ABSTRACT

MALIK, RAVISH. Computer Simulation of Proteiike Copolymers (PLCs)Under the
direction of . CarolK. Hall and Dr. Jan Genzgr

This thesis describes a computational investigation, using discontinuous molecular
dynamics and kinetic Monte Carlsimulation, aimed athe development oproteinlike
copolymers (PLCs) asompatibilizing agentsor polymer blends, and a&rugd delivery
agents

Proteinlike copolymers (PLCs) represent a new type of functional copolytiat,
exhibit largescale compsitional heterogeneities and lerange statisticatorrelationsalong
the coomonomersequence. The concept of PLCs was first introduced by Khokhlov and
coworkers who demonstrateusing computer simulations that random copolymers with
tunable monomer seguces (RCPs) could be generated by adjusting the compactness of a
parent homopolymer composed of component A, and then converting exposed segments on
theexterior of the coilnto B segments by reacting them wahecific chemicaspeces in the
surroundirg solution.

We employed two computer simulation methods to investigate the role of PLCs as
interfacial compatibilizers for a polymer blend containing two immiscible homopolymers.
We used argescale equilibriumdiscontinuous molecular dynamics (DMBmulaions to
explore the effect of compatibilizero-monomersequenceadistribution on miscibility and
interfacial characteristicef two incompatible homopolymer&inetic Monte Carlo (MC)
simulationswereusedto studythe phase separation dynamicsromiscible polymer blends

compatibilizedby PLCs. The effectiveness ofLCs to act as compatibilizers wasmpared



with those of diblock, sinple linear gradientyandom and alternatingcopolymers. The
simulations indicated that for the chain lengths considBL€ts were bettecompatibilizers
thanalternating and random copolymeasted apar with simple linear gradient copolymers
but were not as good dgblocks.

We employed kinetic Monte Carlo tanvestigate how adding ©4.92% PLCs
composed of segments of g/ and D to an immiscible asymmetric Alihary polymer
blend containing 80% homopolymers of type A and 20% homopolymers of type B affected
the phase separatiatynamics.The ability of PLCs toslow downthe phase separation
process depended sensitively @ the interaction energy between the PLCs and
homopolymers the PLC chain length and the PLC chemical composition PLCs
compatibilizel the binary blend more effectivelys theattractive interaction between the
PLC blocks and homopolymenscreasedNomiral improvement in compatiization of the
binary blend waschieved with increasing PLC chain lend8or a given interaction energy

and chain length C/DPLCs with composition around.3¢x. ¢0.5 (where x, is the mole

fraction of the C component in the PLC) acted as the most effective compatibilibers.
growth of phaseseparated domains followeal dynamical scaling law for both th&/B
binary blend and PLC compatibilize®/C-D/B ternary blend in the late stagef phase
separation. Theuniversal scaling functions wereearly indepedent of the interaction
energy, PLCchain length and PLC chemical compositioifhe phaseeparated domains

grew with dynamical sefsimilarity irrespective of the type of PLC added to thirary



blend, although théype of PLC significantly alterethe growth rate of the phaseparated
domains.

We also used kinetic Monte Carl o simulat
carriers. We examined the assembly of PLCs and delineated tthiéamsconducive to drug
encapsulation. The effects of changes in the system volume fraction, PLC composition, and
the strength and range of the interaction between the hydrophobic component of the PLC and
the drug on the encapsulation efficiency was evqa by performing cluster analysis and
evaluating the density profiles of the PLC copolymer segments and those of the drugs. The
presence of drug facilitated easier doHglobule transitionfor the PLCs. The interaction
strength between the hydropholsiemponent of the PLC and the drug acted as a coupling
parameter that determined whether the system encapsulated or whether the PLCs and drugs

aggregated separately.
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CHAPTER ONE

Introduction

1.1 MOTIVATION

Proteinlike copolymers (PLCYyepresent a new type of functional copolym#rat
exhibit largescale compositional heterogeneities and {oagpe statistical correlations
between co-monomer units®*. PLCs representa cross between block copolymers and
random copolymers. They function effectively as block copolynbesausethey self
assemld into unique structures, recogripatterns on surfaces, and actcasnpatibilizers
and interfacial agentsYet PLCs possesthe advantages of random copolymers in that they
are easy to fabricate andxhibit tailorable characteristics. Previous 8idies have
demonstratedhe effectof comonomer sequenddistributionon the solution and interfacial
behaviorof copolymer§®910:16:19.365

Khokhlov and ceworkerd?* used computer simulation teeveal that random
copolymers with tunableo-monomer sequence distributions coitd. Figure 1.19, in
principle, be generated by adjusting the size (compactness or collapse) of a parent
homopolymer made of A segments and converting selected A segmentsthe

h o mo p o | qutareperiplseryinto B segments byeactingthose segmentsiith other



chemicalspecies in the surrounding solutidBoils that were fully expanded exhibited a

random distribution(cf. Figure 1.1b) o f the Acol or mac@mokquleshat e s W |
were collapsedpossessedandomb | o ¢ k y -Ifipk(ebdFigurenl.lc) co-monomer

sequences since only monomers that were present on the periphery of the collapsed coill
under we mtg Kfiokhdol’ and cewvwor ker s al so expl ored the
bulk and at interfaces using molecular simulation and theory, and evaluated various

thermodynamic characteristics including emilglobule transition and phase behaVibr

7,9,10,1519,21,27,28,62,63,66

Figure 1.1a) Schematic illustrating the method of forming random copolymers by

Acol oringod homopol ymer <coil s. Depending on
resulting random copolym@ossesses either (b) randon{c) blockydistribution of

monomer units®*

Since the introduction ofhe coloring scheme for preparing PLCs suggested by
Khokhlov and ceworkers>*#8 several experimental studies h@een conductedimed at
synthesizing random copolymers with tunable monomer sequedistributions
(RCPs}°>28°885671  Genzerand coworker® synthesized poly(styrereo-4-bromostyrene)

(PBrS) RCPs bybrominating polgtyrene (PS) irsolventswith varying degree of solubility
Figure 1.2depi cts a schematic representatofon of

Genzer and coworkers for PS in good and poor solvévitiie brominationbelow the theta



temperature(i.e.,, poor solventcondition) of the parent homopolymeesultedin the

formation of blocky PB{S RCPs bromination above the theta temperafiue, goodsolvent

condition)

prandauP88 BRCP$ Genmeragd@oworkersalso established

that the sequence distribution oB4S in PBS PLCshad a profound dkct on interfacial

properties i(e., adsorption and desorptid(3 and bulk propertiesi.€., coil dimension in

solution and solution viscosity).

add bromine quench reaction
— >

purify

random-blocky PBr,S

40

Temperature (°C)

N
o

0

CD CuD CDD

Figure 1.2 (top) PSbromination leadingo PBrS formation,(middle) bromination of arent
PSin eithergood solvent (Tg, PSchainsexpandell or poor solventT<q, PSchains
collapsedxonditions (bottom) PBrS copolymers witirandom or randorblocky monomer
sequence distriliions are generated depending on the solvent gtfality



PLCs could play a significant role in emerging areas important to interfacial
chemistry.This idea is based on the expectation that Pillsbehave at surfacesetway
t hat bi omol ecules do in that they can Arec
particular chemical patterns and can discriminate between various surface chemicaf. motifs
Computer simulation studies and theoretical approAthese demonstrated that in order to
achieve pattern recognition, exact control of the monomer sequence distribution is not
required Instead,only statistich matching of distributions on the chain to those on the
substrate imeededPLCsshow promise in applications as efficient and inexpensive adhesion
promoters with tailored characteristics, polymeric nanopartidesrug delivery thin film
stabilizers,i s eeds 0 f or -polymgria mnclusionsadronmatographic separation
devices, and compatibilizers for polymer blends.

Computer simulations have proved to be an indispensible tool in studying complex
polymeric systems. On the one hand, computer laitions of polymers reaffirm findings from
theorists and experimentalists and further extend that knowledge. On the other hand, computer
simulations attempt to answer questions that are difficult to answer via experiments. In doing so,
the simulator mustonstruct a model of a polymer which contains kb#h shorrange features
found in monomeric or atomistic systems and the d@mge features, which arise, by definition,
from the molecular weight of the polymer in questidf Other features, such as side chains,
backbone angles, time scales, charges and solvent qualities, that is, all of the complexities found
in nature, must be considered if one is to investigate highly complex (and ultimately, more

interesing) system&#®2 Fortunately, the processing capability of modern computers grows



increasingly more powerful each day, allowing one to advance the collective knowledge about
polymers.

This Ph.D. dissertation desibes computationalresearch aimed aupporting the
development of proteitike copolymers as compatibilizers for immiscible polymer blends,
and as Adrugo delivery agent s. We empl oy
simulations to understand the raePLCs as compatibilizers for immiscible polymer blends
from a thermodynamic equilibrium perspective. We also use lattice Monte Carlo (MC)
simulations based on the bond fluctuation model to study the dynamics of phase separation of
immiscible polymer bleds in the presence of PLCs. We also utilize lattice MC simulations

to access the viability of PLCs as fidrugo de

1.2 OVERVIEW

This sectiorprovidesa summary of th&h.D.dissertation. All chaptersupplytheir
own literature review andeferences.

In Chapter 2we describe the results of DMD computer simulati@asied at
understanding the role of PLCs as compatibilizing agents pmlymer bénd containing two
incompatible homopolymers (A/B)he effectiveness of PLCs to act as compaitibils is
compared tothat of block, aternating and random copolymers at low copolymer
concentration §0.66%). PLCs localize at the A/B interface and are oriented preferentially

parallel to it,judged by comparing the parallel and perpendicular components of the radius of



gyration (<R92>|| >< I§> ). At lower temperatures PLCs possess higharfatial width than

random and alternating copolymers as they penetrate the A/B interface more than random
and alternating copolymers with the same chemical composition; the PLZsrarefficient
at making multiple connection points across the A/B iamaf The average fraction of
crossings for PLCs is as high as 80% of the number of junction pointdhd.eumber of
bonds between A and Bionomersin the A-B copolymer PLCs are likely to outperform
random and alternating copolymers as efficient inteafastabilizers.

In Chapter 3ve present the results of kineMC simulations aimed axploringthe
effect of copolymer sequence distribution on ftiiynamics of phase separation an
immiscible A/B binary homopolymer blendiblock, alternating, randopPLCs,and simple
linear gradient copolymerbiaving equal number of A and B segments, wittentical
chemicalcomposition and chain lengtre considered as compatibilizefdl copolymers
irrespective of their sequencetard the process of phase sepanaby migrating to the
biphasic A/B homopolymer interface thereby minimizing the interfacial energy and
promoting adhesionbetween the homopolymeich phases. As expected, diblock
copolymers perform the besgach block of the A-B block copolymer penedtes the
energetically favorable homopolymech phase making entglements with the
homopolymers. Rernating copolymers lie at the interfaged PLCs, simple linear gradient
and random copolymers weave back and forth across the interface. The wealing an
penetration ismore pronounced for PLCghan for simple linear gradient and random

copolymers Judging by the contact analysis, extension and orientation of the copolymers at



the interface, and structure factor calculatjoitsis evident that for the @in lengths
consideredn our computer simulation$?LCs are not as good as diblocks are better
compatibilizers than alternating and random copolymeend, areon par with simple linear
gradient copolymers.

In Chapter 4we use kinetidMIC simulation basd on the bond fluctuation model to
investigate how addin§4.92% PLG to an immiscible binary polymer blend affects the
dynamics of phase separatiétL.Cs slow down effectively the process of phase separation in
binary A/B blends by migrating to the bipsia interface thereby reducing the interfacial
tension.The ability of PLCs to retaréffectively the process of phase separation depends
sensitively on he interaction energy between the PLCs and homopolynaers the PLC
chain length. PLCs compatibilizee binary blend moreffectivelywith increasing attractive
interaction between the PLC blocks attte homopolymers. Nominal improvement in
compatibilization of the binary blend is achieved with increasing PLC chain length. The
growth of phaseseparateddomains follows a dynamical scaling law for both the binary
blend and PLC compatibilized ternabjend in the late stageof phase separation. The
universal scaling functions are nearly independent of the interaction enerddL@nchain
length. Thus thelpmseseparated domains grow with dynamical -satfilarity irrespective of
the type of PLC added to the binary blend, although the type of PLC significantly alters the
growth rate of the phasseparated domains.

In Chapter 5we use kinetidVIC simulation baed on the bond fluctuation model to
investigate how addin§4.92% 70-mer PLC made of C and D segmetd an immiscible

asymmetric A/Bbinary polymer blenctontaining 80% homopolymers of type A and 20%



homopolymers of type RBffects the phase separatidynamics.The segments of type C (or
D) possess attractive interactions with segments of homopolymer A (dmhB)ability of
PLCs to retardeffectively the phase separation process depends sensitivelyhen t

compositionof PLCs. PLCswith composition around.3¢x. ¢0.5 (where x, is the mole

fraction of the C component in the PLC) are most effective in compatibilizewy/B binary
blend The universal scaling functiorfer the growth of phaseeparated domains PLC
compatibilized blends during the late stageplofise separaticare nearly independent of the
PLC composition

In Chapter 6ve explore the utilization gfroteinlike copolymergPLCs)as vehicles
for the transportation didrug® to their intended targetsnd as a means of increasihglg
solubility. We performkinetic Monte Carlo simulationsn systems containing PLCs and
model drug molecules in order to understand how PLl&3semble and whasystem
conditions encourage good encapsulation. In thiaptey we detail the effect of system
volume fraction PLC chemicalcomposition, strengtnd rangeof the interaction between
hydrophobicsegments othe PLC and drugnoleculeson the encapsulation efficiencyhe
densty profiles of the hydrophobichydrophilic and the drug segments within tR&.C
globule are calculatetb gauge the encapsulation efficiency. We find that the presence of
drug in thesystem affects the conditions at whitte PLCcoil to globule transition occurs.
We alsofind that the interaon strength between hydrophobic component of the PLC and
the drug acts as a coupling parameter that determines whether the system encapsulates or
whether the copolymer and drug aggregate separately. Our results can be used by

experimentalists as a framewi for optimizing drug encapsulation.



