 as in other microphase separated
systems with Zeg = 10. For this simulation the interaction could only be increased up

to € = 0.31 because of the longer system relaxation time. Nonetheless. the results are
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rease in the threshold volume fraction of added homopolymer

consistent with an
with a decrease in Zy5/Zcp. For the macrophase separated systems. € was increased
until the system relaxation time was too large to continue the simulations. In all

since the threshold volume fraction

cases this occurs when ¢ < 0.49. Nonetheless

is expected to decrease with increasing e. the macrophase separated systems are

expected to remain macrophase separated for € = 0.49.
The boundary between the two phases is approximated by the dashed line in Fig-

with

ure 5.11. This boundary shows that the threshold volume fraction decreas
increasing ratio Zy3/Zey until only very small amounts of added homopolymer are
required to produce a macrophase separated system. This result is once again con-

sistent with the mean field approach. which not only predicts a threshold volume

fraction. but that the threshold decreases

ith increasing Zyp/Zcs as shown in Fig-

ure 5.11.

5.4 Summary

We have performed MC simulations of block copolymer micelles swollen by added

were 1 by slowly lowering the solvent qual-

vmer. The

ity of the tem in order to carefully monitor the system characteristics. More

d lation ctions and their respective autocorrelation times were
calenlated to obtain information on the required duration of the simulations and to

extract informat This turns out to be

n on the dynamic behavior of the systems
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important since the system relaxation time is strongly dependent on the solvent qual-

e limitations restrict the MC simulations

ity and limits the simulations to low e. Thes
to a weak segregation regime. The MC simulations therefore serve as a complement

stems. In addi-

n field theory which was developed for strongly segregated s

to a me:
tion. information about the micelle characteristics and other quantities is extracted
to investigate approximations made in the mean field approach and the predictions
of the theory on the interplay between the macrophase and microphase.

tem in which the degree of polymerization

We probed the micelle structure for a s

an that of the core forming block of the

of the homopolymer is much smaller t

copolymer. The homopolymer is solubilized within the micelle cores. The volume

sumed in the mean field

fraction profiles in the cores are relatively uniform as
approach. but in the coronas the profiles show a definite maximum with no uniform
regions. The A and B copolymer ends are distributed throughout the coronas and
cores of the micelles. respectively. and the joints are localized to a relatively broad
interface.

Further MC simulations were used to study the phase behavior which was char-

behavior w

acterized as being microphase or macrophase separated. The phas

in the cores of the

determined from criteria based on the volume fraction profile:
micelles. and the average size and the size distribution of the aggregates. A threshold

ied. Above the

volume fraction of homopolymer as a function of Zy5/Zcs was identi

threshold volume fraction a system is macrophase separated otherwise microphase
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separation occurs. As a result. a phase diagram was obtained showing a decrease
in the threshold volume fraction with increasing ratio Zyp/Zcp. This phase behav-
for is in qualitative agreement with the theory and experiments of Whitmore and

Smith [3

In the case of microphase separation. micelles form. the homopolymer is solubi-

e within the cores. and the aggregates correspond to micelles with a reasonably

systems. there is a s-

narrow size distribution. In the case of macrophase separated

. The

h copolymer at the surfa

of

ingle large ymer W
decrease in the threshold volume fraction with increasing Zyp/Zcpg is attributed to
entropic effects. For higher molecular weight homopolymer. the entropic penalty. in

segregating the homopolymer to a separate macrophase of smaller volume. is reduced.

The result is a decrease in the threshold.
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Chapter 6

End-tethered Polymers

6.1 Introduction and Review

cers of polymers in good

Iu this Chapter. we are concerned with end-tethered

solvent. The moleeular weights and coverages range from the mushroom regime where

polymers act as isolated chains to high surface coverages where they strongly interact

with 23

ch other and streteh away from the surface. \We are also interested in obr

ussed in this

approaches d

information on the regimes where each of the theoretica

thesis is valid and comparing it with the behavior observed in experiment

al scaling and mean field theories marked important contri-

Historically. anal

butions to the study of end-tethered layers and supplied the framework for further

study. In this section. we first review the important analytical theories in detail to

obtain some phy | insights into the structure of the end-tethered lavers. We then
review the experimental and theoretical work pertaining to this thesis.

To begin. we define various regimes which can be expressed in terms of the re-
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duced surface coverage. ”. as described in Section 1.5. In the mushroom regime the

is independent of the reduced surface coverage. The radius of

thickness of the laver

tion. R,. is a characteristic length scale. and & ~ ZY” for end-tethered polymer

ree of polymerization of

in good solvent. where h is the layer height and Z, is the dey

the end-tethered polymer. The limiting case of o — 0 has recently been studied by

Adamuti-Trache et al. [144] using renormalization group (RG) theory.
When the polymers strongly interact with each other. the picture is quite differ-

ent. The chains can be highly stretched. the layer thickness depends on the reduced

surface concentration. and the average distance, d. between anchoring sites becomes

ze d, as shown in

a characteristic length scale. The concept of “blobs™ of linear s

Figure 1.4, was introduced in the theory of AdG [12.13]. In the work of AdG. the

v stretched.  Furthermore.

surface coverage is high enough that the chains are highly
the chains are assumed to be uniformly stretched so that the free ends are located

in the tail region of the brush. The introduction of this characteristic length scale.

d. along with the assumption that the ends are in the tail region leads to a step

den

ity profile except for a small depletion zone and a tail region. Within the layer.
the polymer volume fraction is 0 ~ Z.b%/d*h where b, is the statistical segment
length. On the scale of the blob size d. the polymer chains are considered as ideal

Gaussian chains. The chains are envisioned as strings of Z,/g blobs with g monomers

per blob. The size of cach blob is d as shown in Figure L4 with ¢"/%, = d. This

gives a thickness & ~ Z40/ as shown in Equation (1.6).
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Mean field arguments have also been used to determine the scaling law shown

the number of

in Equation (1.6). In this regime of strong overlap between ch

monomer-monomer contacts increases and effectively results in an increase in the

effect is reduced by stretching

interaction cnergy for polymers in good solvent. Thi
the chains perpendicular to the surface but at the cost of a loss in entropy. or increase

in the elastic energy. due to the increased layer thickness. The interplay between

the interaction and elastic energies can be used to determine the equilibrium layer
thickness. The free energy per chain (in units of kpT) is

h?
I (6.1)

where ¢ is a dimensionless excluded volume parameter which is a measure of the effec-
tive binary monomer-monomer contacts. The first term in Equation (6.1) represents

the interaction energy and the second term is the elastic free energy relative to an

ideal unperturbed chain with Ry = Z}/*b, where Ro is the rms end-to-end distance.

ace coverage o ~ 1/d2. Neglecting

We ean write Equation (6.1) in terms of the surl
the numerical prefactors. it is

Zio h*
F~L—' + Zb

\
h

62)

Minimizing Equation (6.2) with respect to the thickness h gives h x Zyo'/? a
Equation (1.6).
Other analytical theories have been developed. In particular, as discussed in

Chapter 1. Milner. Witten and Cates (MWC) developed an analytic SCF theory.
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This approach is suitable for high surface coverage in the asymptotic limit of infinite
molecular weight (Z; — ). In this limit the solution gave a parabolic density profile

for the end-tethered layer and a layer thickness h x Z,0'/3.

n agreement with the
above results. Later. finite molecular weight corrections were included [40.61] which
produced a smooth tail.

Monte Carlo [38.65] and molecular dynamics (62] studies have been done to in-

vestigate results obtained from scaling theo

nd SCF theory. Murat and Grest [62]

performed MD studies of end-tethered lavers in good solvent and compared their
results with the SCF results of Miluer et al. [14.40] for reduced surface coverage
1<0" <11 and 10 £ Z, < 150. Results for the density profiles and the thickness

of the layer were in agreement for higher surface concentration and molecular weight

(zY*'/* 2 12). Chakrabarti and Toral [65] performed MC simulations on similar

tems of grafted polymers. For Z, = 50. the range of reduced surface coverage was

2< 0" <7 and. for Z, = 100. the range was 5 < 0* < 15. The density profiles con-
sisted of a parabolic profile but augmented by a depletion region next to the grafting

surface and a smooth tail. They were compared directly wi

h the parabolic dens

profiles obtained from the asymptotic SCF theory of MWTC. The quality of the fit to
the parabolic profile increased with increasing molecular weight.

The SCF theory implies that the unperturbed radius of gyration of the molecules.
R,. is not a relevant length scale for these systems in the asymptotic limit. Instead.
2/(Zao')

the appropriate scaled distance from the wall i; As well. the volume
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fraction profiles scale as (=) x %%, Lai and Binder (58] followed carlier work [65]
by performing Monte Carlo simulations using the bond fuctuation algorithm for
10 < Z,; < 80 and plotting o(z)/0*? vs. z/(Z4c'/?) for 20 < Z, < 40. For Zy =20
the range of reduced surface coverage was given by 0.5 < 0 < 4 whereas for Z, = 80
the range was 2 < o° < 20. A rough collapse onto a master curve was observed. and
the authors remarked that systematic deviations from scaling occurred due to the
short chain lengths.

End-tethered layers have also been studied experimentally. As noted in Sec-

tion L.5. the reduced surface coverage is limited to o < 15 in many cases. This

ems fall in the asymptot-

raises the question of whether these many experimental sy
ic brush limit.

stematic study of end-tethered

Kent et al. [69] carried out an cxtensive and

polymiers in good solvent. For the root mean squared (ms) layer thicknesses. Ay,

they fonnd that the best fit scaling relation was

Bz 5256 6.3)
The rms layer thickness is defined by
heme = (6.4)

where 0, is the volume fraction of end-tethered polymer. Kent et al. also found that

the observed layer thicknesses were well represented by a simple lincar function
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where 4 and B are constants. independent of molecular weight. The values of A /R,

modest.

. These results indicate that the stretching is

to

ranged from about 1.

and that R, remair

scales more weakly with Z than lincarly

that the laver thickne:

stems. The experiments also indicated

a relevant length scale in the end-tethered

that the density profiles contained both a depletion region and a smooth tail.

Ba

and Whitmore [46] made a direct co sou of nnmerical self-consis

ranows|

ficld (NSCF) theory with the experiments of Kent et al. Results for the density pro-

expressed either

files and layer thicknesses were in good agreement for 0° 2

as scaling relations as in Equation (6.3) or as a linear relation as in Equation (6.5).
They support the conclusion that these systems do not correspond to the asymptotic
limit for o* < 15. and that R, remains a relevant length scale. They also hint at

a quantitative discrepancy between the NSCF theory and experiment at coverages

in © solvent have been obtained

Similar results for end-tethered polymers

in experiments [113] and NSCF caleulations. [143]

s in this

Our primary interes Chapter are in detailed comparisons of the results of

NSCF calculations. MC simulations. and experiment. For

the analytic SCF theorie:

the MC simulations. we use an athermal solvent. We first simulate isolated polymer
in solution. and extract from these calculations an expression for R, and an effective
statistical segment length which we label byc. We then perform a series of \MC

s of our

simulations of the layered systems. and use our results for R, in the analys

results for the layers.
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. we choose

For the NSCF calculations. we discuss three sets of results. In the firs

the Flory parameter \ = 0 and statistical segment length b rc- In the second

set. we choose \ = 0 but fit the statistical segment length. The fitting is done by

finding the value of b which gives the best agreement of the NSCF profile with the

corresponding MC profile. The MC profile chosen for the fit corresponds to the system

for which the mean field imations of the NSCF h should be best. This

is the one with the ination of the highest weight polymers and surface
coverages for which we calculated MC profiles. In the third set of calculations. we
fit both x and b in this way. [t turns out that the value obtained for b when \ =0
is the same as by to within the statistical error. Hence. the first and second set
of calculations are virtually identical and we have only two distinct sets of results to

consider. We then carry out comparisons of the MC and NSCF results using these two

sets of parameters. In particular. we examine how differences between the MC and

ties

NSCF results appear at low coverages where density fluctuations and inhomogens
parallel to the surface can become important. We are able to identify where. in terms
of o°. these differences occur. We can also examine the low coverage regime with

our MC calculations. and compare the results with experiment. We include in this

the of a limit where the laver thickness would be

independent of coverage.
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Monte Carlo

=L, L
86-141 | 80
102-161 | 100

150 |
200

Table 6.1: General specifications of systems modeled in the NSCF calculations and
Monte Carlo simulations. The variable V. is the number of polymers in the svstem.
For each molecular weight there was one set of MC simulations performed with one
chain. Ny = 1. corresponding to the limiting case of 0* — 0. No MC simulations
were done for Z, =

6.2 Monte Carlo Simulations

The general algorithm used in the MC simulations of end-tethered polymers is

discussed in Section 2.

. In this section. more detail is given. The simulations are
carried out on a simple cubic lattice. One end of cach polymer is confined to the

= = L plane. but it is allowed to move in this planc. Periodic boundary conditions are

used in the r and y directions and impermeable walls are chosen at = = 1 and = =

The systems contain a minimum of 100 and up to 1.080 polymers (sce Table 6.1).

For a given reduced surface conc ion ¢°. the linear di i L. and L, are
chosen to accommodate the polymers and in all cases L, = L, > Zy and L. = Z,.
The only exceptions are cases with only one polymer. which correspond to o = 0.
Other simulations with free polymer in solution are also carried out to investigate the
end-to-end distance and radius of gyration of free chains in solvent. In this instance,

the periodic boundary conditions are applied in all directions. the polymer ends are
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not constrained to any surface. and the systems contain only a single chain.