In Chapter 7 we make suggestions for future work on PLCs as compatibilizers, as
nanoparticles for drug delivery, as agents to disperse inorganic fillers in fabrication of
polymeric nanocomposites, and as surlagasedcbrobes for pattern recognition.

In Appendix A we describe advanced statistical analyses to characterize the
distribution of block lengths in 1008@er PLCs, and quantify the loignge correlations
along the PLC sequence. We propose an iterative colsohgme to generate PLCs as an
alternative to Khokhlovds instantaneous col o

Chapters 2, 34, 5, and @are based on the following publications.
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CHAPTER TWO

Protein-like Copolymers (PLCs) as Compatibilizers forHomopolymer

Blends

2.1 INTRODUCTION

Polymer blending represents a cost effective method for formulating new soft
materials. The properties of polymer blends can betfined by varying the composition
and the types of polymers that are mixed. Howgwellymer blending is challenging because
polymers are usually chemically incompatible. Because the low entropic gain upon mixing
cannot compensate the enthalpic losses due to unfavorable interactions, most polymer blends
tend to macrgphase separate, thbselimiting their potential applications. Macromolecular
compatibilizers are typically added to overcome these difficulties. They segregate
preferentially at the interface between the two immiscible homopolymers, thereby reducing
interfacial tension and aneasing structural integrity and homogeneity leading to improved
stability and mechanical strength of the interface. While block copolymers have been used
readily to improve the properties of immiscible polymer interfaces, a few studies suggested

that ramlom copolymer may, under certain circumstances, act as effective compatibilizing
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agents as well. In this paper we discuss how the compatibilization efficacy of random
copolymers can be tuned by adjusting thermmomer sequences.

Proteinlike copolymers RLCs) represent a new class of functional copolymer that
exhibits largescale compositional heterogeneities and {cargge correlations along the-co
monomer sequentd The concept of PLCs was first introduced Kiokhlov and
coworkeré® who used computer simulations to demonstrate that random copolymers with
tunable monomer sequences could be generated by adjusting the compactness of a parent
homopolymer composed of comment A, and then converting exposed segments on the
polymer surface into B segments by reacting them with other species in the surrounding
solution. In a series of papers, Khokhlov andwawkers explored the assembly of such
simulated PLCs in the bulk ah at interfaces and evaluated various thermodynamic
characteristics'?.

The sequence along the copolymer compatibilizer has a profound effect on the phase
behavior and interfacial characteristics of the blend @ocompatibilized. Dadmdnh used
lattice Monte Carlo (MC) simulations based on the bond fluctuation model (BFM) to explore
the effect of copolymer sequence distribution on the interfacial structure and miscibility of a
compatibilized polymer blend containing a copolymer and two homopolymers. Dadmu
considered block, alternating, random, ranealternating and randoimlock copolymer
sequences as compatibilizers. His results suggest that alternating and block copolymers
represent the best interfacial modifiers while random copolymers are the werfidial
modifiers. Dadmun also reported that the departure of copolymer sequence from a purely

random copolymer (i.e., randeatternating or randorblock sequence) has a profound effect
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on the performance of the copolymer as an interfacial stabilizesinglthe BFM MC
approach, Kamath and Dadnilirfurther explored the effect of the copolymer chain
architecture on the dynamics of a binary blend formed by dispersing A@yoogrs in a
homopolymer A. They considered random, randwotky, block, and alternating AB
copolymer sequences and found that random and rabttmrky copolymers are ideal
compatibilizers as they move rapidly through the matrix phase within which teeiodie
uniformly. Using lattice MC simulations Ko et Blexamined the effect of compatibilizer
sequence distribution on the phase separation dynamics of ibleags. They established
that block copolymers possessed the best ability to retard the phase separation while random
compatibilizers outperformed alternating copolymers. Balazs and DeMedended the
formalism of FloryHuggins theory and calculatéde effect of the copolymer sequence on
the phase diagrams for homopolymer A / homopolymer B / copolymer AB ternary systems at
different copolymer concentrations. They reported that diblock copolymers were not always
the optimal thermodynamic compatibilise for a blend. Lyatskaya et Hl.employed
numerical sekconsistent mean field methods to calculate the reduction in interfacial tension
upon adding copolymer compatibilizers of varied sequence to a binary blend. Their study
revealed that for a Xed copolymer molecular weight, block copolymers were the best
interfacial compatibilizers, but longer random copolymers outperformed shorter block
copolymers in reducing the interfacial tension between incompatible homopolymer phases.
Since the introduabn of the coloring scheme for preparing PLCs suggested by

§-3,18,191

Khokhlov and ceworker several experimental studies have been conducted aimed at

synthesizing random copolymers with tunable monomer sequertdeutisns (RCP<f22,
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Recently Genzer and cowork&tssynthesized poly(styrerso-4-bromostyrene) (PRS)

RCPs by brominating polystyrene (PS) in solvents with varying degree of solubility. While
brominaton below the theta temperature of the parent homopolymer resulted in the
formation of blocky PB{S RCPs, bromination above the theta temperature resulted in the
formation of random PRE RCPs. Genzaat al also found that the sequence distribution of
4-BrS in PBkS PLCs has a profound effect on interfacial properties (i.e., adsorption and
desorptioA®?9 and bulk properties (i.e., coil dimension in solution and solution visé®sity

To this point most experimental and theoretical research on comigatibihas focused on

the performance of block, random, alternating, randibooky and randoralternating
copolymers as compatibilizers for incompatible homopolymers blends. The use of PLCs as
potential compatibilizers for immiscible homopolymers blendsrnwadeen explored. Since

for a given degree of polymerization and composition, PLCs are blockier than random,
alternating, randorblocky and randoralternating copolymefghey are more likely to form
entanglements with homopolymer rich phases. They are also more likely to weave back and
forth across the interface, binding the two homopolymers phasethéngand thus acting as
effective compatibilizers for incompatible binary blends. This work focuses on utilizing
PLCs as interfacial compatibilizers.

In this paper we present the resudfsdiscontinuous molecular dynamics (DMD)
computer simulations airdeat supporting the development of PLCs as compatibilizing
agents for a polymer blend containing two incompatible homopolymers. The DMD
simulations are performed on an incompatible binary blend containing 530ei38 of

homopolymer A and 530 3&ers of horopolymer B,mutually immiscible, to which a small
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number ( & 0 -n&r8 ¥ontainin§ eqidaB number of A and B monomers in the
copolymer are added. Diblock, alternating, random, and PLCs made of A and B units are
considered as copolymer compatibilizers. Initiallg ternary blend system is equilibrated at
high temperature and slowly cooled so that the homopolymers phase separate aiitl the A
copolymers end up localizing at the interface. The density profiles and the orientation of the
different copolymers at the inface are evaluated in order to investigate the mechanism by
which the copolymers stabilize the interface. To establish the efficacy of the various
copolymer sequences the interfacial width of the binarycpolymer) as well as the ternary
(compatibilized) blend is calculatedSince it is difficult to assess directly the number of
entanglements made by the copolymer compatibilizer with the respective homopolymer
phases, the average number of crossings made by the copolymer across the interface is
calculaed and used as a proxy for the number of copoljmeropolymer entanglements.

The design of the DMD simulation is inspired by the work of Dadrhan the effect of the
copolymer sequence distribution on the interfacial characteristics and miscibility of a blend
containing two homopolymers. Follown g D a'd wouknvérg few copolymer cins

were added to the compatibilized blend so that the incompatible homopolymers would phase
separate, leading to the formation of a interface, and the copolymers would migrate to the
interface.However, our work goes beyond that of Dadriuas we have explored PLCs as
potential compatibilizerand compared their performance to block, alternating, and random
copolymers. Since it is easier to delineate the copolymer sequence effects for longer chains
we have used 3er (close to the entanglement lerigt) polymer chains; both the

copolymers and homopol y3werk seredomprs. 3ojgainibetten Dadr
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insight into the weaving effect of various copolymer sequences we have estimated the
averagenumber of crossings made by the various copolymer sequences across the interface,
the average crossing length and the normalized number of crossings.

Highlights of our results are as follows. The two incompatible homopolymers A and
B in the compatibilizedlend phase separate upon annealing; the copolymers migrate to the
A/B interface regardless of the copolymer sequence. The width of the density profile for
block (A-b-B) copolymers across the interface is largest followed by those-®rPACs,
random (Aco-B) and alternating (Aalt-B) copolymers. The interfacial width of the ternary
(compatibilized) blend for the various copolymer sequences is higher than the binary (no
copolymer) blend. The interfacial width of the block copolymer compatibilized blend is
highest followed by PLCs, random and alternating copolymer compatibilized blends. The
radius of gyration of the copolymer perpendiculdly () and parallel §Y ©) to the
interface is evaluated and presented. Block copolymers stretsh awross the interface
while alternating copolymers stretch least across the interface. PLCs stretch more across the
interface than random copolymers at T*02, wl
copolymers stretch most along the interfacelevbiock copolymers stretch least along the
interface. Random copolymers stretch more along the interface than PLCs at T*<4. The
average number of crossings across the interface made by different copolymers is calculated.
Alternating copolymers make the staaumber of crossings, followed by random, PLCs and
block copolymers. The average crossing length for block copolymers is highest followed by
those for PLCs, random and alternating copolymers. To estimate the efficiency of the

knitting effect of the copgimer; the average number of crossings across the interface is
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normalized by the number of junction poinig., the number of bonds between A and B
spheres in the AB copolymeApart from block copolymers, PLCs are very efficient in
making multiple crossigs across the interface compared to the other copolymer sequences
investigated. The average number of crossings across the interface is as high as 80% of the
total number of junction points for the PLCs, which suggests that high molecular weight
PLCs migh be very efficient in stabilizing the interface.

In the next section, we describe the DMD method and the generation of PLCs via the
instant coloring procedure of Khokhlov andworkers. The following section presents the
simulation results for various polymer sequences. The final section concludes with a short

summary of the results and a discussion.

2.2 MODEL AND METHOD

The binary blend system consists of 536n3&s of A chains and 530 38ers of B
chains. The ternary (compatibilized) blend cstssiof the binary blend plus 7 -B&rs of

copolymer chains containing monomers of types A and B with composxjenx, 9.5.

The chain lengths for the homopolymer/copolymer are chosen as 38 since it is close to the
entanglement length ofhé polymer chains present in the bRrd The number of
copol ymer chains iIis chosen to be Il ow (7 or
ensure the formation of a interface in the copolymer blend system at low reduced temperature

after equilibrium is attained. Because in the pleeqearatd fAcompati bi |l i zed?o
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copolymers are likely to be present at the interface, we can make inferences about the relative
efficiency of the copolymers by calculating several properties discussed later in this section.
The copolymers and homopolymesisesmodeled as flexible chains of neathngent spheres.

In order to increase computational efficiency we have chosen to have the two components A
and B repel each othenstead of having attractive-A and attractive BB interactions.
Therefore, the AA and B-B interactions are modeled using a hard sphere potential while the
incompatibility between A and B components is modeled as a repulsive -stpoaider
potential of strengtkeas which extends to an intermolecular separatisnwith | =1.5. The

resultingpotentials are

i 1 i 1 I-b"Q ,D n
Y i Y i ron . (2.1)
HBQIQ ,
Yo - Q0 _, (2.2
T'QIQ ”

The packing fraction;- 4, ¥ @w , for the pure as well as compatibilized blend is set to
h=0.35,where N is the number of spheres in the simulation box, and V is the volume of the
simulation box

In a DMD computersimulation,particles experience collisiomghen theyencountea
discontinuity in the potentiaduch as the boundary of a hardhepe, square well or square
shoulderpotential. Between collisions, particlesove alonglinear trajectories, making the
simulation technique faster than traditioMiD simulations. The postollision velocities can

be found by solving the collision dynassi equations. In order to treat chainssphers

effectively, Rapaport created bonds by restricting the distance between adjpbers
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along a chairto lie betweers ands(1+d)**** Bellemans later extended this model so that
the distance between adjacesphers is allowed tolie betweens(1-d/2) ands(1+d/2),
making the average bond lengtfi®> The temperature of the system and, concordantly, the
total kinetic energyare held constant throughout thBMD simulation. To regulate
temperatureye employ a heat bath in therfn of an Andersen thermostatwhich allows

the temperature to fluctuate about an average system temperBturd, T/e,;. This is

accomplished by havingpheresc ol | i de stochastically with
change thephere8 v el oci ty

In order to characterize statistically the different types of AB copolymer sequences
used as compatibilizers we need traduce the uniformity factor developed by Dadrfun

The uniformity factor for component A is defined as:

Ua= [a s] 'l/(LA ) (2.3)

where sis 1 if thel-th and [+1)-st sphere are type Al if thel-th sphere is type A and the
(I+1)-st sphere is B type and O if theh sphere is Bype regardless of the type d#{)-st
sphere Here L is the total number of monomers in the copolymer and the total number

of A spheres in the copolymer. By definition, compositionally symmetric (50% A, 50% B)
alternating copolymers have uniformityactor -1, symmetric block copolymers have
uniformity factor 1 and symmetric random copolymers have uniformity factor 0. The
uniformity factor for symmetric PLCs should lie roughly halfway between those for random

and block copolymers.
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The symmetric randorAB copolymer was generated using the following algorithm.
Starting with a homopolymer A, spheres were picked randomly and changed to type B if the
sphere chosen was of type A. This process was repeated till the desired composition was
achieved and the umifmity factor for components A and B in the random AB copolymer
sequence was reduced to zero.

The symmetric AB 38mer PLCs were generated via a simulatiased
instantaneous coloring procedure originally proposed by Khoketoal'3. A 38mer A
chain with square well interactions (well widtha=1.5) between non adjacent A spheres
wasinitialized in a random coil configuratiofrigure 2.1a shows the initial configuration.