All interactions. with the exception of an excluded volume interaction. have been
SOt €0 7010 (€45 = €55 = €44 = 0)

The usual Monte Carlo algorithm discussed in Section 2.2 is used to generate ran-
dom configurations of the polymer chains except that only three types of motions are

unoc-

used: reptation, kink-jump and crankshaft [F9-82]. In principle. if the site

ition

cupied. then we calculate the change in energy and the probability of the trans

are

occurring by the usual Metropolis rule. However. since all interaction energies

set to zero there is no change in energy in going from one configuration to another.

unity.

Hence. the probability of the transition to an unoccupied site occurring

em is V. There are therefore

The number of end-tethered polymers in the sy

VaZ. attempted MC moves per N-bead cycle. The time required to reach equilib-

rium is determined by monitoring the four different autocorrelation times. extracted

18). The

from their respective autocorrelation functions. as defined in Equation

autocorrelation fanctions are calculated for the quantitics R.. R,. R,

were defined in Section 2.2.2. The autocorrelation times are evaluated using Equa-

tion (2.14) and the relaxation time of the system is taken as the maximum of the

turns

four autocorrelation times. which alway out to be Tg,,. In order to let the

system come to equilibrium the simulations arc run for 10.000 N-head cycles plus

a minimum period of 20 relaxation times. Ensemble averages are then taken over a

period of at least 40 relaxation times.
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6.3 Numerical Self-consistent Field Theory

The general formalism for the NSCF theory of thin films was described in Sec-
tion 3.4. In this section. the theory is applied to end-tethered polymers by simply
excluding the free polymer from the system. The problem reduces to solving self-
cousistently for the propagators of end-tethered chains only.

The density profiles for the polymer and solvent are described by the local volume

fractions (=) which are defined in Equation (3.94), for x = 4.S. The incompress

ibility condition in Equation (3.4) reduces to

(6.6)

The polymer density profile can be obtained from the convolution of two propagators.

qa(z.7) and Ga(z.7). Using Equations (3.94) and (3.108). 0,4(2) is given by

a

A
— AT Ga(z.7) qa(z. Za = 7) - 6.7
e On Ar qa(z.7) qa(z. Za = 7) (6.7)

04(z) =

where Q' is given in Equation (3.106). Both propagators satisfy the modified d-
iffusion equation with initial and boundary conditions defined in Equations (3.109)
to (3.113) with by as the statistical segment length. The self-consistent potential.

Equation (3.98). reduces to

wale) =2 -2 [oa) = 64] - (6.38)

A specific system is characterized by the parameters Zy. 0. pox. pos and \.as.

The propagators ¢, and g4 are determined by solving the modified diffusion Equa-
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tion (3.109). The polymer volume fraction profile. 0,(2). is calculated from Equa-

tion (6.7). and ol then determined from the incompressibility condition. How-

ever. solving the diffusion equation requires the potential w4(=). and so the problem
is solved via a self-consistent algorithm which is described in detail elsewhere [46]. In

the first iteration w (=) = 0. but in subsequent iterations the potential w (=) is con-

structed using Equation (6.8) and from the volume fraction profiles calculated from

the previous iteration. This iterative lure is contil until a self-

solution is achieved.

6.4 Results and Discussion

6.4.1 Free Polymers in Good Solvent

We begin with the MC simulations of single polymer in good solvent. This provides
us with R, for our lattice-based calculations which will be used in the next section.
as well as a minimal test of the simulations.

A series of caleulations is performed with Z ranging from 80 to 200. for which

we calculate the mean squared end-to-end distance. < R? >'/2, and the radius of

gyration. The results are plotted in Figure 6.1 as functions of the number of effective

bonds and units. Z - 1 and Z. respectively. On the log-log scales, both sets of results

fall very close to straight lines. The best fit lines imply power law relations

SRSV = bye(Z -1t
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Figure 6.1: Log-log plot of the average radius of gy

ation squared. RZ. and end-to-cnd
ance squared. R%. as functions of Z and Z — L. respectively

for free polymers in
athermal solution calculated in the Monte Carlo simulations. The dashed lines are
the lines of best fit

B == (6.9)
with values
by =106+0.04 3 =0.592%0.009
aye = 0403 £0.008 3, = 0.602 % 0.003 (6.10)

where the uncertainty is the statistical noise.
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We performed a similar analysis on the results of Gurler et al. |: who modeled

chains on a simple cubic lattice with 12 < Z, < 60. The fits to their data for
< R >V give bye = 1.028 0,003 and 4 = 0.601 £ 0.002. The two sets of results
agree within the statistical uncertainty. The scaling exponents 3, and 3 are also
cousistent with the simple Flory type approach where they would have a value of
about 3/5.

We also compared with the results of renormalization group theory. which predicts

a correction to scaling due to finite molecular weight corrections with [146]

(6.11)

A, ZH (L + b, 27 +

with

5880 + 0.0015 (6.12)

We first fitted our MC results used in Figure 6.1 to Equation (6.11). We then

extended our simulations to lower Z. using the four degrees of polymerization used by

Gurler et al. [82]. and fitted this extended set to Equation (6.11). In both cases. we

obtained .3 = 0.600. which agrees with our value of 3, to within the small statistical

uncertainty of £0.003. We conclude that our results for the scaling exponents lic just
at the edge of agreement with renormalization group theory. As noted earlier. [147]
simulations with degrees of polymerization up to Z = 80.000 are required to obtain

full agreement.

In this Chapter. we need to know R, in our lattice-based MC model so that we
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can analyze our results for the end-tethered polymers in terms of o* and R,. The

result in Equation (6.9) and (6.10) is more than adequate for this purpose. The value

of by = 1.06 obtained from th

in cho

analysis also provides a starting poit ing

a statistical segment length by in the NSCF calculations which are to be compared

with MC simulations.

6.4.2 End-tethered Polymers
Autocorrelation Functions

Figure 6.2 shows a typical set of calculs ion functions. which arc

for a system with 0* = 1.5 and Z = 80. At short times. the one that monitors the

z-component of the end-to-end vector. R.. decays the most rapidly. This reflects the
relatively high mobility of the free end. At later times. however. this rapid decay
is suppressed due to effects from the confined end. Overall. the slowest decaying
autocorrelation function is the one associated with the component of the radius of

gyration perpendicular to the surface. R,.. which

s again attributable to the con-

finement of one end to the surface. The decay associated with R, is faster because

both ends of cach polymer can move freely in the x and y directions. In all cases the
autocorrelation times increase with increasing Z and o*. and this imposes a practical

restriction of the simulations to relatively low Z and o°.
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Figure 6.2: Autocorrelation functions for end-tethered polymer layers as functions of
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6.4.3 Density Profiles

As detailed in Table 6.1, we have performed a systematic study using MC simula-
tions and NSCF theory. The ranges of surface coverage and degree of polymerization
covered by the MC simulations is o* € [0.10] and Z, € [80.200]. For the NSCF
caleulations. o € (0.5, 15] and Z, € [80.800] were used. Typical density profiles are

shown in Figures 6.3 and 6.4.
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Figure 6.3: Polymer volume fraction profiles for Z, = 100 and o* = 1 (lowest curves).
2. 4. 8 and 10 (highest curves). The circles are the MC results and the lines are the
NSCF results. The solid lines correspond to by = 1.06 and \ = 0. and the dashed
lines to by = 1.32. \ = 0.26.

In order to compare the MC and NSCF calculations quantitatively and. in par-
ticular. to probe differences at low Z and 0. it is necessary to use appropriate values
of the effective \ parameter. the statistical segment length. and py.. \We investigated
three choices. all using pge = 1. The first is \ = 0 and b, = byc. i.c.. the parame-

ters were taken directly from the MC results of the previous section. The other two
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Figure 6.4: Polymer volume fraction profiles for o* and Z, = 80 (highest peak)
100. 150 and 200 (lowest peak). The circles are the MC results and the lines are the
NSCF results. The solid lines correspond to by = 1.06 and \ = 0. and the dashed
lines to by = 1.32 and \ = 0.26.

choices were obtained by fitting NSCF profiles to MC profiles. For this fitting. we
used the highest possible combination of Z, and o* for which we have MC profiles.
Z4 = 100 and ¢* = 10. which corresponds to the uppermost curves on Figure 6.3.
The fits were done by minimizing the average of the square of the differences:

2y

A= 7‘: S (oxeli) - o;

ser (i) (6.13)
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where oyc(i) and oxscr(i) are the volume fractions at a distance i from the surface

in the MC simulation and NSCF calculation. respectivel;

The result of the first fi . with fixed \ = 0. was by = 1.04. This is in full

agreement with the MC results for the single polymer. by = 1.06 £0.04. The result

26 and b,

of the second fit was \ = 32. Of itself. the increased value of \ would

produce thinner layers with higher peak densities: this is countered by the increase

in by. Since the b, obtained from the MC simulation is virtually the same as that
obtained from the NSCF fit with y = 0, there are essentially only two independent

.32

s of parameters: \ = 0 and by = bye. and \ = 0.26 and b,
Figures 6.3 and 6.4 provide a visual comparison of the MC results and the two
sets of NSCF results. In Figure 6.3. the degree of polymerization is held constant
and the coverage is varied. while in Figure 6.4. o is constant and Z, is varied.
All profiles show an increase from zero at the surface to a maximum. followed by a
smooth decrease and an extended tail. In cach set of calculations. the location of the
maximum relative to the surface is essentially independent of o*. but increases slowly
with increasing Z,. The dependence on Z, is slightly stronger in the MC results

than in the NSCF ones. These dependences are in overall with previous

numerical (46] and experimental [69] work. but in contrast with the ideas of scaling
theory.
The agreement of both sets of NSCF calculations with the MC ones is rather good.

with neither NSCF set dramatically better than the other. The main difference is



that. in the set with both \ and b, fitted. the location of the peak is farther from the
surface. in better agreement with the MC results. The value at the maximum. o,,.

lightly worsening the agreement with the MC in

is increased modestly for o > 3.5

this way. except for lower reduced surface coverage where o,, actually decreases. As

cither Z, or o* decreases. the overall agreement worsens only slightly. even as low a

=1

. we will primarily use the NSCF results obtained with

For our quantitative analy

\ = 0.26 and by = 1.32. which we interpret as mean field renormalized parameters

This choice of parameters provides the best agreement with the MC results. and so
will best allow us to focus on the effects of the lateral inhomogeneities in the densities

with decreasing 0"

on x 023,

Returning to o,,. the asymptotic theories predict that it scal

Using R, x ZY*. this implies 0, x o*°Z7%?. The fits to the current MC and

3. respectively.

NSCF data for o* > 2 give 0, x 0°°®Z797 and 0, x o*0%
These powers are all in good agreement with each other. and with the earlier NSCF

results [46] which gave o, x 07027071,

6.4.4 Layer Thickness
Figure 6.5 shows the MC and NSCF results for the rms layer thicknesses as func-
tions of o*. The nearly perfect agreement of the MC and NSCF results near o = 10

is consistent with the fact that the fitting was done there. As o decreases, the
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Figure 6.5:
concentration o*. The filled symbols
are from NSCF calculations using b,

thicknesses decrease. The NSCF values decrease slightly more quickly and. below
0" = 1. the MC thicknesses are always greater than the NSCF thicknesses. How-
ever. the differences are less than 6% for o* > 2. (For the NSCF calculations with
\ =0 and by = by the discrepancy is a bit larger but remains less than 12% for

* > 2) Below 0" = 2. the differences grow. This is expected at these lower coverages

where inhomogencities in the planes parallel to the surface are more important. The



lateral averaging of the polymer densities inherent in the NSCF approach therefore

underestimates the local polymer density within cach chain. As a result. the cffective

erac s are stimated. which results in less

retching

of the polyme

What is perhaps most surprising is that. like the NSCF results. the MC results

ssentially linear decrease in hym, with decreasing coverage. which continues

show an

down to zero concentration. There is no evidence of plateau regions at low o* through
which /..., would be constant. These results contrast with the suggestion of Kent et
al. that the mushroom regime develops around o < 2. However. our results do

not actually contradict the experiments because the error bars in the measurements

that there is some

become large at low coverage. The absence of plateaus impl

stretching of the polymers due to interactions between polymers for reduced surface

s of

concentrations even below o* = 0. This is not unreasonable since an analy

the overlap between neighboring chains in terms of the average polymer end-to-end

distance. rather than R,. suggests some overlap of neighboring chains for o* = 0.5.
The fact that the MC thicknesses continue to decrease. but more slowly than the

o 5

NSCF ones. indicates that both lateral inh ities and the overlap
chains play roles in this regime.
As noted in Section 6.1. the experiments of Kent et al. indicate that, when divided

by R,. the layer thi can be 1 as a linar function of o".

at least for o* > 2. i

Equation (6.3). The carlier NSCF calculations obeyed
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similar linear relationships. [46] although with slightly different coefficients. 4 and B.

for polymers of different degrees of polymerization. Our NSCF results here behave

we use

similarly so. for brevity. we discuss only our MC resuits. For R, in this analy

the results from the MC simulations of the free polymers. Equation (6.9). Figure 6.6

shows the MC thicknesses. presented in this manner. Like the experimental and NSCF

results. they are nearly linear in o*. Also like the experimental results. but unlike
the NSCF ones. they all obey essentially the same linear relationship. At very low
coverage. the rms thicknesses reach a limiting value of 1.44R,. This is consistent with
the experimental value of about 1.5R, obtained by Kent et al.. about L43R, obtained
from MC simulations by Sorensen and Kovac. [148] and about 147R, obtained by
Adamuti-Trache et al. [144] in the absorbing chain limit.