DMD simulations were performed on the-8f&r A chainat a low reduced temperature
T*=kgT/|leaa|=1.0. The simulation box was chosen big enough (box length 15) so that the
isolated chain did not interact with its periodic imagBse chaincollapsed to a globular
conformation after about 1 million D moves. Figure 2.1b shows asnapshot ofthe
resulting globular conformation. The spheres in the final globular conformation were sorted
in order of their distance from the center of the globulee I9 spheredarthestfrom the
center were colored to & as depicted ifrigure 2.1c. The coloring procedure resulted in

the creation of an ABPLC with compositionx, = x; $.5. After the coloring procedure the

AB PLC was relaxedFigure 2.1d shows a snapshot of the symmetAB 38-mer PLC
gener#ed via the instantaneous coloring procedbrgure 2.2 illustrates the four copolymer

sequences considered) plock, @) random, €) alternating andd) PLCs.
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DMD simulations were performed on the binary and ternary blend sysféms.
simulations on theéblend systems werstarted in a random configuration at the desired
packing fractionBoth blend systems were relaxedaatinitial high temperature T*=20 and
then annealed slowly steps ofDT*=1 till T*=1 was achievedAt each temperature DMD
simulations were performed for 6 billion moves to allow for sufficient equilibration of the
system.

Themorphology and interfacial characteristafssheblend were characterized \iae
following measwes 1) the density profile of homopolymersA and B andthe copolymer
with respect to the interfac@) the interfacial width of théinary (necopolymer) and the
ternary compatibilized blen®) the radiuf gyration of the copolymguerpendicular to #
interface, Y O, 4) the radiusof gyration of the copolymeparallel to the interface,
dY O, 5) the shape anisotropy of the copolymer coil, defined he@ 48 38Y O, 6) the
average number of crossings made by the copolyroerss the interface, <l 7) the
average length of a crossing made by the copolymer across the interfac8) el
normalized number of crossings made by the copolymer across the interface, <L

We use the density profiles of homopolymer A, homopolyBieaind copolymer AB
to calculate theinterfacial width of the binary (roopolymer) as well as the ternary
(compatibilized) blend utilizing the approach developed by Helfand and cowtiers
Under the Helfand approach theterfacial width for the binary and ternary blendlefined

by thefollowing formulas:

0 . B OB 0Q® (2.4)
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0 . B o ®© B OB ® B OB o Qw (25)
where 0 1D is the interfacial width of the binary (rabpolymer) and ternary
(compatibilized)blend respectivelys wh @H; ¢ are local volume fractions of the
homopolymer A, homopolymer B, copolymer AB respectively amih the direction
perpendicular to the A/B interface.

The radiusof gyration of the copolymguerpendialar and parallel to the interface is

defined by thdollowing formulas:

N L L

<Rpn=3 & &rii.i-rik}?2(0°N (2.6)
i=1j % E
5 2 N L L ]
<R’ =4 & a @) -rakf? {4 n°N (2.7)
d=li 4] & 1=

Here r(i,j) ~ is the position of thej-th monomer onthe i-th copolymer chaimlong the
directionperpendicular to the interface andj)(, is theposition of thg-th monomer orthei-
th copolymer chaimlong the direction parallel to the interfabkis the number of copolymer
chains,L is thenumber of spheres in a single copolymer chain, dsdtethe two directions
parallel to the interface in the phase separated regime of the compatibilizedBuajaations
(2.6) and 2.7) for 8Y O and Y © are mathematically equivalent to the formula for the
radius of gyration involvig the center of mass. The anisotropy of the copolymer chain is
characterized by the paramegewhich is defined to be:

| 6YO o6YO (2.8)

The average number of crossingd\ix at a given temperature is calculated by

locating the inerface in the phase separated compatibilized blitel equilibrium is
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attained, calculating the number of times a copolymer chain intersects the interface followed
by averaging over all the copolymer chaifike average length of the crossing §Lacress
the interface for a copolymer is defined asi><IL/(<N>+1), where L is the length of the
copolymer and < is the average number of crossings across the interface made by the
copolymer.

The system properties for both the binary and ternary blendmnsysivere averaged
over five runs starting from uncorrelated random initial configurations. The results for
ternary blends compatibilized by PLCs or random copolymer were averaged over ten
different copolymer sequences for a given initial configurationsThfty simulations were
performed for ternary blends compatibilized by either PLCs or random copolymer. The error
bars depicted for each graph represent the sample standard deviations of the properties

calculated and plotted on the graphs.

2.3 RESULTS AND DISCUSSION

Snapshots of the symmetric binary blend system are showigime 2.3. Figure
2.3ashows that théinary blends homogeneous at initiigh temperaturd*=20. After the
binary blends annealed ttow temperaturd*=1, the two incompatille homomlymers have
phase separated, forming an interface Rajure 2.3b). Snapshots of the ternary blend with
PLCs as the compatibilizing agent are shown Rigure 24. Specifically, Figure 24a

demonstrates that the compatibilizétend is initially homogeneous at T*=20. After
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lowering the systentemperaturé¢o T*=1, the two incompatible homoplymers have phase
separated, forming an interface with PLCs localized at the interfaceri(nire 2.4b).
Similar trends are observed for the other compatilllibend systems containing block,
alternating and random copolymers. In order to locate the direction of phase separation, the
concentration distribution of components A and B along the three directions are regularly
monitored during the simulation of thbinary and ternary blend systems. At high
temperatures the components A and B in the blend are distributed uniformly. At lower
temperatures as the phase separation occurs, the concentration distribution of components A
and B along the direction of phaseamtion is noruniform, unlike those in the other two
directions. Once the direction of phase separation has been established for the blend systems
in the phase separated regime, the interface can be located by calculating the gradient of the
concentratia distribution of components A and B along the direction of phase separation.
Figure 25 shows the density profiles of the two homopolymers and copolymer from
the four compatibilized blends with0.66 % @) block, @) random, €) alternating andd)
PLCs & T*=1 along the direction of phase separation. All copolymer sequestasip
localizing at the interface, thereby stabilizing the interftmne of the copolymer sequences
act asthermodynamic compatibilizesintended i.e., they are unable to prevehe phase
separation of the incompatible homopolymers as the amount of copolymer added is
intentionally vQuetp thé merodiq bduhdasy @ondikions there are two
interfaces present in the system. The width of the density profile fdt bpolymers across
the interface is highest followed by those for PLCs, random, and alternating copolymers. The

wider the density profile of the copolymer across the interface, the more the copolymer
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penetrates the homopolymech phases leading to entdements and better interfacial
strength.Figure 2.6 shows the interfacial width of the binary {nopolymer) and ternary
(compatibilized) blend as a function of the reduced temperature. The interfacial width of the
compatibilized blend for the various alpmer sequences is higher than the binary blend
which clearly shows that all the four copolymer compatibilizers act as effective interfacial
stabilizers. The interfacial width of block copolymers is highest followed by PLCs, random,
and alternating copoigers.

In order to act as an effective interfacial modifier, a copolymer compatibilizer must
migrate to the interface and weave across the interface thus promoting adhesion between the
immiscible phases by knitting them together. Thus an ideal copolymeggatiitizer is one
which maximizes the number of entanglements it makes with the homopolymers on either
side of the interface. Since it is difficult to quantify directly the number of entanglements
made by the copolymer with the homopolymer, an alternatrag is to look at the
orientation of the copolymer with respect to the interface via the radius of gyration parallel
and perpendicular to the interface and the average number of crossings made by the
copolymer across the interface. If the copolymer istslied sufficiently perpendicular to
(and spaced well parallel across) the interface, thus making numerous crossings across the
interface, it is more likely to form entanglements with the homopolymers and act as an
effective interfacial modifier.

The orientation of the copolymer at the interface depends upon the sequence of the
copolymer and the temperatufggure 2.7a shows the radius of gyration of the copolymer

perpendicular to the interfad®y O versus the reduced temperature for the four copolymer
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compatibilizers. Block copolymers stretch most across the interface while alternating
copolymers stretch leasBLCs penetratethe interfacemore than random copolymers at
T * OZhe reasorfor this switching behavior between PLCs and random copolymer is
unclear.Thus block copolymerstabilize the interface by penetrating into the homopolymer
phase oneither side of the interfacallowing the formation ofentanglementsand the
reduction ofunfavorable contact&igure 2.7b shows the radius of gyration of the copolymer
parallel to the interfacdY © versus the reduced temperature for the four copolymer
compatibilizers. Alternating copolymers stretch most along the interface while block
copolymers stretch least. Random copolymers stretch more along the interfabPé @sat
T*<4. The reasn for this switching behavior between PLCs and random copolymer is
unclear At any given temperatu@Y O is greater thadY ©'for the block copolymer, which
implies that the block copolymer volume is shaped like a cylinder drivterthie interface.
Since the diblock copolymer barely covers the interface each of the two blocks of the diblock
copolymer adopt a mushroom type configuration. At a given temperature for alternating,
random and PLCS)Y O is greater tha®Y O which suggests that copolymer volumes for
these sequences are shaped like a pancake.

The preferred orientatioof the copolymer with respect to the interface can be
characterized by the anisotropy as measured by the paranddéned earlierFigure 27c
shows a plot ofa versus the reduced temperature for the four copolymer sequences.
Anisotropy increases as temperature decreases for all the four copolymer compatibilizers,

revealing that as the thermal fluctuations decrease the copolymersaapgmferred lower
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energy configuration at the interfacglternating copolymers are most anisotropic, while
block copolymers are least anisotropic. Random copolymers are more anisotropit.@san
at T Th® Rason fothis switching behavior between P&@nd random copolymer is
unclear

Figure 2.8 depicts the side view of the simulation box parallel to the interface (left
panel) as well as the top view of the simulation box perpendicular to the interface (right
panel) for each of the four compatibilizbténds witha0.66 % copolymer after equilibrium
has been attained at T*=1. Block copolymeFsgres 2.8a, 2.8b) orient preferentially
perpendicular to the interface penetrating the homopolymer phases on either side of the
interface. Alternating copolymer&igures 2.8e, 2.8f) prefer to lie parallel to the interface.
Random copolymers={gures 2.8c, 2.8d) and PLCs Figures 2.8g, 2.8h) also prefer to lie
parallel to the interface although to a lesser degree than alternating copolymers.

Since the primary mechanism fortenfacial compatibilization of the immiscible
homopolymer blends containing random, alternating and PLC is knitting across the interface,
the average number of crossings made by the different copolymers across the interface is an
important factor in determing the relative performance of the copolymer sequences as
effective compatibilizersFigure 2.9a depicts the average number of crossings across the
interface as a function of the reduced temperature for the four copolymer sequences.
Alternating copolymes make the highest average number of crossings across the interface
followed by random, PLCs, and block copolymers. These findings are consistent with the
fact that alternating copolymers stretch most along the interfacéd{f.€’is high and have

the highest number of junction points for a given degree of polymerization and composition
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of the copolymer, i.e., the number of bonds between A and B spheres in the AB copolymer.
Block copolymers make a single crossing asrbe interface as they have just one junction
point. Random copolymers make more crossings across the interface than PLCs as they have
a higher number of junction points than PLCs. At T*=1 the average length of the crossing for
the different copolymersis bl ock (38/2 & 19), alternating
3.3) and PLCs (38/8 & 4.8). Apart from dibl
crossing length. When the average number of crossings across the interface is normalized by
the nuniber of junction points in the copolymer an interesting trend af$gste 2.9b shows
the normalizechumber of crossings across the interface versus the reduced temperature for
the four copolymer sequenceSpart from diblock copolymers, PLCs are veryi@ént in
making multiple crossings across the interface comparadyather copolymer sequences
The average number of crossings across the interface for PLCs is as high as 80% of the
number of junction points for the PLC, which suggests tlgt Imolealar weightPLC
might be very efficient in stabilizing the interface

Our results are in good agreement with the lattice Monte Carlo simulations of
Dadmurt® for block, random and alternating copolymers. The simulation results from
Dadmunds wo rblock guniformity factas of 0.5) copolymercannot be extended
directly to PLCs for comparison as randéock copolymers have a sequence distribution
different than PLCs. Moreover the copolymer chainsusedn@0r ) i n Dadmunds
shorter (below the entanglement length) and it is cert@abyer to detect sequence effects
accurately for | onger copol ymer chafns.

demonstration that randebiock copolymers (whose block length obeys a Poisson
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distribution) are statistically different from PLCs (which obey Levy flight statistics for the
block length), despite having the same composition and averagel®hgtik (or uniformity

factor) for both types of copolymers. Although we have conducted the computationally
intensive simulations for only one copolymer concentratianO (. 6 & %vhich the
copolymers barely saturate the interface), we believe that the general trends amongst the
various copolymer sequences hold true even at higher copolymer concentifaticdhsr

studies of blendswith higher copolymer concentrations are progress and will be the

subjectof future publications.

2.4 CONCLUSION

We have performed discontinuous molecular dynanmsgsulations aimed at
supportingthe development gfroteinlike copolymers (PLCs) asompatibilizing agents for
a polymer blendcontaining twoincompatible homopolymers. Thesults are compared to
those for systemwith block, alternating andandom copolymeracting as compatibilizers
As the compatibilized blendvas annealed om high to low temperature théwvo
incompatible horapolymers phase separdtend he copolymers migratet the interface.
None of the added copolymers prewshthe phae separation because the amount of
copolymer addeda0.66 %)wasintentionallytoo low. We calculatel the density profiles of
the cqolymer and homopolymers in treompatibilized blend along the direction of phase

separationThe wdth of the density profile foblock copolymers across the interfavas
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highest followed by those of PLCs, random, aalfernating copolymersThe wider the
dersity profile of the copolymer across the interface, the more the copolymer penetrates the
homopolymeirich phases leading to entanglements and better interfacial strength. We also
calculated the interfacial width of the binary {o@polymer) and ternary ¢mpatibilized)

blend. The interfacial width of the compatibilized blend for the various copolymer sequences
is higher than the binary blend which clearly shows that all the four copolymer
compatibilizers act as effective interfacial stabilizers. The iatéaf width of block
copolymers is highest followed by PLCs, random, and alternating copolymers.

The orientation of the copolymer at theeariace depended upon teequence of the
copolymer The radii ofgyration of the copolymer perpendicul@Y O) and paralle(8Y ©)
to the interface were monitoredld8k copolymersstretchednast across the interface while
alternating copolymers stretchihst.PLCsstretchednore &ross the interface than random
copol ymer Alteraating TopolyRers stretchedostalong the interface while block
copolymersstretchedleast. Random copolymerstretched more along the interfattean
PLCs at T*<4. The reason why the orientation of PLCs relative to random copolymers
switches as we redutiee temperature is unclear.

To gain deepeiinsight into the irmgrfacial behavior and relative compatibilizing
efficiency of the various copolymer sequences,aeragenumber ofcrossing across the
interface mde by different copolymers waslculated.Since alternating gwlymers have
the highest number dgfinction points across the interface they méhe largest average
number of crossings, followed by random, PL@sd block copolymers. The average

crossinglength for bock copolymers was highe&llowed bythose for PLCsrandom and
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alternating copolymms. The average number of crossings acttossnterfacevasnormalized
by the number of junction points to estimate the efficiency of the knitting effect of the
copolymer. Apart from blockcopolymes, PLCs were venefficient in making multiple
crossing across the interface comparedtive other copolymer sequences. Theerage
number of crossirgyacross thénterfacefor PLCs was as highs 80 % of the maber of
junction points for the PLOwhich suggests that high molecular weigPtCs might be very
efficient in stabilizing the interface.

Theresults of our simulation ara good agreement with the Monte Carlo simulations
of Dadmurt® for block, random and alternating copolymers. In mutshell, sequence
distribution in copolymer compatiiders plays animportant role in the way that these
copolymers orient at the interfacBLCs penetrate th interface more thanandom and
alternating copolymers at lower reduced temperatures and are very efficient in making
multiple crossing across thenterface PLCs can be synthesized and tufiesily and hence
they might be usefuhs potential compatibilizerand adhesion promotefsr incompatible
homopolymer blends.The contrast in the performance between PLCs and random
copolymers as compatibilizers would be even betteddoger chains but the simulations
become too computationally intensive for us to perform. A study of the dynamics of phase
separation of PLC compatibilizers in blends is under way in our laboratory using kinetic

lattice Monte Carlo (BFM) simulations.
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2.5FIGURES

(b)

-

()

(d)

Figure 2.1 Snapshots illustrating instantaneous coloring procedure to genefater 388
PLC (A =red, B = dark blue) with compositiof = x; $.5: (a) random configation of

38-mer A chain, (b) collapsed globular configuration of the A chain, (c) 19 spheres farthest
from the center of the globule are colored to type B, and (d) relaxed chain configuration of

the resulting AB PLC.
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(€)

(d)

Figure 2.2 Sequences of 38er AB copolymers (A = red, B = dark blue) with composition
X, = % $9.5: (a) block, (b) random (one sequence realization), (c) alternating, and (d) PLC
(one sequence realization).
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Figure 2.4 Simulation siapshots of PLC compatibilized blend in: (a) initial configuration at
T*=20, and (b) phase separated configuration at T*=1.
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Figure 2.5 Density profiles for the homopolymers (red and blue lia@s) copolymer (black
lines) in the compatibilized blend at T*=1: (a) block, (b) random, (c) alternating, and (d)
PLC.
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Figure 2.8 Simulation snapshots of the compatibilized blend after equilibrium has been
attained at T*=1: (a) block (side view of the simulation box parallel to the interface), (b)
block (top view of the simulation box perpendicular to the interface), (c) randonviswe
(d) random (top view), (e) alternating (side view), (f) alternating (top view), (g) PLC (side

view), and (h) PLC (top view).
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CHAPTER THREE

Effect of Copolymer Compatibilizer Sequence on the Dynamics of Phase

Separation of Immiscible Binary Homopolymer Blends

3.1 INTRODUCTION

Polymer blend representan effective route toformulating novelsoft mateials
becauseher properties can be tuned by varying the composition and typesyhe that
are mixed. Blymer blending ishowever,challenging because the constituent polymers are
oftenimmiscible the entropic gain upon mixing cannot compensatdhfe enthalpic losses
due to unfavorable interaction&s a consequenamost polymer blends tend to magsbase
separate, thereby limiting thaitility. Compatibilizers are typically added to overcome these
difficulties. They segregate preferentially @he interface betweenhé immiscible
homopolymers, reducing interfacial tension and increasing structural integrity and
homogeneitythereby leading to improved stability and mechanical strength of the interface.

In this study we investigatihe effects ofcopolymercompatibilizersequence on the
dynamics of phase separatiam immiscible binary homgolymer blend. While dblock
copolymers haveeome to be viewed as the compatibilizer of choice, their tendency to

microphaseseparatat higher copolymer loadg> has led to utilization obther copolymer
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sequences as compatibiliZets Here we considediblock, proteinlike, simple linear
gradient randm, and alternating copolymevdgth particular focus on the relative merits of
the first three. Gradient copolymé&s' have been proposed as an alternative to diblock
copolymers as compatibilizers because theyndbmicrophaseseparate easilat higher
copolymer loading Proteinlike copolymers (PLCs)might also serveeffectively as
compatibilizersas was suggested by our recent computer simulations studies of the
equilibrium properties of PLCs,diblock, random and alternating copolymer
compatibilizeré’. More recently v exploredthe dynamics of phase separatiom an
immiscible binary blend compatibilized by PLl€sand found that PLCs succeeded in
slowing down the process of phase separation.

Proteinlike copolymers (PLCs) repsent a new class of functional copolymrat
exhibit largescale compositional heterogeneities and {cargge correlations along the-co
monomer sequent®®. The concept of PLCs was first introduced by Khokhkwd

coworkeré*?®

who employedcomputer simulations to demonstrate that random copolymers
with tunable monomer sequences could be generated by adjusting the compactness of a
parent homopolymer composedmbnomes A, and then convertinthosesegment&xposed

to the outer periphery of the collapsed ¢oib B units by reacting theriginal A monomers

with other chemicalspeciespresentin the surrounding solutiorGradient copolymers are

novel copolymers whose ggposition changes gradually along the chain from one species to
the other They are synthesizedoutinely via several polymerization methods, most

frequentlyby controlled free radical polymerizatitif 2.
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Theco-monomersequence along the copolymer compatibilisegxpected to plagn
important rolein governing the phase behavior and interfacial characteristics of the
immiscible polymer blend to be compatibilizethis was demonstrated B$o et al’ who
usedlattice MC simulationgo explorethe effect of compatibilizer sequence distribution on
the phase sepation dynamics ofimmiscible binary blends.They considereddiblock,
alternating, random, randeaiternating and randonblock copolymer sequences as
compatibilizers.Their simulation results suggesteabat diblock copolymerswere best at
retardng the phae separatiofollowed by randomblock, random randomalternating and
alternating copolymer#o et al’ did not consider PLCs and gradient copolymer sequences.

In this work, weusekinetic Monte Carlo simulatiobased on the bond fluctuation
model (BFMJ? to investigatethe effects of the copolymer compatibilizer sequenaéhe
phase separation dynamiof an immiscible binary blend of homopolymets which
diblock, random, alternating, PLCand simple linear gradient copolyneee added

The binary system contair®/36 20mers of homopolymer A and 2434 -Bters of
homopolymer B. The blends are compaliilzed by adding 18070-mer copolymes
containing equal numbgiof A and B monomersn the copolymerDiblock, proteinlike,
simple linear gradient, randonand alternating copolymersnade of A and B units are
considered as copolymer compatibilizeBoth the binary blend (A/B) and ternary blend
(A/B/A-co-B) are mixed uniformly in the initial state. h®se separation between
homopolymers A and B is induced by introducing pwesi pairwise interaction energies
between monomer A and B units. As the immiscipl@ymer blend phase separates

homopolymer Arich and homopolymer dich domains start to form and gromith time.
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This process is retarded in the compatibilized blend as the copolyowigze tothe
biphasic A/B interface between the two homopolymersinimizing the unfavorable
interactions and interfacial tension.

To establish the efficacy of the various copolymer sequearoagsnonitor the process

of phase separatipnthe normalized numbsrof contacts between segmentsAA (
(Nu(®))/(n,(0))), B-B ((ngs(1)/(ng5(0))), and AB ((nys(1))/(n,e(0))) are recordedwhere

t=0 refers to the initial homogenous state andefers to time elapsed after the phase
separation commencebhe extat of penetration otopolymersinto the homopolymerich

phase over time is monitored by recording the fraction of contacts made bypiblgmer

segments A' and B', with the two differenthomopolymer segnmés A and B, f,,(t),
fus(t), faa(t), and fy4(t). The degreeof copolymer chain expansion with time is
monitored by evaluating the normalized radius of gyratigR(t))/( R(0)) of the

copolymer. The dynamics of phase separation in both the binary and the ternary blend is

monitoredusing the time dependent collective structure facg{rqg 1) . Theconformationof

the different copolymers at the intacke is evaluated in order to investigate the mechanism
by which the copolymers stabilize the interface.

Highlights of our results are as followsa the ternary compatibilized blend all
copolymers irrespective of their sequethmealize tothe biphasic irgrface between the two
immiscible homopolymersninimizing the unfavorable enthalpic interactions and interfacial
tension thereby retarding the process of phase separdditock copolymers are the most

effective compatibilizers followed blLCs and simple linear gradient (which have similar
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effectiveness), random, and alternating copolymers. This ranking is based on ranking their
performance according to the following criteria: an ideal compatibidizeuld maximize the
normalizednumber of contacts beeenA-B segmentsminimize the normalized number of
contacts betweeB-B segmentsstretch the most at the interface and maximize the number
of energetically favorable contacketween the copolymdromopolymersegmentsA'- A

and B'- B, In addition, lased on the structure factos(q f) calculations diblock

copolymersslow down the phase separation most effectively folloiwedPLCs and simple
linear gradient copolymers (which perform similaylyandom, and alternating copolymers.
The conformation of the copolymers at the interface differs from type to typeth@th
diblock copolymes penetrang the energeticalifavorable homopolymerich phaseand
forming entanglements with the homopolymetse dternating copolymersalying at the
interface and thePLCs, simple linear gradient and random copolymers iwgavack and
forth across the interface. The weavingmsre pronounced for PLC¢han for therandom
copolymersbut similar to that ofimplelineargradientcopolymers

In the next section, we describe the MC method and the generatsimpmé linear
gradient copolymers anBLCs via the instant coloring proageé of Khokhlov and co
workers. The following section presents the simulation resultir various copolymer

sequenceslhe finalsection concludes with a short summary of the results and a discussion.
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3.2 MODEL AND METHOD

The A/B binary blend system consists of 9736n2€rs of type A and 2434 20ers
of type B. The ternary (compatilzeéd) blendcontains the binary blend pluds80 70-mer
copolymer chaing® 4.92% of totalnumber of segmenis the ternary blend systereach of
which consists omonomers of types A and B with compositigy= x, =0.5, wherex is the
mole fraction of componeni . The copolymesequences considered includélock (A-b-
B), PLC (A-plc-B), simple linear gradient (&lg-B), random (Aran-B), andalternating (A
alt-B). The polymers are modeled aslfavoiding walks on a thregimensional cubic
lattice. The phase separation of homopolymer chains A and B is induced by introducing
positive repulsive pairwise interaction energy between A and B ugits g/k;T =0.5,
where kg is the Boltzmann constant anid is theabsolutetemperaturgin both the binary
and ternary blend systems. The interaction energies between identical segments are set to
zero (e,,= & 9). Additionally the interaction energies between each segment type and the
empty siteson the latticeare set to zerolo calculate the energy of the system we need to
decide on a range of the interactions; thisissially reported in terms of the number of
nearest neighbors to any site that experience an interaction. The MZCCL (the eighteen

vectors obtained by all the sign inversions and permutation of the two vector families
P(1,0,0UP(110 between segents assuming one of the segments is locate@,a; 0))

interaction range was chosen.

60



The latticeMonte Carlo(MC) simulations are based on theeedimensionalbond
fluctuation model (BFM¥ and areperformed in the NVTanonicalensemble. We chose the
BFM to model the dynamics of phase separation in polyterdssince it has been utilized
previously**’ to predict the properties of dense polymer méitshe BFM each monomer
represents a Kuhn segment and occupies eight sites on a simple cubic Saitmessive
monomers along the chain are connected via a predetermined set of bond heotdesito
avoid bond crossing and monomer overld@ bond vectors are derived from all possible

permutations and sign inversions of the following six vector families:
P(2,0,QUP(2LQUP( 21U P 22U A 300 H 3} For example, all possible
permutations and sign inversoof the vector family P(2,0,0 yield the following six

distinct bond vectors: (2,0,0%2,0,0), (0,2,0), (62,0), 0,0,2), and (0,82). Repeatinghis
process for albf the six vector families leads to a total of 108 bond vectors and 87 bond
angles. Thus, the modpbssessesome of the flexibility associated with an-tdttice model

while maintaining the advantagessociated with working on a latticeuch as integer
arithmetic and parallelizatidh The MC agjorithm is executed in the following manner. First

a monomer unit is chosen at random and translated by one lattice spacing in a direction
chosen randomly out of the six possible directions. Next a chetladeto verify that the
resulting move does nofolate the excluded volume and bond constraints set forth by the
BFM. If it does, the move is rejecteshd the monomer is restored to its original positibn

all of the BFM constraints are satisfied, the Metropolis sampling rule is appkedthe

mowe is accepted with a probability equalrtin(l,exq - CE/ k T)), where DE is the energy
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change due to the mové&he MC simulations are performed on a simple cubic lattice of
LxLxL sites with L =80. The volume fraction,f=N/L®, for the pure as well as
compatibilized blend is set t6 =0.5, where N is the number of beads in thensilation

box. Periodic boundary conditions are imposed in all three directiong, (and z) to

overcome the limitation of finite system size.
In order to characterize statistilyathe different types of AB copolymer sequences
used as compatibilizers we introduce the uniformity factor developaginally by

Dadmurt*. The uniformity factor for component A is defined as:

agct g @
UA = a Sn gﬂ' g NtypeA ]:) (31)
g n=1 =

where S, is 1 if then-th and (+1)-st sphere are type Al if the n-th sphere is type A and

the (+1)-st sphere is type B and 0 if theh sphere is B type regardless of the typenefL}-

st sphere. Heré\. is the total number of monomers in the copolymer &hy. , is the total

number of A monomer segments in tA® copolymer. By definition, compositionally
symmetric (e, 50% A, 50% B) alternating copolymeigossessuniformity factor -1,
symmetric diblock copolymers have uniformity factor, Aand random copolymers have
uniformity factor 0. The uniformity factor for symmetric PLCs and simple linear gradient
copolymers should lie roughly halfway between those for randondidfwtk copolymers

The symmetric random-8 copolymer was generated using the following algorithm.
Starting with a homopolymer A, segments were picked randomly and changed to type B if

the segment chosen was of type A. This process was repeated till the desired composition
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was achieved and the uniformity factor for components A and B in the random AB
copolymer sequence was reduced to zero.