As in carlier work. and in the analysis of many experiments. the fitting of power
law relationships for the laver thicknesses. covering the range 2 < ¢ < 15 and

80 < Z4 < 800 was also investigated. We did separate fits to the NSCF and \C

results. but they gave essentially the same results. Fitting to both sets of results

throughout this range gi

Wiins 2 T (6.14)
where » = 0.86£0.02 and p = 0.27 £0.02. These values are consistent with previous
[46] NSCF values of ¥ = 0.81 and g = 0.24 and with the experimental values of
v = 0.86 and u = 0.22 obtained by Kent et al. [69]. As noted earlier, the extracted

exponents depeid on the range o used because of the continuous evolution from the
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Figure 6.6: The rmns layer thicknesses divided by the unperturbed radius of gyration.
Pyume/ Ry- as functions of the reduced surface concentration o*. Ouly the MC results
are shown.

mushroom regime towards the high stretching regime. so these values should not be
interpreted as applying to any sub-interval of this range of o*. However. the most

interesting point is that the experiments and both kinds of calculations indicate that

the scaling with Z is significantly weaker than linear.

With R, = 0.4032%%2, as given in Section 6.4.1, and Equation (1.4). the rms
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thickness of the laver can be expressed as

brms % 20T

(6.13)
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Figure 6.7: Monte Carlo (filled symbols) and NSCF (open svmbols) layer thicknesses.

plotted on a log-log scale as functions of the fitted power law.

Figure 6.7 provides a clear picture of the quantitative comparison between the MC

and NSCF approaches by showing a log-log plot of /i, / R}™ vs. o for o™ € [0.5,15].



161

This range of o varies from a regime in which the chains overlap weakly to one in

which the polymers are strongly stretched. At lower concentrations (o7 < 2) the

\SCF calculations begin to deviate considerably from the Monte Carlo simulation

difference is attributed to lateral inhomogeneities which

results noted before, th

are expected to be more prominent at lower concentrations. For o* 2 2 the lateral

concentration fluctuations decrease and the two approaches agree well

6.5 Summary

stems are

There is a growing body of evidence that most end-tethered polymer s
in a regime of reduced surface concentrations which does not correspond to the brush

limit of highly stretched chains. In this chapter. a systematic theoretical study of

end-tethered polymers in good solvent was carried out. using numerical self-consistent
ficld calculations and Monte Carlo simulations. Interests in this study include detailed
comparisons of the results of the two methods with cach other and with experiment.

The comparisons include the limitations in the mean field NSCF approach at low

surface coverage. where fluctuation effects and lateral inhomogeneities may be impor-

tant. As in other Chapters. our MC approach incorporates the calculation of various
autocorrelation functions and related time scales.

In our first set of MC simulations. we modeled free polymer in athermal solvent.

From our results. we extracted an effective statistical segment length. bye. For the

cud-tethered systems. we did MC simulations and NSCF calculations. For the latter.
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we needed to choose appropriate values for \ and b,y. which we did by fitting NSCF
profiles to the MC profile for high molecular weight and coverage. We did two fits.
In the first. we set \ = 0 and varied b,: the resulting value for b, agreed with by to

within 2%. which is within statistical error in the fit. In the second fitting. we varied

both x and b,: the result was y = 0.26 and by = 1.32.

All the MC and NSCF calculations produced similar polymer density profiles.

There is a depletion layer at the surface. through which the polymer density increases

smoothly to a maximum. Beyond that. the profile decreases monotonically and ends

smoothly in an extended tail. The location of the maximum is nearly independent of

coverage. in agreement wich the experiments of Kent et al. [68.69] The dependence

of &,, on ¢* and Z,, is consistent with the analytical SCF predictions.
The NSCF calenlations for which both y and b, were fitted were in somewhat

stematic compar-

better agreement with the MC results. and we used these for the

s of lateral inhomogeneities at low surface

isons. This choice better isolates the effect

coverages. but it does not have qualitative effects.

Earlier calculations have suggested that the NSCF gives quantitative agreement

This is corroborated here with the good agreement

with experiment for o* >

between the MC and NSCF results for the rms layer thicknesses in this regime.

They also agree well with experiment in this range of *. Below o* = 2. NSCF layer
thicknesses are less than the MC thicknesses, implying that the lateral inhomogeneity

at o* = 0. calculated

is playing a role here. The limiting values of the rms thicknes
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using the MC simulations. are in quantitative agreement with experiments. [68.G9]

s [148] and renormalization group caleulations. [144]

other MC studie:

However. a surprising result occurred at low ¢*: Both the MC and NSCF rms

th 1o evidence of a plateau region.

sed monotonically as o — 0. w

nesses decr

This is expected for the NSCF formalism. in which the density is approximated by

s to zero at zero coverage. However. thi:

its laterally averaged value which decrease

approximation is not made in the MC calculations. and the laver thicknesses were

expected to level off at small o*. i.c., in the mushroom regime. Our results imply

that chains are still perturbed by their neighbors. even for o* < 0.5. This is perhaps

not as surprising when one considers that the average end-to-end distance is greater

than the average distance between anchoring points even at o* = 0.5. The absence of

n this region. since

stent with the experimental results

a plateau region is not incons
the experimental uncertainties were large.

ver thicknesses for all molec:

When normalized by the corresponding R,. the MC la

ular weights reduce to a single function of o°. which is nearly linear. This agrees with

experiments. with slightly better agreement than the NSCF results give. [46] This
representation is much better than a power law fit. This implies the general result

that R, remains a relevant length scale in these systems

Together. our results imply that the MC and NSCF calculations agree well with

cach other for 6* 2 2. For o* < 2. the lateral inhomogeneities begin to play a role,

but chains are perturbed by their neighbors at coverages at least as low as o* = 0.5.



164

The radius of gyration of unperturbed molecules. R,. remains a relevant length scale
throughout this regime. and a simple linear relationship. Equation (6.3). describes the
laver thicknesses much better than a power law relationship in this experimentally

interesting range of coverage.
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Chapter 7

Thin Films

7.1 Introduction and Review

ic

The study in this chapter is used to provide information on equilibrium statis

of thin films. It is motivated |

v previous theoretical work and the results from two

separate experimental studies. The work of Yerushalmy-Rozen et al. [5.6.149.150]
implies that a thin film with both an end-tethered layer and free polymers in solution

can be stabilized for periods of up to vears. It is believed that the coupling between the

two polymers is responsible for the stability of the film. Whether stability is obtained

via a thermodynamic or a dynamic mechanism is not clear. and requires further
investigations of the structure and properties of thin films. In other experiments, Lee
and Kent [2] presented an experimental study of the penetration of the free chains
into the end-tethered layer. It was investigated for a series of molecular weights of

both polymers. various surface coverages. and various volume fractions of free chains.

de Gennes [13] used a scaling approach to study these systems. The analy:
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restricted to Zg < Z,. de Gennes’ work was followed by detailed analytical SCF

calculations [16.74] for Zr < Z,. Both approaches identify three major regimes in

terms of the surface coverage and the bulk volume fraction of free chains. The scaling

m

O

Figure 7.1: aling theory

for Z¢ < Z,. SCF theory predicts similar behavior.

of the layer height for cach regime and the equations for boundaries between regimes
are given in Table 7.1 for the analytical SCF and scaling theorics.

In discussing the de Gennes theory. it is useful to use 0, and 0% to denote the

volume fraction of end-tethered polymer in the presence and absence of free polymer.

respectively. For the free chains. 6. oF and 1oy denote the overall volume fraction,

the volume fraction in the bulk, and the volume fraction in the end-tethered layer.

. there

Regime I corresponds to relatively low density of free chains. In this reg

is very little penetration of the free chains. and the structure of the end-tethered layer
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Power of laver height
Regime SCF Scaling
I Z0'® Zio'
il Z00r" Z.gop'_
T 2 A T | Zad P2 o
Equations of Boundarics between Regimes
Boundary SCF Scaling
LI bo ~or" o ~op"
[8T o ~orZ; " | Wo~op Z;
[AT oF = Z7' op = Z;""

Table 7.1: Power law dependences for the layer height h frowm scaling and SCF theories
for different regimes and equations for boundaries between regimes. These are all for
the case Zp < Z,,.

is controlled by the end-tethered chains as described in Chapter 6. The layer height

is therefore given by Equation (1.6). Assuming a step-like profile in the end-tethered

layer. the volume fraction o,y is cqual to 6% and is determined from Equation (1.6).

trans

As op is increased. there n from regime [ to regime II or [l when o

is high or low. respectively. The boundary between regimes I and II occurs when

oF = 0. Given of, from Equation (1.6). the boundary is then given by

Bo=of*. (7.1)

In regimes II and IIL. the bulk volume fraction of free chains is large enou
so they influence the propertics of the end-tethered layer. In regime IL. there is still
negligible penetration of free chains into the end-tethered layer and the layer is said to
be “dominated” by the end-tethered chains. In the scaling theory of de Gennes [13].

the following argument is used to determine the equilibrinm layer height. In the
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bulk solution. each free chain sees a repulsive potential jt,,(0f) which is due to the

In the end-tethered layer. each free chain sees a repulsive potential

other free chai
which has the same functional form as the potential in the bulk. but arises from
the end-tethered chains. i.e. ft,.,(04). The equilibrium condition for the free chains

requires

Heep(OF) = prepl004) -

The end-tethered layer responds to the free chains by decreasing its thickness so that

0.4 = op. Assuming a step-like profile. hoy = ob% Z.,. and this results in
h=b\Z005". (7.3)

In regime [II. the free chains penetrate into the end-tethered layer and o4 < LoF
where poF is the volume fraction of free chains in the end-tethered layer. The free
chains therefore screen out the interactions between the end-tethered chains. and the
end-tethered laver is dominated by the free polymer. This results in a reduction in
the laver height. so [13]

h=Zy0'RZ; o (74)

Regime I1T includes a sub-regime corresponding to unstretched end-tethered poly

mer. and one might expect some corrections to scaling in this limit of low surface

coverage. de Gennes [13] defined the boundary where the chains begin to stretch as

372

bo~ZpZ
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The condition Lof = 0.4 defines the boundary between regimes II and II1. Equa-

tion (7.4) with a step-like profile for the end-tethered layer. results in
o /8 12 =
Vo ~oi*z; (7.6)
at the boundary. We note that although Equation (7.3) assumes no penctration of
free chains into the end-tethered layer. we expect considerable penetration of free

chains near the boundary between regimes I and I11.

In regime II1. screening of volume interactions between end-tethered chains de-

—/5 i = s
ng (op. For op ~ (6p >~ Z;''”. a transition to a semi-dilu

ppears. This defincs

solution occurs and the screening of the end-tethered chains dis
the boundary between regimes [ and I These results for the boundaries and scaling

of the layer height are summarized in Table 7.1.

The scaling laws and boundaries predicted by the SCF theory of Zhulina et al. [16]

are also presented in Table 7.1. The scaling results are the same except for slight

s for regime III. This SCF theor;

c was

differences in the layer height and boundaris

ricted to Zg < Z, and extremely high surface coverage. The authors noted that

aling of

the expressions derived for each regime are approximate and corrections to s

the layer height due to non-power dependencies were investigated.
Wijmans. Zhulina and Fleer [17] extended the SCF theory of Zhulina et al. [16].

Their study provided details of the power laws for the layer height and the degree

of penctration of the end-tethered chains into the polymer solution. and of the free

chains into the end-tethered layer. Results were obtained for a wide range of sur-
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face coverages and homopolymer volume fractions. For non-overlapping or slightly
overlapping end-tethered chains. i.e. low o°. three other regimes were identified with

their corresponding scaling laws for the height of the end-tethered layer. For very low

mer has a negligible effect on the

densitics. o < Z7' and o < Z;”%. the free poly

layer height. the end-tethered chains behave as isolated chains and
as -
h~ZY0. (7.7)

With an increase in op. the effect of the free polymer is accounted for by introducing

an offective virial coofficient. .7y = (Zpop)™". and the layer height scales as

i Zeor) ™" (7.8)

when Z;' < op < Z5'Z), ®. A further increase in the vol-

ume fraction of free polymer results in end-tethered polymers which can be described

as Gaussian coils and

h~2ZY* (7.9)

isfied.

which applies if o > ZY?*Z7'. W0 < ZrorpZ7¥? and W0 < 0pZ;"? are s
These analytic theories are applied to systems with Zg < Z,. In the case that

nd

Z¢ > Z,. regime I is expected to disappear since. in the work of Zhulina
Semenov et al. [29]. the authors concluded that partial penetration of long free chains
is negligible.

Wijmans. Zhulina and Fleer [17] also performed a direct comparison of volume

fraction profiles between their SCF theory and lattice based NSCF calculations. In all
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cases. the profiles for the end-tethered laver were well represented by the SCF theory

due to the strongly stretched high molecular weight end-tethered chains (Z4 = 600).

For the interpenctration of free and end-tethered chains. there was good agreement

for Zpr < Za (Zp = 30) and 0" 2 5. but 0" 3 25 was required for good agrecment

when Zp ~ Z,/2 (Z¢ = 300). At all surface coverages. the SCF theory predicted
lower interpenetration of chains compared to the NSCF calculations. However. the

difference became negligible at extremely high surface coverages (o* = 110) where

the free chains were practically completely expelled from the end-tethered layer.

Lee and Keut [2] performed experiments and measured the volume fraction profiles

of both. end-tethered and free chains. Penetration of relatively high molecular weight
free polymer into the end-tethered layer was observed. They concluded that finite

molecular weight effects are important. and regime I may be relevant for relatively

high molecular weight free chains and coverage.

5.6.149.150] the anthors noted

In the experiments of Yerushalmy-Rozen et al.

styrene (PS) in good solvent can form stable filims on

that end-tethered and free pol;

surfaces when the concentration of free chains exceeds some critical value. The end-

tethered layers were composed of chains with degree of polymerization Z; ~ 3.600
and reduced surface coverage o* = 6. The degree of polymerization of the free chains

was relatively high. with Zr ~ 3.200 to 68.000. They found the critical concentration

to be approximately 5C*, where C* is the overlap concentration of the free chains.

The ability of these high molecular weight chains to stal e the films is interesting
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since the analytic SCF theories [16.29] suggest that there is no penctration of free

chains into the end-tethered layer for Zr > Z,,. In fact. these experiments show that

h increa

the critical concentration of the free polymer decreases wi g Zp.
Wijmans and Factor [47] performed lattice based NSCF calculations to compare

with the experimental results of Lee et al. [151] for free and end-tethered PS in

ethyl benzoate (EB). Volume fraction profiles were obtained for the end-tethered

polymer and compared with the neutron reflectivity data of Lee et al. [151] with and

without free polymer. The profiles were in reasonable agreement with experiment. No

comparison of the profiles of the free polymer was done. Further NSCF calculations

were performed and showed that. with an increase in the molecular weight of the free

chains. the profiles became more step-like in the region of i

nterpenctrating chain:

The recent studies by Lee and Kent

suggest that the penetration of the free

chains should be investigated for surface coverages which are more closely related to

experiment. This is the subject of the rest of this study. As in Chapter 6. a NSCF
approach is appropriate. except at low concentrations. where lateral inhomogencities
develop. As discussed in previous chapters. Monte Carlo simulations are well suited

for studying

stems at low concentrations but are restricted to low molecular weight
polymers. A Monte Carlo study is therefore to obtain information on the structure
and properties of the films and to provide a quantitative measure of the accuracy of

the

NSCF approach. A NSCF study is also done to make direct comparisons with the

experimental work of Lee and Kent. and predictions from analytical SCF and scaling
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theories. In both studies we investigate the laver thickness and the penerration of

the free polymers into the end-tethered layer as functions of the molecular weights

of both polymers. the surface coverage and the volume fraction of free polymer in

solution.

7.2 Monte Carlo Simulations

The general description of the MC simulations for thin films has been given else-

where [32.152] and in Chapter 2. Here. we provide a brief description of the sim-

ulations. As in Chapter 6. we use a simple cubic lattice. with periodic boundary

conditions in the r and y directions and impermeable walls at = = 1 and = = L..

The systems contain free (F) and end-tethered (A) polyme

and the empty sites
correspond to solvent (5). The free polymers are allowed to move anywhere in the

svstem whereas the end-tethered polymers have one end of each chain confined to.

but free to move within. the = = 1 plane. The number of polymers N, (i = A. F) and

number of effective monomers Z, vary in cach simulation with Np = 100 — 5.625.

=100-1

— 100. 707 and Z, = 60 — 100. Details are shown in Ta-

ble 7.2. The linear dimensions are chosen to accommodate all the polymers with the

A F.

restriction that L, = L, > Z; and L. > Z, with i
As in Chapter 6. all nearest neighbor interactions have been set to zero (e, = 0).

All four types of motions are used: reptation. kink-jump. crankshaft and Brownian

motion [79-82]. and all MC transitions that satisfy excluded volume constraints are
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MC & NSCF Monte Carlo
Z, L L, Y
F l = x
25 | 100 200 100-923
80 | 80 200 101-1.207
100 [ 60 200 | 0.54 142-1.707
Table Description of MC simulations and NSCF calculations for thin films.

accepted. End-to-end vector autocorrelation functions. which are defined in Equa-
tion (2.11). are used to monitor the relaxation of the end-to-end vectors of the free
polymers. The motion of the free polymers is also monitored by calculating a diffusion
constant D which is approximated in Equation (2.13). The average time required for
a free polymer to travel the average distance between nearest neighbor free polymers

is given in Equation (2.16). For the end-tethered polymers. we calculate and monitor

the same autocorrelation functions as in Chapter 6.

The relaxation time of the system is taken as the maximum of all the autocorrela-

tion times. The time is measured in terms of V-bead cycles where NV = NpZp+ N, Z
Monte Carlo attempts. The simulations are run for 10.000 .V-bead cycles plus a min-

imum of 20 relaxation times. Ensemble averages are then taken over a minimum of

40 relaxation times.

7.3 Numerical Self-consistent Field Theory

The general NSCF theory for this system is described in Chapter 3. A specific

tem is characterized by the parameters Z, (i = A.F). b. 0. 0. poc (x = A.F.S)



175

and the Flory parameter vy, (Lm = A.F.5). In this study. the frec and end-
tethered polymers are the same species. therefore. b= by = be. \ar = 0. and we set
\ = \as = vrs and po, = 1 (k= A. F. S). The local volume fraction of free polymer.

7) with itself.

0¢(2). can be determined from the convolution of the propagator g
and from Equations (3.94). (3.105) and (3.107). It is given by

A
or () = Zoer'r

ZF

/ drqp(z. Vel Ze = 7) - (7.10)
o

The volume fraction of end-tethered polymer is calculated from q4(z,7) and

a(s.7). through Equation (6.7).

All three propagators satisfy the modified diffusion equation. Equation (3.109).

and are subject to the initial and boundary conditions given by Equations (3.112). (3.113).

and (3.114).

The incompressibility condition implics that
04(z) +op(z) +0s(z) =1 (7.11)

everywhere.

From Equation (3.93). the potentials acting on both polvmers can be written as

—)) —2x(or(2) = 6p)
where j = A. F. 0p(z) = 0.4(z) + 0(z) and 6p = 6.1 + 6F. and an additive constant
has been chosen such that w,(z) = 0 as 05 — 6.

As usual. the problem is solved self-consistently. via the iterative procedure de-

scribed in Reference [46].



7.4 Results and Discussion

This Section is divided into four subsections. In Section T.4.1. a quantitative
comparison between MC simulations and NSCF theory is done for various surface

coverages. and molecular weights of both end-tethered and free chains. The extent

of penetration of the free chains in the end-tethered layer is investigated. and a

qualitative comparison with predictions from analytical theories is also performed.

In Section T.4.2. a dircct comparison between the experiments of Lee and Kent [2]

and NSCF theory is done for relatively high surface coverage and for both relativel

high and low molecular weight free chai The results for the penetration of the

free chains into the end-tethered layer are compared with predictions from analytical

theories. Section 7.4.3 is devoted to a systematic study of the effects of the free
polymer on the end-tethered layer profiles. the interpenctration of the free and end-
tethered polymers. and comparisons with predictions from analytical theories for the
three regimes discussed in the Introduction. Because of the high molecular weight

polvmers included in this study. the NSCF approach is used. In Section 7.4.4. the

ing of the laver height is investigated for the three regimes defined by the analytica

theories using the NSCF approach. A supplementary series of NSCF calculations

also done to investigate the change in physical behavior from one regime to another.



7.4.1 MC Simulations and NSCF Theory

A series of NSCF calculations and MC simulations with degrees of polymerization
ranging from Zp > Z4 to Zp < Z4. 0 = 1 to 12. and 6F = 0.054 has been done

to investigate the behavior of these systems and compare results between the MC

and NSCF approaches. The simulations and calculations are listed in Table As

in Chapter 6. two sets of NSCF calculations were done. In the first set. \ = 0 and

the renort zed mean

b= bye = 1.06. In the sccond set. \ = 0.26 and b =

field parameters.

In Figure 7.2(a). the volume fraction profiles of the free and end-tethered chains
are plotted as functions of the distance from the end-tethering surface for a system

The filled circles are the results from the

with 0* = 12. Z, = 100 and Z

MC simulations: the solid lines are the NSCF calculations with b = 1.06 and \ =
and the dashed lines are the NSCF calculations with the renormalized parameters.

The MC resul

agree very well with both sets of NSCF results.

differences in the vicinity of the peak and tail of the end-tethered layers. The NSCF

results from the renormalized parameters agree best with the MC simulations. The
overall agrecment between MC simulations and NSCF calculations is not surprising
considering that the system is in the upper limit of experimental surface coverages.

What

urprising is the agreement in regions of low concentrations of free and end-

tethered polymers. i.e. the overlap region.

Figure 7.2(b) displays the profiles for a system which is the same as the previous
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Figure 7.2: \olume fraction profiles of end-tethered and free polymers: Zp = 25,
Zy = 100. 65 = 0.034 and 0* = 12 (a) and o* = 1 (b). MC simulation (e). NSCF
caleulation with \ = 0 and b = 1.06 (solid lincs) and NSCF calculation with \ = 0.26

and b = 1.32 (dashed I

05).
one except that the surface density is lowered to 0® = 1. The results are plotted
on a different scale. for convenience. In this instance, both sets of NSCF results

agree reasonably well with the MC simulations. In particular. the ones using the
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renormalized parameters show remarkable agreement. especially considering that the

stem is now in a regime of low coverage. The NSCF calculation reproduces the

detailed structure of the profiles of both polymers. What is striking is the shape of
the volume fraction profile for the free polymer within the end-tethered layer: A kink
in the profile appears at the position corresponding to the maximum of the volume

fraction of end-tethered polymer. Bevond the position of the maximumn. the volume

ant value when

at a slower rate and reaches a cons

fraction of free polymer increas

0.4(=) reaches zero. These details are in remarkable agreement in the two calculations

Since the second set of NSCF calculations. with y = 0.26 and b agrees

better with the MC results. as with end-tethered layers alone. the calculations with

the renormalized parameters are used for the quantitative analysis. This is the same
procedure as in Chapter 6.

For a quantitative measure of the range of validity of the NSCF theory. the rms

layer thickness. Apm,. is plotted. in Figure 7.3(a). as a function of o for all \IC

cribed in Table 7

Three sy

and NSCF calculations des stems are shown.

mulations

Z.4/0.6. For a given Zy. by, increases with

with Zp = Zo/4. Zp = Zy and Zp:

as expected. for both MC simulations and NSCF calculations. When

increasing o
Z.y = 100. the discrepancy between the two approaches decreases with increasing o*.
This result is consistent with the fact that the parameters were fitted to Z4 = 100 and

= 10. It is also consistent with the fact that. as 0* decreases. inhomogeneities begin

to develop and the lateral averaging in the NSCF calculations underestimates the
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Figure 7.3: a) rms thickness of the end-tethered layer versus the reduced surface
concentration. b) Log-log plot of the relative degree of overlap versus the reduced
surface concentration. The inset shows a log-log plot of the arca of overlap versus the
reduced surface coverage: MC simulations (filled symbols). NSCF calculatious (open
symbols). Zy = 25 and Z, = 100 (o). Zr = 80 and Z, = 80 (Q). Zr = 100 and
Z;=60 (o). \ = 0.26 and b= 1.32.

local polymer volume fraction. When Z, < 80 and ¢* > 6. the relative discrepancy

between the two approaches actually increases slightly with increasing o*.
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s seen in Figure 7.2(b). the penetration of the free chains into the end-tethered

layer can be considerable. In fact. the free polymers can completely envelop the
end-tethered layer. We introduce the relative degree of overlap of the free and cnd-

ine it as the fraction of

tethered polymers to quantify the interpenetration. We de

ner profile. It is given by

the end-tethered layer profile which intersects the free poly

min(or. 0.4)dr

.13)
" oads

where L is the film thickness.

As discuss

ed above. the analytical theories predict that. for systems in regimes [
and IL there is no penetration of free chains. and therefore ag should be close to

zero. The boundary between regimes IT and III occurs when the volume fractions

of free and end-tethered chains in the layer are equal. pop ©4. Qualitatively.

this happens at the free polymer volume fraction at which @ ~ 1. The boundary
between regions [ and III separates a regime where there is no penetration of free
chains and a regime where the free chains completely envelop the end-tethered layer.

In practice. the evolution from zero penetration to complete enveloping may not be

stem is in

sharp. resulting in 0 < ag < 1 in either regime L. IT or ITI. Whether the s
regime [ or II, the presence of free polymer in the end-tethered layer would indicate

a continuous

evolution towards regime I with increasing o or decreasing o*. As
shown in Figure 7.1. the cross-over can occur cither from regime I or regime IL with

an increase in o or a decrease in .

ame calculations

Figure 7.3(b) shows a log-log plot of ag as a function of o* for the
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and simulations shown in Figure T.3(a). Overall in these systems. ag ranges from

about 0.7 when ¢* is low and Zr = Z,/4 down to about 0.01 when o is high and

Zp = Z,/0.6. For constant Z,. as o* increases from unity to o* = 12. ag decreases

by a factor of about 20. At constant ¢°. ag decreases by a factor of about 3 in going

between the MC

from Zp = Z4/4 to Zp = Z4/0.6. The largest relative discrepanc:
and NSCF results occurs at ¢° = 12. For high surface coverage. the free chains are

s sensitive to the volume fraction

expelled from most of the end-tethered layer and aq
profiles in the tail region of the end-tethered layer. In this case. the NSCF results

show a longer tail region for the end-tethered polymer profile (see Figure 7.2(a)) and

this results in a larger ap. At lower surface coverage. the opposite is true and the

NSCF results show a smaller ay compared to the Monte Carlo results. In this cas
there is more penetration of the free chains and ap depends on the volume fraction

profiles throughout the end-tethered laye

When Zp = Za/4 (circles). aq varies from about 0.7 down to about 0.03 with

. ag < 0.18 for o* > 2. reaching as

ig 0. For Zp = Z,/0.6 (diamonds

low as ag ~ 0.01 for ¢* = 12. These results are consi
of the analytical theories that higher molecular weight free polymers penctrate the
end-tethered layers to a lesser extent than lower molecular weight ones.