The simple linear gradient-B copolymer was generated using the multiblock model
proposed recently by Jiang ef’alUsing this approach the gradient copolymer chain of

lengh N. is segmented intY intervals of equal lengthBl =N./Y. Each interval is viewed

as a mini AB diblock sequence, whose composition is specified via the local gradient

distribution furction g(l). The |" interval (j =0,1,2,» Y -1 begins with an A block in
the range] O, (j F;) IL, followed by a B block in the randej +FJ.) D( B 1], where

F; is the fraction of A blocks in the" interval. For a specifiedy(l), F; is defined by the

following equation:

(j+1)Y
F=Y fohdl (32)
i

where thdocal gradient distributiofunction g(l) for a simple linear gradient copolymer is
defined by the following equation:

g(1)=1 4 /N (3.3)

We chose thdinear concentration profile ovehe nonlinear hyperbolic tangent
concentration profile for gdient copolymers as it would lead tareore fair comparison
amongst the various copolymer sequences considered as compatibitizers fig raanchi ent 0

copolymerwith nortlinear hyperbolic tangent local concentration proflelescribed by the

following equation:
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(3.4)

g(l)= e1 tanh|/
24 éﬁ

I\)|I—‘
PR

where / is a parameter. In the above equation wiien o we recover the concentration
profile of a diblock copolymer while for - 0 the concenation profilecorresponds to that
of a random copolymeiThere isno value of / at whichthe fitanhgradiend copolymer
concentration profileeduce to that of thesimple linear gradient copolymer. For large values
of, / the fitanhgradiend copolymer is blockier than PLCas a resulit is likely that such
copolymers would outperform PLCs as compatibilizers However, the tendency to
microphase separate also increasih increasing/ *°2% In contrast, ér / - 0 thefitanh
gradiend gradientcopolymer idess blocky than PLCs and is likely to underperform PLCs as
acompatibilizer.This is whywe chosdo work with simpldineargradient copolymers

The symmetricAB PLCs were generated via a simulatlmased instantaneous
coloring procedure originally proposed by Khokhletval>*%°. A detailed description of our
implementation ofKhok hl ov 6s coloring -percABePdGsrvea t o
discontinuous molecular dynamics (DMD) simulation can be found in our previoud®work
To prepare te symmetric AB 78mer PLC, a 7dner A chain with square well interactions
between noradjacent A monomer segments wasialized in a random coil configuration.
Figure 3.1a shows a snapshot of a sample initial configuratibMD simulations were
performedon the A chairat a low reduced temperature tiket Amacromoleculeollapsed to
a globular conformation as shown Kigure 3.1b. The segments in the final globular
conformation were sorted in order of their distance from the center of the globule5The 3

segments of type A farthest from the center were colored to be B as depiEtgdran3.1c.
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The coloring procedure resulted in the creation of anéd AB PLC witha composition

X, =% 9.5. After the coloring procedure, the configuration of the AB PLC was relaxed.

Figure 3.1d displays a snapshot of asymmetric AB 70-mer PLC generated via the
instantaneous coloring procedurgigure 3.2 illustrates the five copolymer segpces
considered &) diblock, ) PLC (one sequence realizationt) simple linear gradientd]
random(one sequence realizatioa))d €) alternating.

MC simulationsare performed on the binar¢A/B) and ternary( A/ BB d¥j@nd
systems. The simulatisnon the blend systenase started in a random configuration at the
desired volume fraction. Initially the blend systems are mixmiformly, once the
interactions are switched on and MC simulatibilase beerperformed for 100,000 Monte
Carlo steps (MCS) the systemsdemix sufficiently into homopolymer Aich and
homopolymer Brich phass. In each MCS, alsegmentsn the system are mowkonce on
average.

The dynamics of phase separatisnmonitored by evaluatingl) the normalized

number ofnearesheightor contacts between segmentsAA((n,, (t))/(Nn,,(0))), B-B (

(neg (1)) /(ngs(0))), and AB ((ns(t))/(n,s(0))) where t=0 refers to the initial

homogenous state ardrefers to time eleged after the phase separation commeriabe

fraction of PLC Anearesiheighborcontactghat are tchomopolymer segmenss segments,

fua(t), and similarly f,;(t), fsa(t), and fy4(t), 3) the copolymer chain expansion ratio

i.e, the normalized copolymer radius of gyratidi(t))/( R(0)), 4) the spherically
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averaged timelependent collective structure fact®& g ) for the binary blend anfbr the

ternary compatibilized blendand5) theconformationof the copolymers at the interface at
the end of the simulation.
The fraction of PLC Anearesheighborcontactsthat are tchomopolymer segments

A segmentss defined to be
faa(t) =(naa(t)/ (nga(t) ,g(1)) (35)
where A' and B' refer to the Aand Bsegments of the AB copolymergspectively, and

nea(t), and n,,(t) denotethe nearesheighbor contacts between segnsedt'- A and
A'- B respectivelyat timet. Similarly f,,(t), f,,(t), and fy5(t) can also be defined.
The copolymer chain expansion ratig¥’ (t))/ ( R(0)) is calculatedwhere (R:(t))

is defined by the following equation

NcopolymerNg

(R®)= & 35,0 +"OF /{NepoymeNI (3.6)

=1 4
with <R§(t)> equal tothe copolymer radius of gyration at timeHere 1, (t) is the paition of

thej-th monomer on thieth copolymerchain at time and " (t) is the position of the center

of mass of the-th copolymerchain at time;, N is the number ofopolymerchains.

copolymer
The timedependent dtective structure factor for both the binary and ternary blend
system¥’ is calculatedo follow the time evolution of the lonange ordering. The structure
factor represens the Fourier transform of the pair correlation function and is defined by the

following equation:
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N 2
ell . e . . . . <
S(at)=( 3 (el ad))(ri ) - k&) i Ky o)/ (37
ern
where the scattering vectqris given by q =2pn/L with n equalto a positive integer

vector,i.e, n=(n,,n,n), the local concentration variabfd(t) (or £l(t)) at timet is equal

to one if lattice sitg is occupied by an A (or B) segment and zetberwise The outer
angular bracket(») denotes a thermal statistical averadée contribution from the
copolymer chains to the collective structure factor is neglected since we are interested
principally in the phase separation @bmopolymers A and B, and theopolymer
compatibilizer loading 94.92 %) is small relative to the homopolymers. To improve the

statistics ing-space the collective structure factor is averaged spherically as follows:

S(q )= a S(q 9/ m qopq (3.8)
52 H oD
(; -
where
m(gpa X  a (39)
q zqf Boa B

denotes the number of lattice points in a spherical shell of rgdiush gay as the shell

thickness. In scattering experiments on real immiscible polymer bléhnelsinteasity of

scatteredadiation,which is related to thstructure factorS( g 1) is small initially (for all

values of the scattering vector or scattering anpleas the homopolymers are mixed
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uniformly. As the plase separation progressagjistinct peak in the structure facts( df, )
develops at a scattering vectgt . Physically at timet, 1/q* represerg a measure of the
characteristic length scale in the blend wh#€d, ) is proportional tothe difference in
concentrations of the constituent homopolymers in the polymer blend.

We alsodetermine theonformationof the copolymers at the interface ag thnd of
the simulation To do sowe move along a copolymer chain and for a given copolymer
segment wealculate the difference between ti@mber of nearesteighbor contacts of that

copolymer segmentith homopolymer segmenf and with homopolymer segmerB,
(Na- Ng). If (N,- N;) is large and positive it implies that the copolymer segmesitles
preferentially in the homopolymer -Ach phase, while amall andnegative value of

<NA- NB> signifiesthatthe copolymer segment lies preferentially in the homopolymectB

phase.

The system properties for both the binary and ternary blemde averaged over five
simulation runs starting from uncorrelated random initial configurations. The results for
ternay blends compatibilized by PLCs or random copolymers were averaged over five
different copolymer sequences for a given initial configuration. Thus, 50 simulations were
performed for ternary blends compatibilized by either PLCs or random copolyiess.
errors which represent the sample standard deviations of the properties calculated were
within 5%. We chose not to represent the errors bars, which are relatively small, on the plots

for the sake of clarity.
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3.3 RESULTS AND DISCUSSION

Snapshots of the asynetric binary blend system atarious timesduring the
demixing processre presentedn Figure 3.3. Specifically, Figure 3.3 shows the binary
blend(a) initially, (b) atavery early stagen the simulation (5k MCS)c) halfway through
the simulation(50k MCS),and @) at the end of the simulation (100k MCS). As the phase
separatiorprogresseshomopolymer Arich and homopolymer #ich domains begin to form
and grow.Figure 3.4 showsthet er nar yB6A/bB/eAdd compaRLC@) | i zed
initially, (b) at a very early stagein the simulation (5k MCS)(c) halfway through the
simulation (50k MCS),and @) at the end of the simulatiofl00k MCS). Comparison of
Figures 3.3 and 3.4 provides a simple visual comparison of how the presence of the PLC
compdibilizer retards the phase separation of the A/B binary blend. In the- PLC
compatibilized ternary blendyomopolymer Arich and homopolymer #ich domains form
and grow as was the case for theebinary blend this time howeverthe PLCsmigrateto
the A/B biphasic interface, reducing unfavorable contacts, minimizing interfacial energy and
binding the two homopolymer phases togetismilar behavior isobserved for theéernary
blends compatibilized by diblock, simple linear gradientrandom, and altertiag
copolymers.

The process of phase separation in both binary and ternary blends is accompanied by
a change in th number of AA, B-B, and AB contacts with time. We expect the number of

A-A, and BB contacts to increasand the number ofA-B contacts todecrease with
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increasingphase separation timén Figure 3.5a we plot thenormalized number of 8

contacts(ng(t)/ ngy(0)) versus time. Tie (ng;(t)/ ng,(0)) is lowestfor diblock copolymers

followed by those for PLCsnd simple liner gradient copolymergwhich are similar)

random, and alternating copolymersThe <nBB(t)/nBB(0)> for all the ternary blends

compatibilized by various copolymer sequences is |danthose forthe binary (.e., no-

copolymer) blendindicating that all copolymers act effectively as compatibilizérg=igure
3.5b we plot the normalized number of—&contacts(nAB(t)/ nAB(O)> versus time, where, for
clarity, time is restricted to the latter half of the simulatidrne <nAB(t)/ nAB(O)> is highestfor

diblock copolymers followed by those for PL@®d simple linear gradient copolymers

(which are similar) random,and alternating copolymerdhe <nAB(t)/nAB(O)> for all the
ternary blends compatibilized by various comoér sequences is hight#tran those fothe
binary (.e., no-copolymer) blendNote that the higher the value Ofi,;(t)/ n,,(0)) or the
lower the value of<nBB(t)/nBB(0)> the greater the extent ahixing between the two
immiscible honopolymers. Copolymers, which maximiz(mAB(t)/nAB(O» or minimize

<nBB(t)/ nBB(O)>, are effective compatibilizers and hence, based on this criteria, diblocks are

the best compatibilizers followed by PLCs and gradient (which are simiéardom, and
alternating copolymers.

As the phase separation evolves in ternary compatibilized blends, the copolymers
migrate to the biphasic interface between the two homopolymers and penetrate the

homopolymeirich phasesTo monitor the extent of pemation of copolymersinto the
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homopolymeirich phaseswe recordthe fraction of PLC Anearesheighborcontactsthat

are tohomopolymer segments segmentsf,, (t) and similarly f,;(t), fg(t), and fz5(t).

In Figure 3.6aweplot f,,(t) versusphase separation tim€he f,,(t) increases with time

as expectedfor diblock, PLC and simple linear gradient copolymers since the interaction
betveen componentsA'(A' refers to the component A on the AB copolymand A is

favorable. HoweverfA.A(t) decreases with time for alternating and random copolyri@ss.

increasein fB.B(t) with increasingtime for all copolymer sequences as showrfigure
3.6b. A plausible reason for thisounterintuitivebehaviorfor random and alternating that
they are pushedreferentiallyinto the homopolymer Bich phase(minor phase)at the
biphasicinterface.The f,,(t) and f,(t) are highesfor diblock copolymers followed by
those for PLCsand simple linear gradient copolymefsvhich are similar) random,and
alternating copolymersconcadantly, diblocks are the best compatibilizers followed by

PLCs and gradient (which are similar), random, and alternating copolymers.