The decrease in ag with increasing surface coverage can be attributed to a decrease

in the overlap region and/or expulsion of the free polymers from the end-tethered
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layer. To further investigate this effect. we define the overlap integral. a,. by

g
e / min(or. o). (.19)
£

h is just the numerator of Equation (7.13). Results for a are presented in the

inset of Figure 7.3(b).

due

For Zg = Z,/4. the overlap a, initially increases with increasing o°. T

to the extensive penetration of the free chains (ag ~ 1). When the free polvmer still

aver (ag = 1). as 0* increases. the area under

completely envelops the end-tethered I
the curve o, (.r) increases, i.e. there is more end-tethered polymer. In the limiting

e where the end-tethered layer remains completely enveloped by the free polymer.

a; must increase with o*. When further increase in the surface coverage begins to

cause expulsion of the free chains from the end-tethered layer, the overlap begins to

decrease. When Zp > Z,. the system begins in a regime of weak relative degree of

overlap. and both ag and a; decrease monotonically with increasing surface coverage.

What is i

teresting to note is the relatively small change in the overlap compared

to the relative degree of overlap. An increase in the reduced surface coverage from

1 to o = 12 causes a decrease of approximately 50% in the overlap whereas the

relative degree of overlap decreases by a factor of at least 25. Increasing the surface

coverage therefore effectively expels the free chains from the main part of the end-

tethered layer while keeping the overlap relatively constant compared to the relative
degree of overlap.

We note that these results are for relatively low molecular weight polymers. We



investigate these effects for real systems in the following sections.

7.4.2 Comparison with Experiments

In this section we make a comparison with the profiles measured experimentally

by Lee and Kent [2]. The systems they studied consisted of free and end-tethered

PS in EB. They used two combinations of molecular weights of the free and end-

tethered polymers. In the first case. Zg < Zy with Z¢ = 413 and Z, = L.G:

We note

and in the second case. Zp ~ 2Z, with Z, = 3.846 and Zr = 1.6
that the molecular weights for the free and end-tethered chains obtained from the
experiments of Lee and Kent were precise to two significant figures. As shown in

Figures 7.4(a) and 7.4(b). with o* = 12 and of = 0.06. they obscrved considerable

penetration of the free chains when Zp < Zy. When Zp =~ 2Z,. the experiments

ingly large degree of penetration of the free polymer. with a plateau

showed a surpris
region reaching relatively deep into the end-tethered layver. In contrast. analytic SCF
theories predict no interpenetration of the polymers for these parameters.

The volume fraction profiles from the NSCF calculations are also presented in

stem char-

Figures 7.4(a) and 74(b). For these comparisons we used experimental

acteristis For PS free and end-tethered polymers the statistical segment length

was b = 0.71 nm and the Flory interaction parameter for PS polymer in EB was

\ = 0.44 [46]. The reduced surface-coverage o is determined from Equation (1.4)
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Figure 7.4: Volume fraction profiles of end- let]mrvd and [mc pol\ mers: a direct com-
parison with experiments of Lee and Kent [2]. a) Zr = 4 or = 0.06
and 0* = 12. b) Zp riments (o)
and NSCF calculations (lines). The solid curve for the experimental volume fraction
profile of free chains in (b) serves as a guide to the eye.

with the radius of gyration given by [46.68.69.153]

R, = 0.0117M2%% | (7.13)
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where M, is the molecular weight of the polymer amd R, is in nanometers. For

Zr < Z,. the free polymer does indeed show some penetration of the free chains

deep into the end-tethered layver for 0° as high as 12. The volume fraction op(z)

reaches the surface. and the tip of the end-tethered layer extends to about 75 to

80 nm. The condition oF ~ 0,4 occurs at = > 52 — 55 nm. In the case of Zp >
Z 4. neither the experimental or theoretical profile for the free polymer reaches the

surface. but they both end at = ~ 20 — 30 nm. The end-tethered layer extends to

nm. In the theoretical result. the

about 75 nm and op ~ o4 occurs at : >
free polymer again penetrates into the end-tethered layer. but there is no plateau

s. the ma

region. In both ca cimum volume fraction is greater in the theoretical

profile than in the experiments. and this results in smaller layer thicknesses. There is

also less penetration than found experimentally. but it is still greater than predicted

by analytical SCF theory. The experimental. NSCF and analytical SCF results give

ag = 0.30.0.16 and < 0.04 for Zp <« Z4. and ap = 0.21.0.077 and < 0.005 for

Zp > Z.. respectively.

7.4.3 Systematic Study: Volume Fraction Profiles, Overlap
and Layer Height

To complement the experimental studies of Lee and Kent we have performed a

tematic serics of NSCF calculations on free and end-tethered PS polymers in EB.

We investigated the height and shape of the end-tethered layer. and the relative degree
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of overlap as functions of the molecular weight of both polymers. the overall volume
fraction o of free polymer and 0. Our series included 256 NSCF calculations in

which the degree of polymerization of both polymers was varied from 400 to 4.000.

of from 0.005 to 0.06. and o from 2 to 12. The maximum overall volume fraction.

O = 0.06. was chosen to correspond to the experiments of Lee and Kent [2].
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Figure 7.5: Volume fraction profil
Zy = 1.000. 65 = 0.06 and o*
' =12. ¢) Zg = 4.000, Z, = 400. 67 = 0.06 and o*
o = 0.06 and o* = 12.

of end-tethered and free polymers: a) Zp = 400,
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Figures 7.5(a) and 7.5(b) show volume fraction profiles from calculations with

The

1.000 and of

0.06 for o 2 and o°

= 400. Z, 12. respectively
shapes of the profiles show some interesting features. as seen in results from the MC

simulations. with a kink in op(z) at the position corresponding to the maximum in

In Figure 7.5(a). the low molecular weight free chains completely envelop the end-

5(b) the tethered

tethered layer due to the relatively low surface coverage. In Figure 7.

polymer coverage is increased to o* = 12 and yet the free polymers still penetrate into

the end-tethered layer. with ap = 0.58. This implies that systems with Zr < Z,, and

volume fractions of free chains as low as 6 ~ 0.06 are restricted to regimes where

there is considerable penctration. by the practical upper limit of o* = 12.
At the other extreme. Zg 3 Z,. Figures 7.5(c) and 7.5(d) show volume fraction

= 0.06. For convenience. the data in

profiles for Zp = 1.000. Z, = 400 and o
Figures 7.5(c) and 7.5(d) are plotted on a different scale than those in Figures 7.5(a)

and 7.5(b). At low reduced surface coverage where o = 2. the free polymers s

penetrate the end-tethered layer. as shown in Figure 7.5(c). However, they are ex-

pelled from the end-tethered layer in comparison with Figures 7.5(a) and 7.5(b). In
Figure 7.5(d) the surface density is increased to o° = 12 and now the free chains

are expelled from most of the layer with the exception of some partial penctration

in the tail region. What is interesting in this case is that. although there is little to

s similar to

no penetration deep in the layer. the overlap between the two polymers
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the case shown in Figure 7.5(c). When Figures 7.5(¢) and 7.5(d) are superimposed.

) and 04(2). The

the profiles in the overlap regions are almost identical for both o
major effect of increasing o* is thus to move the free chains farther from the surface.
To a first approximation. the overlap is independent of o*. The most important point
is that there is still penetration of the free chains for reduced surface densities up to

12. more than predicted by analytical SCF theories.

To discuss the shape of the profiles. we begin with Figure 7.5(d) where there
is little relative degree of overlap. The end-tethered layer has a depletion region
near the surface. a parabolic region. and a short tail at the tip. reminiscent of the

7.5(c) and 7.5(d) show that the

rs found in Chapter 6. Figures

end-tethered 1

parabolic region shortens and the tail region lengthens. with decreasing o*. This
trend was also obscrved in systems of end-tethered polymers in solvent in Chapter 6
and Reference [46]. The density of the free chains also affects the shape of the end-
tethered layer. At constant ¢°. the length of the tail and the relative degree of

same effects are also observed

overlap. ao. both increase with increasing op. Thes

for Z- < Z,. as shown in Figures 7.5(a) and Figures 7.5(b). except that the case

involving a long tail region occurs at higher relative degrees of overlap.
In Figure 7.6(a) the relative degree of overlap. ag. is plotted as a function of o*
for three scts of molecular weights of the frec and end-tethered chains: Zr < Z4

(filled symbols). Zr = Z4 (open symbols) and Zr 3> Za (grey symbols). In each

to 0.06. In all cases. ag decreases with increasing o*

set. o is varied from 0.0
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and decreasing overall volume fraction of free polymer. This general trend is seen in

all other calculations and is consistent with previous results shown in Figures 7.5(a)-

(d). T general. there is a modest decrease in the overlap a; with increasing surface
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coverage. as shown in Figure 7.6(b). except in those cases where the free polymers

completel

or almost completely. envelop the end-tethered layer. In all cases. a,
decreases with increasing molecular weight of the free polymer. These obscrvations

stent with MC results observed in Section 7.4.1.

are con
For Zr < Z, and o5 = 0.06 in Figure 7.6(a) (filled triangles). ap = 1 when o* <6

and. beginning at o* = 6. decreases down to about 0.6 with increasing o°. When

o = 0.005 (filled circles). ap = 0.4 when o = 2 and decreases down to ag = 0.07
when o* = 12 For Zp 3> Z, (grey symbols). in all cases ap < 0.2 which suggests
a regime corresponding to weaker penetration (sce also Figures 7.5(c)-(d)). We also
note that. although ag decreases with increasing surface coverage. Figure 7.6(b) shows
that @, remains relatively constant. This is also shown qualitatively in Figures 7.5(c)-
(d). The intermediate case with Zp = Z, follows the same general trends: more

interpenetration of polymers than with relatively high molecular weight free polymers.

and less than with relatively low molecular weight free chains.

Figure 7.7 shows the rms layer thickness as a function of the reduced surface

beled

coverage. The data are the same manner as in Figure 7.6. In all cas

hrmy increases with increasing o” and the variation is almost linear in o*. The latter

result is consistent with previous experimental [69] and NSCF [46] studics. and with
our results in Chapter 6 on end-tethered layers. A second general trend is the fact that

hrmys decreases with increasing overall volume fraction of free polymer. Quantitatively,

hrus increases by imately 62% with o* i ing from 1 to 12. and decreases
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Figure 7.7: rms height of the end-tethered layer versus the reduced surface concentra-
tion: Zp =400 and Z, = 4.000 (filled symbols), Z = 1.600 and Z, = 1.600 (open
symbols). Zp = 1.000 and Z, = 400 (grey symbols). 0.005 (o). oF = 0.02 (o).
op = 0.04 (O). oF = 0.06 (A).

by approximately 14% with o increasing from 0.005 to 0.06.

7.4.4 Systematic Study: Scaling of the Layer Height

In this section. laver heights arc analyzed in terms of the three major regimes

predicted by the analytical SCF and scaling theories. The data include the set of 256

NSCF caleulations described in the previous scction. augmented by a supplementary
series of NSCF calculations for reasons which will become clear.

Scaling relations were calculated for both Zr < Z4 and Zg > Z, for ranges
of surface coverages and overall volume fractions similar to those found in the ex-

periments of Lee and Kent [2]. For Zr < Z,. the following three combinations of
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degrees of polymerization were used for the analy Zp = 400 and Z, = 4000.

Zr = 800 and Z, = 4000. and Zp = 400 and Z, = 1600. Similarly. for Zy > Z.

we used Zp = 4000 and Z, = 400. Zr = 4000 and Z, = 800. and Zy = 1600

and Z, = 400. Although the analytical theories were not intended to apply when
Zr > Z,4. a comparison between the NSCF results with Zg > Z, and the SCF
predictions for Zp < Z, is of interest.

We used the boundaries predicted by the asvmptotic theories to determine the

corresponding regime for cach of the 256 systems in the systematic study. In our

cmatic study. the values of o* are 2. 4, 8 and 12. \We sorted these into two cate-

gorie

a low range (0* = 2.4) and a high range (o* = 8.12). Similarly. the values of

oF = 0.005. 0.02. 0.04 and 0.06 were sorted in the following categories: the low range
(6F = 0.005.0.02) and the high range (67 = 0.04.0.06). In regime I of the analytical

theories. the end-tethered chains stretched (high o°) and

are assumed to be highl,

there is no penctration of free chains (low 6¢). Therefore. to a first approximation.

wstems in the high and low ranges in o” and 6. respectively. should fall in regime L.

In regime IIL the analytical theories predict that the free ch completely envelop

the end-tethered layer (Lof > ©4). Again to a first approximation. systems in the

low and high ranges in 0* and 6. respectively. should fall in regime IIL

For our analysis in regimes [ and 111, we first screened the set of 256 calculations

by specifying a high or low range in ¢* and &f. as described above. The selected

stems were then vel

ed against the boundaries predicted by analytical theories
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and systems which were outside the regime of interest were excluded. The analysis in
regime III was done for Z < Z, only. because none of the NSCF calculations with
Z¢ > Z, fell within this regime.

For Zr < Zy. regime [ may not be well defined due the close proximity of

the boundaries between regimes [ and II. and regimes II and I (see Figure 7.1).

In this case. all systems with Zp < Z which fell within regime II were included
in the analysis. The limits were therefore the same as those from the set of 256
NSCF calculations which correspond to 2 < o* < 12 and 0.005 < o < 0.06. For

Zp > Z,. all systems in the high and low ranges of o* and op. respectively. were in

regime I whereas sy

ems in the low and high ranges of o* and . respectively. were
in regime IL

We note that. the limits on the ranges of o* and 6 are too short for a proper

ling analys

and our results are only semi-quantitative.