Figure 3.7 displaysthe copolymer chain expansion ratmr normalized radius of
gyration (R(t))/( R(0)), as afunction of time. The (RE(t))/( R (0)) increases for all

copolymer sequences withncreasing time as expected An effective copolymer
compatibilizeris likely to exhibit a relativelyhigh chain expansiosince this would signify

greater stretchig andentanglementformationwith the homopolymerich phasesDiblock

copolymers stretch most as they have the higfstt))/ ( R (0)) followed by PLCsand

simple linear gradient copolymefwhich are similar)random,and alternating copolymg

71



To quantify the extent of phase separation in both the binary and ternary
compatibilized blends, weleterminethe sphericallyaveraged tima&ependent collective
structure factorS( g 1) . Figure 3.8 shows a plot ofS( g f) as a function ofhe scattering
vector for both the binary and ternarnye( compatibilized) blenddnitially S( g 1) is small
for all casesas the blend is homogeneoWsith increasing phase separation time a distinct
peak devidps andthe location of the peak shifts towards smaller values of the scattering
vector, signifying the growth in size of the phaseparated domain3his behavior is also
observed in light scattering experiments on real polymer bi&fdsAn efficient
compatibilizer would suppress theight of thepeakin S( g f) andshift it to higher values
of the scattering vectoThe structure factor for the binary blend without ammpolymer
compatibilzer is shownin Figure 3.8a. The S(q t) for the diblock, PLC, simple linear
gradient random, and alternating copolymer compatibilized bleagsshown inFigures
3.8b through3.8f, respectivelyBased on theS( g f) calculations diblock copolymers are
most effective in slowing down the process of phase separbBoausethey have the
smallest S( g ), followed by PLCsand smple linear gradient copolymersvhich are
similar), random, and alternag copolymers. All copolymers irrespective of their sequence
slow down the phasgeparatiorin compatibilized blends in comparison to the binary blend
(no-copolymer).

Figure 3.9 depicts the simulation snapshots for each of the five compatibilized blends
with ©4.926 copolymer at the end of the simulation. Each block of the diblock copolymer

(Figure 3.9a) penetrates the homopolyméch phases on either side of the interface.
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Alternating copolymersHigure 3.9¢) prefer to lie at the interface. Random copatym
(Figure 3.9b), PLCs Figure 3.9d), and simple linear gradient copolymef&gure 3.9¢
weave back and forth across the biphasic interface binding the two homopolymer rich phases
together.

To establish theonformationof the copolymerst the interfaceand the mechanism
by which they stabilize the interfaceie calculate the difference between tihember of

nearesneighbor contacts of that copolymer segmeith homopolymer segmer, and

with homopolymer segmeiig, <NA- NB> for eachcopolymer segment along the copolymer
chainat the end of the simulatiofigure 3.10 depicts(NA- NB> along the copolymechain

for various copolymer sequences. A large and positive vaIL(epr NB> for a particular
copolymer segment indicates that the copolymer segment lies in the homopolyrnoér A
phase. A small and negative value(blfA- NB> for a particular copolymer segment indicates
that the copolymer segment lies in the homopolymeicB phaseFrom the data ifrigure
3.10 it is evident that &h blockof the diblock copolymer penetrates the energetically

favorable homopolymerich phase(i.e. A6 penetrates Amakimgd B©O

entanglements with the homopolymers. Alternating copotgntie at the interface as the

value of(NA- NB> is close to zero. PLCs, simple linear gradient and random copolymers

weave back and forth across the interface. The weaving and penetictiss the interface
is pronounced for PLCs in pmarison to random copolymers, whiteat of gradient

copolymers are on a par withe behavior seen iALCs. This analysis igsefulbecausave
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do nothave tomake anya priori assumptions about tHéatnessof the biphasic interface
between the two homotymers.

It is of interest to compare our results with the lattice MC simulatioréooét al’,
who reported that diblock copolymers were the best compatibilizers followed by random
block, random, randomalternating, and alternating copolymers. The relative
compatibilization performance ofldock, randomand alternating copolymers as suggested
by aur simulationsare in good agreement with thesultsof Ko et al’. The simulation
results from Ko eblockduniforinisy fastar of K.5) capolymersicdnmah
be equated with those d?LCs for comparisopurposes becausandomblock copolymers
have a sequence distributitimt isdifferentfrom that ofPLCs. Khokhlovand coworkerd
have demonstrated that randebbock copolymers (whose block length obeys as&am
distribution) are statistically different from PLCs (which obey Levy flight statistics for the
block length), despite having the same composition and average block length (or uniformity
factor) for both types of copolymers. Our results on the perfocmaof PLCs as
compatibilizers relative to those of Block, random, and alternating copolymers are
consistentvith our previous work involving DMD simulatioffs

As mentioned several times earlidre tompatibilizingperformance of simple linear
gradient copolymersvhich have a highly ordered sequeniseon a par withthat of PLCs.
Oneplausible reasofor this is that thelegree oblockiness of PLCs isompaable to that of
simple linear gradient copolymerAnother plausible reason is that unlike PLCisnde
linear gradient AB copolymes possesdong blocks of type A adjacent to short blocks of

type Bon the one end of the copolymand vice versan theother end of thecopolymer
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andthe long blocks of type A prefer to penetrate the homopolymectA phase While
doing sq theydrag successfully along the short adjacent blocks of type B leading to higher
interfacial energy and poor weaving across thédmsp interface

Although we have presented resutisly for copolymer concentrationf ©4.92%6,
computer simulations for higher copolymerloadings, i.e., ©19.69% have also been
performed. The trends amongst the various copolymer sequences obseR#é&@2%
copolymer concentration also hold true for the higher copolymer concentfdtth69%.
Interestingly the diblock didnot microphase separatven at this higher copolymer
concentration, most likelpecause théomopolymersn our simulations are much tter
than the diblock copolymers Previous studie€™® on diblockcopolymer compatibilized
ternary polymer blends have shown that for microphase separation of diblock to occur, the

diblock concentration must bégh (° 20%), the effective interaction strength parameter must

be large € sl copoymer10.5), and the homopolymers must be much longer than each block of

the diblock copolymerWe chose to performiketic MC simulations on ternary polymer
blends wih short (20mer) homopolymer chains because working with very long
homopolymerchains(relaive to the copolymers) would require a bigger simulation box to
minimize the finite size effects, and this would have been too computationally demdnding.
would ke interesting to study the compatibilization effectiveness of various copolymer
sequences in immiscible binary polymer blends at high copolymer concentrations with very
long homopolymers relative to the copolymer as it is likely that the diblock as vesthpke

linear gradient copolymers might microphase separate gasllige PLCs PLCs mightthus
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be the most effective compatibilizers. Self-consistent field theory SCFT) studies of
compatibilized blends with higher copolymer concentrations and veryHongppolymers
relative to the copolymer chain lengths are in progressvat be the subject of future

publications.

3.4 CONCLUSIONS

We preserdd the results of kinetic Monte Carlo simulations aimeeagtloringthe
effect of cemonomer sequence in agdgmer compatibilizers on thdynamics of phase
separation of incompatible A/B binary homopolymer bkmiblock, PLCs, simple linear
gradient random,and alternatingopolymersmade of equal numbers of A and B segments
andidenticalchain lengts were onsidered as compatibilizers binary blends the process
of phase separatiowas accompanied by the formation and growth of homopolymer B
(minor homopolymer phase) rich domains dispersed in a matrix of homopolymer A (major
homopolymer phase). In ternacpmpatibilized blends all copolymers irrespective of their
sequence retaed the process of phase separation by migrating to the biphasic interface
between theéwo incompatible homopolymers, thusinimizing the interfacial energy and
promoting adhesion.

The normalized number of nearest neighbor contactisetween homopolymer
segments A and B or between B andmBre recorded to monitor the process of phase

separation. For all the blend systethne number oA-B contacts decreased with time while
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the number othe B-B contacts increased with timandicating the demixing of the blend.
Diblock copolymers maximized theormalized number oA-B contactsand minimized the
normalized numberof B-B contacts followed by PLCs and simple linear gradient
copolymers(which were similar)random,and alternating copolymer$hefraction of PLC
contacts withhomopolymersegments A- A and B'- B, were recorded to monitor the
extent of penetration of copolymers into the homopolynaér phase. Th&action of A'- A
contacts increased with time for all sequences except random and alternating copolymers,
while the fraction of B'- B contacts increased for all copolymer sequences. A plausible
explanation forthis counterintuitivebehaviorfor random and alternating copolymessthat
they are pushegreferentiallyinto the homopolymer Bich phase(minor phase)at the
biphasic interface. Diblock copolymers maximized th&action of A'- A, and B'- B
contacts followed byPLCs and simple linear gradient copolyme(ghich were similar)
random,and alternating copolymers

We calculated the timdependent collective structure fact8( g ) for all the blend
systems to monitor the dynamics of phase separabblock copolymers were most
effective in slowing down the process of phase separation as they had the s&@atiebt,
followed by PLCsand smple linear gradient coppiners(which were similar) random, and
alternating copolymers. All copolymers irrespective of their sequencecededh slowing
down the phase in immiscible binary polymer blends.

Diblock copolymers stretched the maatthe interfacexs deduced fronthe highest

chain expansion ratifollowed by PLCsandsimple linear gradient copolymefahich were
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similar), random,and alternating copolymer$he chain expansion ratincreased with time
for all copolymer sequences.

We monitored the orientation of tlewpolymers at the interface lgvaluatingthe
difference between theumber of nearesteighbor contacts of that copolymer segmeitih
homopolymer segmemt andwith homopolymer segmei at the end of the simulatidor
each copolymer segment along thepalymer chain No assumption was made about the
flatnessof the interface. Each block of the diblock copolymer penetrated the homopolymer
rich phase on either side of the interface. Alternating copolymers preferred to lie at the
interface. Random, PLCs drsimple linear gradient copolymers weaved back and forth
across the interfacdinding the two homopolymer rich phases togethiée weaving and
penetration was more pronounced for PLCs than for random or simple linear gradient
copolymers.

Our results arén good agreement with the lattice Monte Carlo simulations of Ko et
al.” for diblock, random, and alternating copolyme®sir results on the performance of PLCs
as compatibilizergelative to thoseof diblock, random, and alternating copolymers are in
excellent agreement with our previous work involving DMD simulations on PL®s
surprisingresult of ourwork is the compatibilizing ability of PLCs observed here in on a par
with that of simple lineagradient copolymersvhich have received a great deal of attention
as potential alternatigeo diblock copolymers for use as compatibilizéf&. Compared to
diblock and gradient copolymerswhich are synthesized viaontrolled free radical
polymerization*?**? PLCsare relatively easy to prepare via the coloring reactestiibed

by Genzer and coworkeérs PLCsthushavereal potential as compatibilizers for immiscible
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polymer blends. In a ishell the copolymer sequence plays a dominant rolgetermining

its ability to effectively act as a compatibilizer for immiscible blends.
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3.5 FIGURES

B
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(d)
Figure 3.1 Snapshots illustratinignstantaneous coloring proas@ to generate 7@er A-B

PLC (A = dark blue, B = light pink) with composition =x, $.5: (a) random configuration

of 70-mer A chain, (b) collapsed globular configuration of the A chain, (c) 35 spheres
farthest from the center of the gldb are colored to type B, and (d) relaxed chain
configuration of the resulting# 70-mer PLC.
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Figure 3.2 Sequences of #her A-B copolymers (A = dark blue, B = light pinigith
compositionx, = %, 9.5: (a)diblock, (b) PLC (one sequence realization), (c) simple linear
gradient, (dyandom (one sequence realization), andleynating.
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Figure 3.3 Simulation snapshots of the A/B binary blgid= light blue, B = redpat time:

(a)t=0 (initial configuration), (b}=5k MCS (early stage configuration), b0k MCS
(halfway configuration), and (d¥100k MCS (final configuration).
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Figure 3.4 Simulation snapshots of tiR.C compatiblized A / B /BAbfend(A = light blue,
B = red, A6 =Hkghtgiskyaktimdé: (a)}=e (jnitiaBadnfiguration), (bj=5k MCS
(early stage configuration), (6550k MCS (intermediate configuration), and (d)00k
MCS (final configuration).

83



D

A
@)
\é ;
C i
Vv 3 —— Diblock Random .
:.’l\ ——PLC — Alternating
ToL Gradient No copolymer 1
Vo
1 (a) L . L . L . L .
0 200 400 600 800 1000
time (x100)
0.06 . T - T - T - |
— Diblock Random
—PLC — Alternating
A 0.05 Gradient No copolymer-]
o ]
E
S 0.04
S~
A
2 0.03
C
v
0.02 . . . .
500 600 700 800 900 1000

time (x100)

Figure 3.5 Normalized contacts for copolymer compatibilized blends with phase separation
time: () BB contacts(ngg (1)) / (g (0)) and (b) AB contacts(n,, (t))/ (N, (0)).
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Figure 3.6 Fraction of the nearesteighbor contacts between the copolymer and
homopolymer segments with phase separation in ternary compatibilized blentlstja)

and (b) fg5(t).
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Figure 3.8 Evolution of S( g f) with phase sepation time for: (a) binary blend (no
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Figure 3.9 Simulation snapshots of the binary blend compatibilized by various copolymer
sequences at the end of the simulationd{alpck, (b) PLC, (ckimple linear gradient, (d)
random, and (edlternating
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Figure 3.10 Orientationof the copolymes at the interfacat the end of the simulation
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CHAPTER FOUR

Phase Separation Dynamicsor a Polymer Blend Compatibilized by

Protein-like Copolymers: a Monte Carlo Simulation

4.1 INTRODUCTION

Macrophase separation in polymer blends limits their applicability as adhesives,
interfacial stabilizersgoatings, membranes, i@xchange systems, and functional materials
for biomedical applicatioris To arrest the process of phase separation in immiscible polymer
blends,macromolecular compatibilizers are typically add&bdey localize at the interface
between the immiscible homopolymers, therebguoing interfacial tension and slowing
down the process of phase separation, leading to finer domain dispersion and improved
mechanical strength of the interface. @acentcomputer simulation results suggest that
proteinlike copolymers (PLCs) could besed effectively as compatibilizers for immiscible
homopolymer blends and migheépresentan attractive alternative to block, randoand
alternating copolymer compatibilizers from a thermodynamic point ofviewthis study we
investigate the dynamics of phase separation of an immiscible polymer blend in the presence

of PLCs as compatibilizers.
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Proteinrlike copolymers represent a new class of functional copolythet exhibit
largescale compositional heterogeneities and {oamgge correlations along the-omnomer
sequencé The concept of PLCs was first introduced by Khokhlov and cowdfkevko
used computer simulations to demonstrate that random copolymers with tunable monomer
sequencedistributions could be generated by adjusting the compactness of a parent
homopolymer composed of component A, and then convertingsegpsegments on the
polymercoil surface into B segments by reacting them with other species in the surrounding
solution.