The scaling anal.

s of the rms height of the layer was done by fitting /i, to the
following function
Rems = AZ50°Z} 0% (7.16)
where A. a. 3. 5 and v are the fitted parameters.
We begin our analysis with the casc of Zp < Z,. We note that of is defined as

the bulk volume fraction of free chains. In our NSCF calculations. the thickness of the

films is finite. In our o therefore corresponds to the volume fraction of

free polymer in the region away from both surfaces where the of(z) is constant. The
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Zr L 24 Prrms X 23072 ;0% Overlap
Regime | o” [op(%) | a & & v
T L [1/3] 0 0 [Scaling & SCF | No
T >8] <2 [087]0.30]-0.01 | -0.04 NSCF Yes
T 1 T 0 -1_[Scaling & SCF | No
M [ >2[05-6]081]030]-008 | -0.16 NSCE Yos
1] 1 [1/3]-1/3 | -5/12 Scaling Yos
1] T [ 1/3]-1/3] -1/3 SCF s
M [<4[1-6 [070[0.16]-0.12 | -0.07 NSCF
Zr > 2, hems X Z307 230
Regime | o* [op(%) | o | 3 | - v
[>8[ <2 [0.89031]0.001 -0.003 NSCE Dartial
LIl [<4] 1-6 [0.69]0.25]0.004] -0.14 NSCE Yes

Table 7.3: Power law dependences for the layer height & from scaling and SCF the-
ories. and calculated power laws from the NSCF calculations of Ay, for different
regimes. The regimes are determined by the scaling and analytical theorics.

scaling analysis is performed in terms of o for consistency with analytical theories.
In Table 7.3. the exponents 5 and v are close to zero for systems in regime I. These
results arc in agreement with analytical theorics. On the other hand. they remain

small compared to most of the cor ing exponents predicted by the analytical

theories for systems in regimes II and III. Our results therefore suggest that. for
o* < 12 and 6F < 0.06. the end-tethered layer remains largely unaffected by the
presence of the free chains.

For cach regime. there is a range of o* and the average o in each regime increases
in going from regime I1I to regime I (see column 2 of Table 7.3). Our results show
that the exponents a and J increase in going from regime 11 to regime L. Baranowski

and Whitmore [46] performed a scaling analysis of the rms layer height for a similar




system of end-tethered polymers in solvent with no free polymer. For 2 < o < 4.

they obtained A, x Z°766%2! and. for 10 < ¢° < 12, hpmy x Z%%6%%. showing

ing o*. These results are in agreement with

an increase in the exponents with increa

ours for regimes Il and I and provide further evidence that the end-tethered layers

are not significantly affected by the presence of the free polymer. Baranowski and

Whitmore interpreted the increase in the values of the exponents as a continuous

evolution towards the asymptotic brush limit. This behavior is also scen in our NMC

olvent discussed in Chapter 6.

and NSCF results for end-tethered I

ers in good

Since the free chains do not appear to affect the end-tethered layers in our systems.

can also be attributed to a

the i

creasc in the exponents a and 3 with increasing o
continuous evolution towards the limit of highly stretched chains

When Zp > Z,. the features are similar. The exponents a and 3 increase with

increasing o while the exponents 5 and v remain close to zero in regimes [ and 11
The fact that the free chains do not significantly affect the end-tethered layer
thickness even when there is considerable penetration of free chains disagrees with

the analytic theories for regimes II and III. We therefore performed a further series

of NSCF calculations and increased the volume fraction of free chains up to op =

0. This w ems where there is little to no

done to probe the behavior in sys

penetration of free chains to cases where the free chains dominate the end-tethered

layer. The physical behavior of the systems was compared with the behavior predicted

by analytical theories. According to Figure 7.1. there are two possible scenarios when
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oF increases. When the surface coverage is high there is an evolution from regime I

to regime [1. A further increase in oF may result in a cross-over to regime [I1. The

secoud scenario happens when the surface coverage is low. In this case the systems

move from regime [ directly to regime I with increasing of-

Four sets of calculations were done. In the first set Zp = 400. Z, = 4.000 and

The results correspond to the filled squares in Figure 7.8. Figure 7.8(a)

shows a log-log plot of k., as a function of op. When op < 0.01. Ay, docs not

change significantly. Bevond op = 0.01. fym, decreases with increasing o until the

hes about —0.51 at op =~ 0.5. Although the analytical theories predict a

slope rea

transition to regime IL. with a slope reaching — 1. there is no evidence here of behavior

typical of this regime. The slope might reach —1 if of is increased beyond 0.5. but

we note that when o = 0.5 the em is actually predicted by analytical theories

to be past regime II and well in regime III. The fact that the slope is —0.51 when
oF = 0.5 and the dependence of k., on 6f continues to increase for of as high as 0.5

suggest that the dependence on oF might continue to decrease well bevond the power

law of —3/12 predicted for regime IIL. for o > 0.5. These results show a different

physical picture than expected from the analytical theories. When op > 0.5. the free

chains completely envelop the end-tethered layer and the profiles of the end-tethered

layers are peaked very close to the surface with a long exponential tail. This type

of profile is quite different from the uniform or parabolic profiles of the analytical

theories. Hence. predictions from analytical theories are not expected to apply in this
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: a) Log-log plot of the rms height of the end-tethered layer as a function of
the volume fraction of free polymer of. b) Maximum volume fraction of the polymer
in the end-tethered laver as a function of the volume fraction of free polymer of. The
line corresponds to 0" = oy ¢) Relative degree of overlap (ao) versus the volume
fraction op. Zp = 4.000. Z, = 400 (circles) and Zp = 400. Z,; = 4.000 (squares).
2 (open symbols). The symbols = and x represent

" =12 (filled symbols) and o* X
the volume fractions at which 04"*” = of and ag = L. respectively.
case.

Figure 7.8(b) shows the maximum in the volume fraction profile of end-tethered

polymer. (", as a function of 0. Behavior typical of regime II should show
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an interval in o where 0'{***) ~ of. which is indicated by the solid line. There

is no evidence of such interval in Figure 7.8(b) for this first set of calculations. In

) increases slowly with increasing o and simply crosses the solid line.

contrast. 0§
Figure 7.8(c) shows ao as a function of of. For this set of calculations ag quickly
increases to unity and there is no significant sub-interval in of where a5 is relatively
constant and close to zero. Again this result contrasts with the behavior predicted
by analytical theories for regime I In summary, although the analytical theories

predict that regime II is relevant in these ems, Figures 7.8(a). (b) and (c) show

no evidence of physical behavior typical of this regime. Instead. the physical behavior
is consistent with a continuous evolution towards regime I1I.

In the second set of NSCF calculations. the degrees of polymerization are the

same but the surface coverage is reduced to o = 2. The results correspond to the

open squares in Figure 7.8. The results are qualitatively similar to the previous set

of calculations. When ¢* = 2. h,,, is always lower than when o* = 12 for the

same value of of. as expected because of the decrease in stretching. The slope in

Figure 7.8(a) reaches about —0.86 at oF = 0.5. This result is close to the predicted

value for regime I1. However. we do not identify this as regime IT because. as in the

previous case, the end-tethered layer is completely enveloped by the free chains and
(rmax)

the profile is no longer parabolic. In Figure 7.8(b). 0}{"**’ is relatively small compared

to the results from the previous calculations due to the lower surface coverage. In

Fignre 7.8(c). ag quickly reaches unity with increasing of as in the previous set of



calculations. Again. this s much different than any other system consi

in the analytical theori

In the third set of NSCF calculations. the degrees of polymerization are inter-

changed to Zp = 4.000 and Z, = 400. and o° 12. The results arc shown by

the closed circles in Figure 7.8. In Figure 7.8(b). when 0.25 < of < 0.45. o™

shows an asymptotic-like behavior with 0"’ =~ of. There is. thercfore. evidence of

behavior which corresponds to regime IL In Figure 7.8(a). the rns height decreases

considerably at higher volume fractions and a minimum slope of v ~ —0.65. accurs

at oF ~ 0.35. If the condition 0" = of holds. one would expect a stronger power

giving a slope closer to —1 but. in this case. a log-log plot of 6" versus of showed

a power law with 04" x 077, for 0F > 0

From this result. a weaker power law

for the rms laver height is expected. namely h,,, x of*7". which is closer to the

result obtained. Further evidence of physical behavior consistent with regime 11 is

shown in Figure 7.8(c) where ap remains low (ao < 0.3) for o < 0.45.
When of = 0.5. Figure 7.8(a) indicates a slight increase in the slope of the curve.

and Figures 7.8(b) and 7.8(c) show that 0™ < of and ag becomes significant.
-l =

These results indicate that. when oF 2 0.5. behavior corresponding to regime [11

ical theories

may be observed. This suggestion contrasts with the predictions of analy
where relatively high molecular weight free chains are not expected penetrate the end-
tethered layer.

In the fourth and final set of NSCF calculations. Zp = 4.000 and Z, = 400
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again. but the surface coverage is decreased to o° = 2. The results are shown by

los

the open ci

n Figure 7.8. The free chains can now penetrate the end-tethered

lay

or considerably

seen in Figure 7.8(c). At low op. Figure 7.8(a) shows that

the end-tethered 1

er height is largely unaffected by the free chains when op <

0.04. A further increase in of causes a decrease in the laver height and a minimum
slope = —0.20 for op = 0.15 is obtained. This is consistent with the prediction of

Equation (7.8). which includes corrections to scaling of the laver height to account

for screening effects. A continued increase in o results in a leveling of the rms laver

height. This is

istent with a regime in which the end-tethered chains behave as

Gaussian coil

seen in Equation (7.9).

To summarize. the physical behavior of s

cstems at commonly observed surface

coverages and Zp < Z4 suggests that regime I is not observed and a continuons

evolution from regime [ to regime I occurs with increasing op. When Zp > Z,

and o* = 12. the physical behavior suggests a continuous evolution from regime I to

regime [L When Zp > Z, and o°

the systems move directly from regime I to

regime I with increasing op. Interestingly. the behavior observed for Zp > Za. is

consistent with analytical predictions for Zp < Z, but. for Zp < Z,. the NSCF

results show quite different behavior.



7.5 Summary

In this chapter. we have carried out a detailed comparison among analytic scaling
and SCF theories. NSCF caleulations. MC simulations and experiments. The volume

the rms layer height and the relative degree of overlap between the

fraction profiles.

end-tethered and free chains provide a means for a comparison. For a comparison

in Chapter 6.

with MC simulations. two sets of NSCF calculations were done. a

The NSCF calculations with the r lized mean field provided better

agreement with MC simulations.

s remarkable. and extends

In all cases the agreement between the two approaches

to reduced surface concentrations as low as o” L. The MC simulations were also

used to investigate the rmns layer height and the relative degree of overlap between

free and end-tethered polymers for a series of degrees of polymerization ranging from
Zr < Zy to Zr > Za. The rms height of the end-tethered layer increased with

seen in analytical SCF theol

increasing reduced surface concentration and Z, as
NSCF calculations and experiments. The extent of interpenetration of the free and
end-tethered polymers was characterized by defining the relative degree of overlap ag.
Extensive penetration of free chains was shown for o* < 6 and Zp < Z4 whereas

iderably reduced with ap < 0.1

for Zr > Z, the penetration of free chains is con

o* = 2 and overall volume fraction of free chains as

for surface coverage as low

aling and

vtical

high as 65 = 0.06. This result is in qualitative agreement with analy

1 to

nolecular weight free polymers are ex

SCF theories where relatively high
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ase there remains partial

be expelled from the end-tethered layer. However. in this
penetration of the free chains. In all cases the free chains were progressively expelled

from the end-tethered layer with an increase in the surface coverage.

The comparison between MC simulations and NSCF theory provides a means
to test the validity of the NSCF theory at lower concentrations while the general
trends investigated in the rns height and the relative degree of overlap provide a test
against the predictions of the analytic SCF theories. Together. they supply a basis
for further NSCF calculations which were used for comparisons with experiments of
Lee and Kent [2]. In their study. the anthors argued that. because most experiments
are limited to 0* < 12. the density of end-tethered polymers is relatively low and
the free polymers can penctrate into the end-tethered layer even when Zg > Z,.

This disagrees with analytical SCF theories where the penetration of relatively high

molecular weight free chains is negligible.

The NSCF results show qualitative with experi for Zp < Z 4 with

In the case

the penetration of free chains in the end-tethered layer for o = 1

Zf > Z,. the NSCF results are in partial agreement with the experiments of Lee and

Kent [2] showing no plateau region in the volume fraction profile of the free cl

the end-tethered layer and with the free chains expelled from most of the layer.
A systematic study was performed to investigate the behavior of the volume frac-

tion profile of the end-tethered layer. the rms layer height, and the extent of interpen-

stems in

NSCF calculations were done for sy

etration of end-tethered and free chain:




204

the three regimes which were predicted by analytical theories. for various molecular

weights. surface coverages and overall volume fractions of free chains. The general re-

sults show that the free chains are progressively expelled from the end-tethered layer

with increasing surface coverage and decreasing overall volume fraction of free poly-
low molecular weight free chains penetrate the end-tethered layer

mers. Relativel,

considerably for reduced surface coverage as high as o = 12. On the other hand.

when o* = 12 the extent of the penetration of high molecular weight free chains is

reduced considerably showing no physical evidence of regime III for reduced surface

coverages as low as 0 = 2 for 65 < 0.06. This result does not support the arguments

of Lee and Kent [2]. who suggest that regime I is relevant due to limits on the max-

imum surface coverage observed in most experiments and accounts for the observed

high degree of penctration of free chains for Z > Z.
The rms laver height increases with increasing surface coverage and decreasing

This is consistent with the MC results. A

overall volume fraction of free chains.
semi-quantitative scaling analysis of the rms layer height was also done for the three
major regimes predicted by analytical theories. In all three regimes the exponents
related to the dependences on Z, and o are largely independent of the presence
of free chain for op < 0.06. regardless of the degree of polymerization of the free

chains. Furthermore, an increase in the scaling exponents with respect to Z, and

o suggest a continuous evolution from the weakly stretched limit towards the limit

of highly ling observed
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do not

for end-tethered layers in Chapter 6. Further evidence that the free chains

et is found in the small exponents describing

significantly affect the end-tethered la

the dependence of the laver thickness on Zg and of. The weak dependences persist
even in regimes where there is considerable overlap.

The results from the scaling analysis of the laver height suggest a physical picture

which i quite different than predicted by analytical theories. Therefore. further NSCF
calculations were done for volume fraction of free chains as high as of = 0.5 to probe

the behavior in systems over a broad range of volume fractions of free chains. The

results show that for Zr < Z. there is no evidence of behavior typical of regime II for
reduced coverage as high as o* = 12. In contrast. for Zr > Z, and ¢ = 12. behavior

typical of regime I1 is observed when monitoring the relative degree of penetration of

free chains. ag. the maximum volume fraction of end-tethered chains. 0", and the

the rms laver height. Furthermore. when Zp 3 Z, there is no physical evidence of

behavior typical of regime I for overall volume fractions as high as 6 = 0.5 except

for lower reduced surface coverage where o*
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Chapter 8

Conclusions

8.1 Introductory Remarks

For a number of years. mean field theorics have been used extensively in the

study of polymers and polymers in solution. They include analytical scaling and self-

The success of

cons

ent field. numerical SCF and other simple mean field theories

the mean field approach is attributed to its ability to deal with systems corresponding

to polymers with realistic molecular weights. and relatively low computer req

ments. The analytical theories provide useful information with respect to scaling laws

and may provide detailed information on the structure of the systems in limiting cas-

es. The numerical mean ficld theories have also been successful in providing detailed

information on realist rstems of polymers in solution while providing more detailed

information. but they are restricted to certain conditions where fluctuation effects can
be neglected. and they sometimes require a priori knowledge of the structure of the

system. In this thesis we have primarily used Monte Carlo simulations and numer-
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ical self-consistent field calculations to study polymers in solution and end-tethered

layers.

Although MC simulations cannot model realistic molecular weights. they can be
used to investigate assumptions made in the mean field approach and they can be

useful in ident are valid. Furthermore.

ing regimes in which the mean field theori

MC. scaling and mean field approaches deal with the physical properties of equilib-

tems. non-equilibrium effects can lead to very different

rium systems. In physical

physical properties in a system. Although the MC approach does not deal with such

tems. studies under equilibrium conditions up to the point where non-equilibrium

ant. are feasible. The point at which non-equilibrium effects

effects become

Zn

occur has been gdetermined by monitoring various antocorrelation times and the diffu-

aximum autocorrelation

sion of polymers. and identifying the conditions where the

time. which we define as the system relaxation time. reaches a critical value. MC sim-

ulations can therefore be used to identify the physical properties of a system under

cquilibrium conditions at the point where becomes

In this thesis. MC simulations have been used as a complement to mean field

theories to study the following four systems of polymers in solution: crew-cut micelles.

swollen micelles. end-tethered polymers and thin films. These systems have important

ions in industry. and several experimental studies have been done on them.

applica

The MC and mean field studies in this thesis are therefore compared to exi

ing

experimental results. In the following section we provide a summary of the major
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results obtained for all four systems studied.

8.2 Summary of Results

The first system consists of low concentrations of A-b-B diblock copolymers in

selective solvent. A simple mean field theory predicts that the core radii of the
micelles scale primarily with the degree of polymerization of the core block. Zeg5. The
predicted scaling law is in general agreement with experiment. Recent experiments on
crew-cut micelles, where the copolymers are comprised of relatively long core forming

blocks. show a much weaker dependence of the radius of the core on Zey. The

discrepancy between experiment and theory is believed to be due to non-equilibrium

effects. Mean field theory suggests that the micelles observed in experiments might

reflect equilibrium structures formed at different solvent quality and that the solvent

s of

quality at which non-equilibrium becomes important depends on Ze-g. Our anal;

the system relaxation time in MC simulations. for weakly segregated systems.

uggests

ales

an dramatically change the time

that a small change in the solvent quality

involved in the equilibrium processes. This effect supports the argument that the

tems of micelles. observed in experiments. are non-equilibrium

structures. Furthermore, the non-cquilibrium effects on the scaling of the core radius

with Zep were investigated with the use of MC simulations by identifving the solvent

quality at which the polymers begin to be trapped in the micelles. Results from the

MC simulations show a scaling which is weaker than predicted by mean field theory




and comparable to the scaling law obtained in experiments.
In the second system studied in this thesis. small amounts of B homopolymer are

added to a system of A-b-B diblock copolymer micelles in A solvent or homopoly-

mer.  An extension to the simple mean field theory of diblock copolymer micelles
predicts that. for Zyp/Zcp < 1. there is a threshold volume fraction of added B ho-

mopolymer. below which the homopolymer is solubilized within the micelle cores. and

above which the homopolymer macrophas Furthermore. the theory pre-
dicts that the threshold volume fraction depends on Ziys/Zcs. 0y and the product

. In this simple mean

\Zcp. These predictions are consistent with experiments [32]

ficld theory. volume fraction profiles of each component in the core and corona of the

micelles are assumed uniform. The assumptions about the structure. and the predic-

stigated with the use of MC simulations. The

tion of the phase behavior. were inv

AC results show homopolymer solubilized within the micelle core for Zyp/Zep < 1
with an approximately uniform volume fraction profile of B homopolymer and B
block of copolymer in the core of the micelles. The volume fraction of the A block in

the corona shows a non-uniform profile. but this does not appear to affect the phase

behavior significantly. The MC results qualitatively reproduce the phase behavior
predicted by mean field theory. showing a decrease in the threshold volume fraction
with an increase in the molecular weight of the B homopolymer.

vstem studied in this thesis

End-tethered polymers in good solvent are the third s

for which analytical SCF and scaling theories have been developed. According to these
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theories. at low surface coverage. the end-tethered polymers act as isolated chains and

the radius of gyration. R,. is a relevant length scale. At high surface coverage. the end-

tethered polymers strongly overlap. R, is no longer a relevant length scale. and the
layer height is predicted to scale linearly with the polymer degree of polymerization.

T

prediction is strictly intended for the limit of infinite molecular weight and high
stretching. Recent experiments [68.69] have shown that finite molecular weight cffects
are important for commonly observed surface coverages (o° < 15). In particular.
for o* < 15. corrections to the scaling of the height of the end-tethered layer were
observed. The authors concluded that these corrections were due to the lower limit on

the surface coverages observed in most experiments

and that R, remains a relevant

length scale. Numerical SCF lati [46] this lusion and the

experimental results. The results from the NSCF calculations are in good agreement
with the experimental results for o* 2 2. showing a similar scaling law with respect

to the rmns layer height.

In this thesis. a between MC simulati and NSCF theory was done

for variou

urface coverages and molecular weights to investigate the corrections to
scaling of the rms laver height, and quantitatively determine the range of surface

coverages where the NSCF theory is accurate. For ¢° 2 2. the MC simulations and

NSCF theory agree well whereas. for o* < 2. lateral inhomogencities in the plancs

parallel to the end-tethering surface become and the two no

longer agrec. An analysis of the rms laver height also shows corrections to scaling
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in the range of cxperimentally interesting surface coverages. This result is consistent

with observations in the experiments of Kent [68.69] and the NSCF calculations of

Baranowski and Whitmore [46]. Furthermore. the MC results also indicate that the

layer height. normalized by R,. is nearly linear in o*. This implics that R, remains
le and that this linear relationship is a better representation of

a relevant length

the data than any scaling relation.
Iu the fourth and final system studied in this thesis. the structure and properties

igated

of thin films with both end-tethered and free polymers in solution were inve

Experiments imply

that the coupling between the end-tethered and free chains can

affect the stability of the films. Analytical SCF and scaling theories have been de-

veloped to study thin films. These analytical theories predict various regimes for the
penetration of free chains into the end-tethered layers. which depend on the moiccu-
lar weights. surface coverage and volume fraction of free chains. Generally. for high

particularly for rel-

surface coverage. there is very little penetration of free chains.
atively high molecular weight free chains. In recent experiments [2]. penctration of

free polymers was observed for both low and high molecular weight free polymers. for

surface coverages as high as o* The authors argued that the significant degree
of penetration of free chains. even in the case of high molecular weight free polymer,
is due to the lower limit imposed on the surface coverage in experiment. [n this

thesis. the shape and height of the end-tethered layer and the degree of overlap were

therefore investigated for various surface coverages. volume fractions of free chains



and molecular weights of end-tethered and free chains.

A comparison between MC simulations and NSCF theory shows good agreement

for reduced surface coverages as low as o” 1. The MC and NSCF results are also

compared to analytical scaling and SCF theorics. For relatively low molecular weight

free chains. the free polymers can penetrate the end-tethered layer considerably. This
is consistent with analytical scaling and SCF theories. For relatively high molecular
weight frce chains. partial penetration of free chains oceurs. and complete penetration

at very low surface coverages. The expulsion

of free chains is expected to occur only

from the end-tethered layer is in qualitative

of the high molecular weight free chains

agreement with analytical theories except that there remains partial penctration of

free chains even at relatively high surface coverage.

These results are for relatively low molecular weight polymers. NSCF caleulations

were also performed for polymers with realistic molecular weights and compared with

. The NSCF calculations show good agreement

the experiments of Lee and Kent [2)

with these experiments for low molecular weight free polymers but. for higher mole

Nonetheless. the

ular weights. the NSCF results show less penetration of the chains

degree of overlap between the end-tethered and free chains is considerably more than

predicted by analytical theorics. Finite molecular weight corrections can therefore

explain a larger degree of penetration of free polymers in the end-tethered layer. but

not to the extent observed in the experiments of Lee and Kent

A further a s of the rms layer thickness was done to investigate scaling rela-
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tions predicted by the analytical theories for three different regimes predicted by the

analytical theories. In particular. the exponents related to the degree of polymeri

a-

tion of the end-tethered polymer. Z 4. and the surface coverage. o. show corrections

to sealing for 0* < 12, The scaling exponents related to the degree of polyme

zation.

Z

and volume fraction. o of the free polymers show a much weaker dependence

than predicted by analytical theories. For the ranges of surface coverage and volume

fraction of free chains used in the experiments of Lee and Kent [2]

a description of

the hehavior of the systems in terms the three predicted regi

nes was not adequate.

An increase in the volume fraction showed an increase in the exponents related to Zp-

and op as the s

'stems progres

sed further into a regime where the free chains strong-

Iy overlap the end-tethered layer but. nonetheless

the results were not completely

accounted for by the analytical theories.

8.3 Final Remarks

In this thesis. the MC approach has served as a powerful tool to complement
mean field theories in studying four systems of polymers in solution. Monte Carlo

simulations were used to investigate limitations to analytical SCF. scaling. simple

mean field and numerical SCF theories. The analytical theories are restricted to

limiting cases. and MC simulations were used to study systems more clos

cly related to

experiments. Results showed that some limiting cases proposed in analytical theories

do not necessarily correspond to conditions usually obs

rved in experiments.
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At low polymer concentration. the mean field approach is not valid due to inho-

mogeneities in the polymer concentrations. In lavered systems. MC simulations were

ical

used to determine the point at which the mean ficld approximation fails. Phy

ical structure. non-equilibrium effects. phase behavior and

properties such as the phy

scaling laws which were either predicted by or assumed in these theories were also

investigated. The physical structure of a system. assumed in some mean field mod-

was probed by obscrving the self-assembled structures in the MC simulations.

2

Non-cquilibrium effects were investigated by simulating equilibrium conditions under
which the structures form. and identifving the point at which non-equilibrium efiects

'stem relaxation

become significant. Criteria for this condition were based on the

time.

al properties of polymiers in solution and end-tethered layers

ems closely related to experiments and allowed for a com-

were investigated for sy

As a result. this

prehensive comparison between simulation. experiment and theory.
particular study shows how the MC approach can be a powerful tool in studying
polymers in solution. With increasing computing power. simnlation techniques such
as MC simulations and molecular dynamics are becoming more widely used and offer

an important means of investigating systems of polymers in general.
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Appendix A

Monte Carlo Algorithm

a brief description of the most important details of the MC

algorithm are presented. The purpose is to highlight some important technical details

are used to produce an efficient algorithm. This section is

of the simulations whic
divided into three parts. The first part describes the basic algorithm used to generate
new states. the second part discusses the calculation of the autocorrelation functions.

and the last section describes the evaluation of the averaged quantities.

A.1 Generating New States

The general algorithm for generating new states is described in Chapter 2. In this

section we describe the algorithm in more detail.



A.1.1 Choosing New Configurations

The first step in generating a new state involves choosing a transition. Transitions

are chosen randomly by choosing a polymer. the type of move (reptation. kink-jump.

cranks

shaft or Brownian motion). the monomer or end that moves. and if required.
the direction of motion. In principle, one can determine a new state from only one

random number by evaluating the number of possible transitions (V). choosing a

random number in the range [1. ] and using look-up tables to specif
In practice. this causes problems because the number of possible transitions becomes
very large and the look-up tables are too big. Therefore, three random numbers are

ate. The first random number is used to determine the

used to determine a new
polymer, the second to determine the type of move. and the third to determine the
monomer and/or the direction of motion.