In order to control the morphology and properties of immiscible polymer blends, it is
necessary to understand the mechanisms thargdlie phase separation dynamics. These
have been explored extensively both theoreticaifyand experimentalfy**%. Particular
attention has been paid to the impadt diblock compatibilizers on phase separation
dynamics in immiscible polymer blerfdd* . Diblock copolymers are popular as
compatibilizersdue to their effectiveness in reducing the interfacial tension andasioge
the mechanical strength of immiscible interfaces; these are affected in part by having the
copolymer blocks entangle within the respective homopolymdosvever since diblock
copolymers themselves microphaseparatesasily at higher copolymer load?>%, other
copolymer sequences have been considéfé® This possibility has stimulated
experimental and theoretical research on the dynamics of phase sepafrationistible
homopolymers blends in the presence of random, alternating, raoldoky, random

alternating, and gradient copolym&f€ aspossible interfaciatompatibilizers.
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The dynamics of phase separation iofmiscible homopolymers blends in the
presence of PLCs as compatibilizers has not yet been explortds Wwork, we uséinetic
Monte Carlo(MC) simulationto investigate how addingroteinlike copolymer(PLC) to an
immiscible binary blend of homopolymseaffects the phase separation dynamics. The effects
of the pairwise interaction parameters between the homopolymers arféllL@édlocks
(which may be chemically different) and the effects of variation in the PLC chain length on
the phase separation dynasin immiscible blends are examined.

Kinetic MC simulations based on the bond fluctuation model are performed on an
immiscible binary blend containing 9736-8ters of homopolymer A and 2434 -gters of
homopolymer B, to whicR4.92%PLCscontaining equal timbers of C and D monomers is
added. Both the binary blend (A/B) and ternary blend (A/BIED) are mixed uniformly in
the initial state. Rase separation between homopolymers A and B is induced by introducing
positive pairwise interactions between monoreand B units. As the immiscible polymer
blend phaseeparatgsA-rich and Brich homopolymer domains start to form and grow. This
process is retarded in the compatibilized blend as the Ridakze tothe biphasic interface
between the two homopolymensinimizing the unfavorable interactions aretlucing the

interfacial tensionThe process of phase separation is monitored by recording the number of
contacts between segments of A ((n.,(1))), B - B ((ng(1))), andA - B ((n(1))). The

extent of penetration of PLCs into the homopolymen phase over time is monitored by

recording the fraction of contacts made by the PLC segments with homopolymer segments

fea(t), fes(t), foa(t), and fog(t). The extent of PLC chain expansion with time is
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recordedby evaluating the normalized radius of gyrati@ﬁj(t)>/< F§(0)> of the PLC. The

dynamics of phase separation intbtlie binary and the ternary blend is measured using the

time dependent collective structure fact@®(q f). To gauge the compatibilization

effectiveness of various PLC types (as characterized by-Hilo@polymer interaction
strength pamaeters and the PLC chain length), the dynamic scaling exponent associated with

g(t), the first moment of the structure factor at titeis calculated for the late stages of

phase separation. To demonstrateakistence of selimilarity amongst the phase separated
structures developed aarious timesduring the late stages of phase separation in both the

binary and ternary blends, the structure fac®{rq ) is scaled in terms of a chataristic
length parametet/q(t) and scaling functionF (x), and the time invariance o (x) is

tested in the late stages of phase separation. The universality of the scaling function is
verified for various types of ternary blends compatibilized by PLCs.

Highlights of our results are as followS-plc-D copolymers effectively compatibilize
the blend by migrating to the biphasic interface between the immiscible homopolymers,
thereby reducing # unfavorable interactions between the immiscible homopolyriiaes.
ability of PLCs toretard effectively the process of phase separatepends sensitively on
the interaction energy between the PLCs and homopolymers, and the PLC chain length.
PLCs compabilize the A/B blend moreffectively as the attractive interaction between the
PLC C (or D)segmentsand homopolymers A (or B) increases. Marginal improvement in
compatibilization of the A/B blend is achieved with increasing PLC chain length. The phase

separated structures developedvatious timesduring the late stages of phase separation
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exhibit seltsimilarity in both the binary and ternary blende., the morphology change with
time involves only an increase in the size of pheeggarated domairead not anychange in
the interfacial structureAs a consequencthe late stagestructure factorS(q f) canbe

rewritten in terms of characteristic length parametdi(t) and a timenvariant scaling
function F(x). F(x) is universal as it is nearly independent of BleC-homopolymer
interaction strength parameters, and the PLC chain IdogtRLC compatibilizedternary

blends during the late stages of phase separation.

In the next section, we describe i€ method and the generation of PLCs via the
instant coloring procedure of Khokhlov andworkers. The following section presents the
simulation results for dynamics of phase separation of immiscible binary blendi® in t
presence of PLC sequences. The final section concludes with a short summary of the results

and a discussion.

4.2 MODEL AND METHOD

The A/B binary blend system consists of 9736n2€rs of type A and 2434 20Qers
of type B. The ternary (compatibilizedhyend contains the binary blend plus protie
copolymer chains°@.92% of totalnumber of segments the ternary blend system)

containing monomers of types C andh@ving compositios x. =%, =0.5. The PLCs and

homopolymers are modeled aeltavoiding walks on a three dimensiorandfluctuation

cubic lattice. The chain length of the PLC compatibilizer is varied to be 30, 50, and 70
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segmentswhile the amount of PLCs added to the binary blend is held fixed. The phase
separation of homagpymer chains A and B is induced by introducing positive repulsive

pairwise interaction energy between A and B segmepts g /k,I =0.5in both the binary

and ternary blend systems. Since the symmetrie@ ELC compatibilizer is composed of
segmats that are chemically different frothe homopolymer unifsone must specify ten

monomefmonomerinteractionparameterse,, £, € o€y & & € co &- 1he values

of e are listed inTable 4.1. The interaction energies between the sagshof homopolymer

A and the segments of type @&,{) on the GD PLC, and between the segments of
homopolymer B and the segments of type &),) on the GD PLC are both chosen to be
negative, so that© PLCsbecome effective compatibilizing agents for the immiscible A/B
binary blend. The strengths of the interaction energiges g, are varied to be0.1,-0.2,
and-0.5. The interaction energies,,, ¢., and ¢, are all set equal to 0.5, to discourage

miscibility between their corresponding segments. The interaction energies between identical

segments are set to zere,(= & =.€ =€0). Additionally the interaction energies

between each segment type and the empty sites are set to zero.
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Table 4.1 Matrix of Interaction Parameters

&
B C D
varied to be
A 0 0.5 0.1,-0.2,-0.5 0.5
varied to be
B 0 0.5 0.1,-0.2,-0.5
c 0 0.5
D 0

The lattice MC simulations are based on tlilereedimensionalbond fluctuation
model (BFMJ® performed in the NVT ensemble. We chose the BFM to model the dynamics
of phase separation in polymiglendssince it has been utilized previou¥sP to predict the
properties of dense polymer melts sesgsxfully. In the BFM each monomer represents a
Kuhn segment and occupies eight sites on a simple cubic I&ticeessive monomers along
the chain are connected via a predetermined set of bond vdatarsder to avoid bond
crossing and monomer overlape bond vectors are derived from all possible permutations

and sign inversions of the following SiX vector families:
P(2,0,0UP(2L9UP( 21U P 22U R 300 H 3]). For example, all possible
permutations ah sign inversion of the vector famiIP(Z,0,0) yield the following six

distinct bond vectors: (2,0,0);20,0), (0,2,0), (62,0), (0,0,2), and (0,2). Repeatinghis
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process for all the six vector families leads to a total of 108 keawbrs and 87 bond angles.
Thus, the modgbossessesome of the flexibility associated with an-taftice model while
maintaining the advantages associated with working on a ladtich, as integer arithmetic

and parallelizatio. The MC algorithm is executed in the following manner. First a
monomer unit is chosen at random, and translated biatiiee spacing in a direction chosen
randomly out of the six possible directions. Next a check is done to verify that the resulting
move does not violate the excluded volume and bond constraints set forth by the BFM. If it
does, the move is rejectaddthe monomer is restored to its original posititrall the BFM
constraints are satisfied, the Metropolis sampling rule is applied i.e. the move is accepted

with a probability equal tanin(l,exg - CE/ k T), whereDE is the energy change due to the
move, k; is the Boltzmann constant afidis the temperature. The lattice MC simulations are
performed on a simple cubic lattice afxLxL siteswith L =80. The volume fraction,
f =N/, for the pure as well as compatibilized blend is sef t80.5, where N is the

number ofoccupied sitesn the simulation boxPeriodic boundary conditions are imposed in

all three directions X, y, and z) to overcome the limitation of finite system size.

The symmetricC-D PLCs were geerated via a simulatiebased instantaneous
coloring procedure originally proposed by Khokhleval®®. A detailed description of our
i mpl ementation of Khokhl ov®%PLCs @withcclimn lengthsp r o c e ¢
30, 50, and 70) via discontinuous molecular dynamics (DMD) simulation can be found in our
previous work. To prepare the symmetric-I@ 70-mer PLC, a @-mer C chain with square

well interactions between non adjacent C monomer segmenisiti@ged in a random coil
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configuration.Figure 4.1a shows a snapshot of a sample initial configuratigiscontinuous
molecular dynamicssimulationd were performed on the C chaiat a low reduced
temperature tilllte C chaincollapsed to a globular conformation as showikigure 4.1b.

The segments in the final globular éormation were sorted in order of their distance from

the center of the globule. The 35 segments of type C farthest from the center were colored to
be D as depicted iRigure 4.1c. The coloring procedure resulted in the creation of-anéd

C-D PLC witha compositionof x.=x, $.5. After the coloring procedure, the configuration

of the GD PLC was relaxedrigure 4.1d shows a snapshot of a samg@léd 70-mer PLC
generated via the instantaneous coloring procedure

MC simulations were performed on the binary and ternary blend systems. The
simulations on the blend systems were started in a random configuration at the desired
volume fraction. Initially the blend system&re uniformly mixed, but once the interactions
were turnecon MC simulationswere performed for 100,000 Monte Carlo steps (MCS); the
systemsdemix sufficiently into homopolymeA-rich and homopolymer Hich phasefor us
to consider this a phase separated systereach MCS, all beads the systemare moved
once on average.

To monitor the dynamics of phase separation the following meaargased: 1the

normalized number of nearesnheighbor contacts between segments of-AA (

(Maa(1))/(naa(0))), B-B ({Ngg (1)) /{Ng5(0))), and AB ((ns(t))/(nus(0))) wheret is
the time elapsed since the start of the phase separation, 2) the fractionedrésneighbor

contacts between the PLC and homopolymer segminfs), f.(t), foa(t), and fog(t),
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3) the PLC chain expansion ratia.e, the normalized PLC radius of gyration
<R§(t)>/< F§(O)> , 4) the timedependent collective structure factor for the binary blend and

the ternary compatibilized blends) the first moment of the structure factar ime, 6) the
scaling exponent, which is obtained from the slope of the first moment of the structure factor
vs.time during the later stage of phase separation, and 7) the scaling function during the late
stages of phase separation.

The fraction of contacts made by the C segments of {BeRCC with homopolymer

segments Af,(t) is defined by thdollowing equation

fea(t) = (nea(t) / (nea(t) 4nce( 1)) (4.)
where n,(t), and n(t) refer to the nearesteighbor contacts between segments ok C
and GB respectively at time Similarly f;(t), fo(t), and fy,(t) can also be defined.
The PLC chain exansion ratio,<R§(t)>/< @(O)> where<R§(t)> is defined by the following

equation

Npc Nsegment

(RO)=a a{r;® + O} {Noic Nognelk (4.2)

i=1 j &
In equation 4.2) <R§(t)> is the PLC radius of gyration at tintevhile <R§(O)> is the PLC
radius of gyrationnitially. r, ; (t) is the position of th¢-th monomer on theth PLC chain

at timet and r"™(t) is the position of the center of mass of itk PLC chain at timé¢, N, .

is the number of PLC chaing

degmen

is the number of spheres in a single PLC chain.
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The timedependent collective structure factor for both the binary and ternary blend
system¥ is evaluatedto monitor the time evolution of the lomgnge ordering. The structure
factor is the Fourier transform of the pair correlation function and is defined by the following
equation:

é 2
S(gt)=( 63 (pEad NI - £O) (4F K /Ll (43)
er
where L is the box length, the scattering vectgris defined asq=2pn/L where n
represents a positive integer vector, ire= (n,, n,, n,), the local concentration variable
£l(@) (or £2(t)) at timet is equal to one if lattice siteis occupied by an A (or B)

segment and zero otherwise, and the outer angular br@ckeﬂenoés a thermal statistical

averageThe contribution from the PLC chains to the collective structure factor is neglected
since we are principally interested in the phase separation of homopolymers A and B, and the
PLC compatibilizer loading®@.92%) is smaltelative to the homopolymers. To improve the

statistics in q space the collective structure factor is spherically averaged as follows:

S(g9= a S(q 9/ m(qpqg (4.4)

m(gma)X & (4.5)
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denotes the number of lattice pointsarspherical shell of radius] with qg as the shell

thickness. In lighcattering experiments on real immiscible polymer blends the intensity of

light scattered or the structure fact8( g t) is small initially (for all values of the scattering
vector or scattering angl€] ) as the homopolymers are uniformly mixed, but a distinct peak
in the structure factos(, ) develops at a scattering vectey* as the phase separation
occurs. Physically at timé, 1/q* is a measure of the characteristic length scale in the blend
while S(¢f, ) is a measure of the diffevee in concentrations of the constituent
homopolymers in the polyméitend.