Polymers are chosen with a weight Z, where Z, is the number of effective monomers

for polymer i. This is done to produce an cfficient algorithm where polymers with

higher degree of polymerization are chosen for a transition more often. For a system

with P polymers. a random number in the range [1, N']. where N* = 37| Z,, is chosen

and the polymer is determined from a look-up table. A type of move is then chosen
with a certain weight. Typically the percentage of each type of move corresponds to
50%. 40%. 8% and 2%. for reptation. kink-jump. crankshaft and Brownian motion.

respectively. This ratio of moves was chosen in order to allow an efficient algorithm. In

particular, without crank-shaft motion certain configurations of parts of the polymer
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can relax only by local motions propagating from the chain ends which makes the
algorithm very inefficient in simulations with higher molecular weight polymers. A

choice of 8% for crank:

haft motion is adequate for all molecular weights involved in
this study. In terms of Brownian motion. the ratio must not be too large so that the

polymer moves a large distance before it samples the configuration space on a local

ale.

Ouce the type of move is chosen. the monomer and/or direction of motion is

chosen. For each type of move there is a number of possibiliti

and a specific move
is once again chosen randomly with the use of a look-up table.

A transition must be chosen for every new configuration but. in order to effectively
choose the transitions. we produce a table of 100.000 transitions prior to actually
attempting to generate new states. After 100.000 MC attempts at generating new

states a new table of transitions i

 generated. In this way. efficient vectorizable and

parallelizable loops can be used to generate transitions.

A.1.2 Illustrative Cases of the Change in Energy

Before a new state is accepted the new configuration must satisfy excluded volume

constraints. If a polymer moves to unoccupied sites. then the change in energy mus

be calculated. In principle, this is done by

alculating the difference in total energy

of the system before and after the move. This approach

s very inefficient and. in

poor solvent (low temperatures

). many transitions

are rejected due to the Metropoli:
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rule. This makes the algorithm even more inefficient because of the low acceptance
rate and the fact that. for every rejected move. all look-up tables associated with the
configuration of the polymer must be updated twice: once to perform the move and
once to return the polymer to its original configuration.

In all MC simulations described in this thesis. there are no more than two different

species of polymer. This results in a maximum of one reduced interaction energy

hb which simplifies the cal of the change

parameter between nearest

calculated by determining the change

in encrgy. The change in energy is effective
in the number of energetic contacts during the transitions. Its calculation is therefore
localized to the vicinity of the polymer whose configuration is being changed. and

stem is eliminated. For most move:

the need to calculate the total energy of the

there are only two sites involved and it is possible to determine the change in energy

without actually performing the move and updating all tables. For example. assume
that a B homopolymer is in solvent. Calculation of the change in cnergy requires
determining the change in the number of energetic contacts at sites where effective
B monomers are replaced by solvent and sites where solvent is replaced by effective

B monomers. For A-b-B copolymer the calculation is essentially the same since the

A block is the same species as the solvent.

Figure A.1shows cxamples of various MC moves of a homopolymer. For reptation.

the change in cncrgy is given by

AE = 2¢(n, — n}

+4) (A1)
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Figure A.1: Various elementary MC moves: a) reptation, b) kink-jump (and end-flip).
c) crank-shaft. d) Brownian motion.

where n; and n} are the number of nearest neighbors of type B at the lattice sites 7,
and 7. respectively. for i = 1 or Z. For copolymer. i = 1 or Zc¢g. The variable 4, is
a correction rerm where

L. if F, and F, are nearest neighbors

&=
0. otherwise.

It is due to a change in the number of nearest neighbors of type B at 7, and 7, during

the move. This occurs only when F, and | are nearest neighbors. We note that n,.

n{ and &, are quantities which are known before the move is performed. and actually

performing the move before calculating the change in energy is not required. With

the change in energy known a priori. it is calculated with the use of a table consisting

of the number of nearest neighbors of type B. for every site on the lattice.




For a kink-jump move. a similar expression is obtained. with

AE = 2e(ng — n}) (A3)

where. for an end monomer A& = i and for a monomer within the polymer k& = j

s to another site. AE

(sce Figure A.1(b)). If an A monomer of copolymer movt

otherwise the change in energy is calculated from Equation (A.3). For crankshaft
motion there are two monomers that change location and the change in energy is

given by

AE = 2e(n; —nf +n, — 1)) . (A4)

For copolymer. Equation (A1) is valid only when the two effective monomer
type B. If a monomer at position i (k =i or j) is of type A. then term ng — nj, in

Equation (A.4)

s set to zero.

For Brownian motion. an expression similar to Equation (A.1) can be obtained

tmming over all effective monomers of the polvmer except that the author of
this thesis knows no effective method of calculating the correction terms. d,. for cach

monomer, as discussed in the case of reptation. The table repres

enting nearest neigh-

s calculated.

bors of type B must therefore be updated before the change in cnergy

The change in energy is therefore given by

z
AE =€ (an—.an + gn, — pnj)

where Z is the number of cffective B monomers and, xn; and xn} are the number of

nearest neighbors of type B at positions F; and 7}, respectively. before the polymer
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[Function % CPC
Choosing Transitious 91
Reptation 39.7
Rink-jump 207
Crankshaft 31
Brownian Motion 0.7
Averaged Quantitics 5.1
Identify_Polymers in Micellos | 1.3

Table A.1: Profile of the CPU usage for a typical MC simulation: of. = 0.02. Z¢p =
10 and Z¢y = 14. The calculation of the autocorrelation functions is included under
the category of averaged quantities.

is translated (K = B) and after the polymer is translated (k = A). In this case the

calculated

table of nearest neighbors must be updated before the change in cnergy i

but this does not significantly affect the cfficiency of the algorithm since only 2% of

the moves correspond to Brownian motion. This is seen in Table A.1 where a profile

of the CPU usage is shown for a typical simulation of copolymer micelles.

A.1.3 Autocorrelation Functions

ation time depends on the degree

In MC simulations of polymers. the system rela
of polymerization. the solvent quality which is determined by . and other parameters
such as the volume fraction and surface coverage. A knowledge of the number of -
bead cycles required to reach equilibrium is therefore important in creating an efficient
algorithm. Furthermore. the system relaxation time can also be used to determine

ition for the evaluation of averaged

the appropriate interval of time 4t in data acquis

quantitics. Data analysis of a system can take up most of the CPU time during a
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simulation if the data are collected too often and. if the interval 8¢ is too long. the

total simulation time must be large in order to obtain statistically significant averaged
quantities. In this section. the method used to effectively monitor the autocorrelation

functions. which are used to determine various autocorrelation times of the systems.

ussed.

Generally. the autocorrelation functions C(f) are monitored until a time ¢ at

which Cx(#') = 1/e*. The time ¢ therefore corresponds to approximately twice the
autocorrelation time 7y. assuming that the function decays exponentially. [n this
time one might require an antocorrelation function to be monitored 100 times. Once
C (1) has reached the defined limit (e.g. Cx(¥) = 1/€2). the process is repeated so the
functions can be averaged. There is therefore an interval 6ty = 7y /30 between data

points collected for the autocorrelation functions. It is therefore beneficial to ha

e a
priori knowledge of the autocorrelation times or. equivalently. the appropriate time

interval ofx. In general. this is not the case and the autocorrelation times must be

il 1. At the inning of each si ion all nearest neighbor interactions

are set to zero. In the case of free polymers in solution the autocorrelation times

are relatively short and 6ty = 1 to 10. For simulations with end-tethered polymer.

the autocorrelation times can be long and the values for oty are determined on the

basis of the degree of polymerization of the polymers and the surface coverage. At

this point a rough estimate is adequate to produce cfficient and accurate results

during the process of reaching an equilibrium state. Once equilibrium is reached,
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the autocorrelation times are estimated from the autocerrelation functions which
were monitored during the process of equilibration. This provides better estimates
of the equilibrium values of 7y and dty. These new estimates are then used during
the equilibrium process. Once all data have been collected and averaged quantities

have been calculated. the times 7y and ty are determined using Equation 2.14. In

simulations of micelles and swollen micelles. once average quantities are evaluated. e

increas

s

d slightly and the proc repeated. The calculated values for 7y and

from the previous € are therefore used as estimates at the new solvent quality.

This method allows us to effectively approximate the relevant autocorrelation

times which are required for an efficient algorithm which produces accurate results

without a priori knowledge of the relaxation times involved in the simulations.

A.1.4 Averaged Quantities

In the previous section. we described how the autocorrelation functions and the

relevant time scales are calculated to obtain the equilibration time. the time for

equilibrium statistics and the intervals of time. dtx. in collecting data for the averaged

For other aver

autocorrelation function: aged quantities. the interval of time 8t for

the collection of data is determined from the maximum of all 6¢x. The calculation

of the averaged quantities is relatively straightforward and we shall not delve into

this any further except for quantities which require the identification of individual

aggregates and cach polymer within the aggregates. These quantities include some
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of the autocorrelation functions such as the chain extraction and chain exchange

autocorrelation functions.

is essential

identifving polymers which are nearest neighbors. Thi

The first step i
for determining which molecules belong to particular aggregates. and the number of

sed in more detail because an

molecules in cach aggregate. The method is discus

efficient algorithm is important in this case in order to perform a statistical analysis

for all simulated solvent qualities

To identify a polymer in an aggregate or in solution. a list of polymers which have
not yet been identified as being part of an aggregate is kept. \We begin with the first
polymer in the list and look at the six nearest neighbors of each of its monomers, unless

se only the core forming block (the

the polymer is a copolymer. In that case, we

B block) to identify aggregates. If any nearest ncighbor is a B monomer of another

polymer. then the new polymer is identified as being part of the same aggregate as
the first polymer and it is eliminated from the list. The process is continued until
all nearest neighbors of the first polymer have been identificd. Now. the identified
polymers may be in contact with other polymers so their nearest neighbors must also
be identified. This process is repeated until all nearest neighbors from all polymers
in the aggregate have been identified. Once this is done the first polymer is identified
along with the other polymers as being part of the same aggregate. If the polymer in

question is not in contact with any other polymer then it is said to be in solution and

in either case it is eliminated from the list. This proce repeated until all polymers
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in the list have been exhausted. At this point. all polymers have been identified with
a certain aggregate or as being in solution.

This method is quite efficient. and with the properly estimated autocorrelation
times. a statistical analysis at all simulated solvent qualities can be performed with
less than 7% of the CPU time used for the analysis and identification of micelles (sce

Table A.1).



Appendix B

Interfacial Tension

In this appendix we derive an expression for the interfacial tension at an A-B
homopolymer-homopolymer interface in the prosence of selective solvent. The general
expression from which it is derived was developed by Hong and Noolandi [90] who
later [20] applied it to micclles.

For infinite molecular weight polymers. Hong and Noolandi obtained an expression
for the interfacial rension given by

/ [A fey + £y okt B.1)

/‘D“BT 24 &= op(r)
where Af(x) is the inhomogencous free energy density which vanishes in the bulk.
the sum is over both polymers in solution. op(z) is the volume fraction of polymer

P aud ojp(x) is the spatial derivative of op(r). The free energy density is

Af(r

= floa(r). op(r %mem (B2)
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where the sum is taken over all constituents in the system

flos.op) = xOx + O In oy (B.3)

with oy as the solvent volume fraction. and i, is the chemical potential of component

To calculate the interfacial tension. one must solve for the volume fractions 0.4 ()

and op(r) via a self-consistent algorithm which involves solutions to a modified dif-

fusion equation for the volume fractions and related potentials. In the approximate

expression for the interfacial tension derived by Hong and Noolandi [20]. the authors
assumed linear density profiles. as shown in Figure B.1. and were able to obtain an

analytical expression for the interfacial tension.

Figure B.1: \olume fraction profiles of the A and B homopolymer.
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The integrand in Equation (B.1) vanishes except near the interface. We set

0x(0) = 1/2[0x(x) + ox(—c)] (B.1)
5
o = O‘flx) % (B5)
= "

where = = 0 is taken to be the midpoint of the interfacial region. d is the interfacial
thickness. and of, and o are the bulk volume fractions of the A and B homopoly-
mer. respectively. From Equations (B.1)—(B.6). the interfacial tension is therefore

approximated by

- o -
mkﬂquf(oum;o,v (B.7)
Minimizing + with respect to d gives
2
d/b= |3 oh/122(0) (B.8)
=
and
¥ b
— = /6. B.
T go, /6d. (B.9)

It is convenient to express the chemical potential in terms of the asymptotic volume

fractions of,. For a homogeneous system

F=3"om (B.10)

where the sum is over the polymers and solvent. Equation (B.2). with the use of

Equation (B.4). therefore reduces to

Af(0) = fle=o = 1/2(fle=x + fle=-x)
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5 )73

,
- 1(22) - e o+ so.dl ®.11)

The interfacial tension can therefore be expressed in terms of the Flory interaction
parameters \4g. \as and \gs. and the volume fractions of polymer in the bulk o

P »
and of.

B.1 Special Case

In Chapter 3. a simple expression for the interfacial tension is required to obtain

se the

an approximate scaling expression for the core radius of the micelles. In th

n which the volume fraction of

analy restricted to strongly segregated system:

v close to unity (0fh = 1). \gs = vap = \ and \as

polymer in the core
We can thercfore derive a simple expression for the interfacial tension by setting

o L. Equations (B.8) and (B.11) give

where dg is the width of an A-B homopolymer-homopolymer interface with no solvent
present. It is given by

b (B.13)
In the limit og(>c) — 0. d — dy as expected. A relatively simple expression for the
interfacial tension is also obtained from Equations (B.9) and (B.11) in this approxi-

mation. where

(B.14)




and

(B.13)

Similarly. +4 is the the interfacial tension for a homopolymer-homopolymer interface

and 5 /pokpT —
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