We evaluate the first momentt) of the structure factog,(t) =8 9S(q 9/ § %a.t).
q q

The inverse ofy(t) is a measure of the averagerdon size of the phasseparated domains
in both the binary and ternary blendisis well known thatg(t) is time invariant in the early
stage of phase separat i 6°is applicable In Balltestages | i n e
() decreases with increasing phase separation time due to growth in the size of the phase
separated domains. The time dependence(dfin the later stage of phase segg®n is
characterized by the following power l&equation:

q()~t* (46)
where a is the scaling or dynamical exponent whose value depends on the mechanism of
domain growth. Althougthhe scaling exponent is generally a function of phase separation

time and temperature, it tends teach 1/3 fort- @ when longrange hydrodynamic

interactions are abséftwhichis the case in our simulation. Whiemg-range hydrodynamic
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f,56

interadions are significait®® a =1. We obtain the scaling exponent from the slope of the

log-log plot of g(t) versus time in the late stages of phase separation for botimtry and

ternary blends. The scaling exponent is useful for comparing the compatibilization
effectiveness of various types of PLCs based on the values of the interaction energies and
chain length. The smaller the value of the scaling exponent in a B@atibilized blend,

the more effective the PLC is a compatibilizer. A smaller value of the scaling exponent

implies a higher value of the slope in the-log plot of g(t) versus time during the late
stages of phase separation, whichturn,implies a higher value of(t) or smaller domain

size (since scattering vector and length scale are inversely related) ofsppasated
structures, and hence slower phase separation.

Phaseseparated structures develope¢darious timesluring the late staged phase
separation in binary polymer blendghibit self-similarity?**’, i.e., the morphology change
with time involves onlyan increase in the size tfe phaseseparated @mains but nba
change in the interfacial structuréf self-similarity exists between the phaseparated
structures developed at various timesring the late stages of phase separafmma
demixing polymer blend, the structure factor canr&erittenin terms of a single time

dependent length parametéfq(t) and the scaling functionF(x) as described by the

following equation:
S(a9=g/q() g/ c 4.7)
where x=q/ q(t) is the rediced scattering vectoF; (x) is the scaling functigrand G is an

arbitrary normalization constant. If the scaling law as described by eq&ffdrinolds for
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the binary polymer blend during the late stagégpltase separation; the scaling function

F(x) becomesndependentf time during the late stages of phase separation. The scaling

law for immiscible binary blends described above has also been shown to hold for binary

blends compatitized by diblock copolymers in the late stage of phase sepdrsttomith

the normalization constar® =8 ¢ q))* L, where L is the length of the simulation
q

box. We test thealidity of the scaling law as described in equatié:) for binary blends
compatibilized by PLCs.

The properties for both the binary and ternary blend systems were averaged over five
runs starting from uncorrelated random initial configurations. Thdtsef ternary blends
compatibilized by PLCs were averaged over three different copolymer sequences for a given
initial configuration (five different initial configurations)and set of interaction energy

parameters§,.= 0.1, ¢,.= 0.2, and ¢,. = 0.5) and chain length (30, 50, and 70 mers)

Thus, 135 simulations were performed for ternary blends compatibilized by PLCs.

4.3 RESULTS AND DISCUSSION

Snapshots of the asymmetric binary blend system arersholigure 4.2 at various
timesduring the demixing procesBigure 4.2 shows the binary bleng) initially, (b) ata
very early stagen the simulation (5k MCS)c) halfway through the simulatiofpOk MCS),

and @) at the end of the simulation (100k AL As the phase separatipmogresses
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homopolymer Arich and homopolymer Bich domains begin to form and groftgure 4.3
showsthe ternary PLC compatibilized blenda) initially, (b) at a veryearly stagen the
simulation (5k MCS) (c) halfway throughthe simulation(50k MCS),and ¢) at the end of
the simulation(100k MCS). Comparison dfigures 4.2 and 43 gives a sense of how the
presence of PLC compatibilizer retards the phase separation of the binary blend. In the
ternary blendhomopolymer Arich and homopolymer Bich domains form and grow as was
the case for the binary blend but this time the Pin@gateto the biphasic interface between
the two homopolymers, reducing unfavorable contacts, minimizing interfacial ersergy
binding the two homagymer phases together.

The process of phase separation in both binary and ternary blends is accompanied by
a change in the number oftA B-B, and AB contacts with time. We expect the number of
A-A, and BB contactsto increaseand the number of /8 con@cts to decrease with phase
separation timeFigure 4.4 shows a plot of the normalized number ofBAcontacts
(n,e(t)/ ny5(0)) with phase separation time. The time has been restricted to the latter half of
the simulation for clarity. IrFigure 4.4a the PLC chain length is fixed to be 70 while the
interaction energy is varied. As the strength of the favorable interaction energy between the
PLC blocks and homopolymers increases, the normalized numbeBafoitacts increases,
implying an increaseni the effectiveness of PLCs as compatibilizersFigure 4.4b the

interaction energy is fixed to be,. = g = 0.5 while the PLC chain length is varied. As the

PLC chain is increased from 30 to 70 the normalized number-Bf cAntacts increase
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marginally implying a nominal improvement in compatibilization effectiveness with
increasing PLC chain length.

As the phase separation evolves in blends compatibilized by PLCs, the PLCs migrate
to the biphasic interface between the two homopolynogpsnetratebooth homopolymeirich

phases. To monitor the extent of penetration of PLCs into the homopeliimgrhases we

monitor the fraction of the contacts between the PLC and homopolymer segfgﬁ(mﬁs
fee(t), foa(t), and fg(t). Since the interaction between components C and A is favorable

we expect f.,(t) to increase with timeFigure 4.5 shows a plot of thef., (t) with phase
separabn time. InFigure 4.5a the PLC chain length is fixed to be 70 while the interaction
energy is varied. As the strength of the favorable interaction energy between the PLC blocks
and homopolymers increaseskcA(t) increases, implying #h increase in effectiveness of
PLCs as compatibilizers. llrigure 4.5 the interaction energy is fixed to &g. = g =05
while the PLC chain length is varied. As the PLC chain length is increased from 30 to 70,
fCA(t) increases marginally implying a nominal improvement in compatibilization
effectiveness with increasing PLC chain length.

Figure 4.6 depictsthe PLC chain expansion ratio normalized radius of gyration
with phase separation time. Figure 4.6a the PLC chairlength is fixed to be 70 while the
interaction energy is varied. Ilfrigure 4.6 the interaction energy is fixed to be

.= & =05 while the PLC chain length is varied. The performance of PLCs as

compatibilizers improves with increasinglywtaable interaction energies between the PLC
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blocks and homopolymers and with PLC chain len@thewould expect the effective PLC
compatibilizers to have a higher PLC chain expansion ratio as they are likely to stretch more
forming engagements with the hopolymersrich phases in comparison to ineffective PLC
compatibilizers However,we do not observe this trend here. We do not have a good
explanation for this anomaly; it will be the subject of further investigation.

To quantify the extent of phase sega@n in both the binary and ternary
compatibilized blends, wealeterminethe sphericallyaveraged tima&ependent collective
structure factorS( g 1) . Figure 4.7 shows a plot ofS( g 1) versus the scattering vector for
both the binary and PLC compatibilized ternary blends. Initially as the blend is homogeneous
S(g 9 is smallfor all cases. Wh increasing phase separation time a distinct peak
develops andhe location of the peak shifts towards smealalues of the scattering vegtor
signifying the growth in size of the phaseparated domain3his behavior is also observed
in light scattering experiments on real polymer bléhths'?#245"%8 An efficient
compatibilizer would suppress the peak 8( g ) and shift it to higher values of the
scattering vector. The structure factor for the binary blend without any PLC compatibilizer is
shown inFigure 4.7a. In Figure 4.7 the PLC chainlength is fixed to be 70 while the
interaction energy is varied. As the strength of the favorable interaction energy between the
PLC blocks and homopolymers increases, the pea$(ig ) is suppressed, implying an
increase in effectivasss of PLCs as compatibilizers.Rigure 4.7c the interaction energy is

fixed to be e,. = g =0.5 while the PLC chain length is varied. As the PLC chain is
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increased from 30 to 70 the peak 8{ g 1) is suppressed marginglimplying a nominal
improvement in compatibilization effectiveness with increasing PLC chain length.
To gain further insight into the time evolution of the structure factor in the late stage

of phase separation we evaluate the first moment of the seueittorg(t). The inverse of
g(t) is a measure of the average size of the phaparated domains in both the binary and
ternary compatibilized blend&igure 4.8a shows a logog plot of g(t) versus time for the
binary polymer blend. In the early stage of phase separaffpnis time invariant, as
predicted by Ca hhlate latd smgesaf phase skpatatigte deareases
with time due to growth in the size of the phasparated domains. Singgt) in the late

stage of phase separation can be characterized by a powemawobtain the scalin
exponenta =0.311from the slope of the plot in the late stage of phase separation. Our value

is reasonably close to the theoretically accepted valug oi/3 for a binary blendunder

the asymptotidimit (t- =) when longrange hydrodynamic interactions are insignifiéant

which is the case in our simulatiom Figure 4.8 we plotthe scaling exponent for the
ternary blend compatibilized by PLCs of different chain lengths and interaction energies. The
scalng exponent values shown are evaluated over roughly identical time intervals in order to
make fair comparison between the phase separation processes. The smaller the value of the
dynamic scaling exponent, the more effective the PLGdsa compatibilizer ér the
immiscible binary blend. A smaller value of the scaling exponent implies a higher value of

the slope in the logpg plot of g(t) versus time during the late stages of phase separation,
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which implies a higher value ad(t) or smaller domain size (since scattering vector and

length scale are inversely related) of phasparated structures, and hence slower phase
separation. The scaling exponent analgsi®s us a quick way to compaa#t of the nine
ternaryblend systems (3 PLC chain lengths, and 3 values of the interaction enengjiks)
the other analysethat wepresented befor@ whichthe PLC interaction energy is held fixed
while the PLC chain is varied and vice versa. Longer PLC chains whichitegtitng
interaction with homopolymers are most effective in slowing down the process of phase
separation in immiscible binary blends as they lead to smaller values of the dynamical
scaling exponent.

To test the applicability of dynamical scaling laws time late stage of phase
separation in binary polymer blends compatibilized by PLCs, we evaluate the scaled

structure factor as described earlier in the method and model s&atjore 4.9shows a plot

of the scaled structure factdF (x) = Ggq(t) 3@5{ q }, versus the reduced scattering angle

x=q/ q(t) at various times in the late stageé2 80k MCS) of phase separation for a binary

blend compatibilized by #er PLC with interaction energg,.= g =0.5. Since the

scaled structure factors aarious timesn the late stages of phase separation all fall on a
single master curve, this establishes the existence of dynamicalnsiédirity amongst the
growing phaseseparated structures in the blend compatiiliby PLCsFigure 4.10shows
a plot of the scaled structure factirthe end of the simulation (100k MCf®y the ternary
A/B/C-plc-D blend compatibilized by various types of PLCs at various values of the

interaction energies between the PLC blocks amddpolymers and the PLC chain length.
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In Figure 4.1(a the PLC chain length is fixed to be 70 and the interaction energy is Maried

Figure 4.1( the interaction energy is fixed to l&g. = g = 0.5 while the PLC chain length

is varied. It isevident fromFigures 4.10aand4.10b that the scaled structure factor is nearly

independent of both the interaction energy = g as well as the PLC chain length for all

values of the reduced scattering angle explored by the simuldtias.behavior implies
universality of the scaled structure factor which means that the -pbpaeated domains in
the ternary compatibilized blend grow with dynamical-sétiilarity irrespective of the type

of PLC added.

4.4 CONCLUSIONS

We have perfaned kinetic Monte Carlo simulatic aimed at understandinet
effect of adding® 4.92%proteinlike copolymer(PLC) on the dynamics of phase separation
of a polymer blend containing two immiscible homopolymers A and B, wher€-ffie-D
copolymerused conists of blocks chemically different from the homopolymers. The ability
of PLCs toeffectively retard the process of phase separation depends sensitivelye on t
interaction energy between the PLCs and homopolymers, and the PLC chain length.

We haveevaluated the number ofnearesheighbor contactsthe time-dependent
collective structure factotthe first moment of structure factor, aride dynamical scaling

exponent to monitor the process of phase separation and gauge the effectVenaesss
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types of R.Cs as characterized Itlye PLC-homopolymer interaction strength parameters and
the PLC chain lengthThe effectiveness of PLCs as compatibilizers improves with
increasingly favorable interaction energies between the sdginentsand homopolymers

and withthe PLC chain length. There is a limit to the enhancement in performance of PLCs
as compatibilizers attainex thePLC chain lengthincreasesContrary to our expectation the
effective  PLC compatibilizers(long PLC chains with strong interactions with
honopolymers) do nostretchas much as the les$fective PLC compatibilizeréshort PLC
chains with weak interactions with homopolymeig)e do not have an explanation for this
anomaly and this will be subject of future investigation.

The process of phasemaration in binary polymer blends compatibilized by PLCs
obeys scaling laws during the late stage which implies the existence <Hinsiddirity
between the phasseparated structures developedvatious timesi.e. the morphology
change with timénvolves onlyan increase in the size thie phaseseparated domains buttno
achange in the interfacial structurEo the best of our knowledge no experiments have been
performed on using PLCs as compatibilizers for immiscible polymer blends-ddgttering
experiments on the dynamics of phase separation in blends compatibilized byaRt.Cs
needed to validate our findings. It is interesting to note that scaling laws which hold for
blends compatibilized by diblogk®* copolymers also hold for PLC compatibilized blends.

The scaling functions in PLC compatibilized blends are universal as they are nearly
independent of the interthan energy and th@€LC chain length Thus the phasseparated

domains grow with dynamical $edimilarity irrespective of the type of PLCs added to the
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binary blend, although the type of PLC significantly alters the growth rate of the-phase
separated domains.

Our work has practical implicationfor optimizing the performance of PLCs as
compatibilzers for immiscible blends with respect to the PLC chain length and attractive
interactive interaction energy between the PLC blocks and homopolymers. Optimizing the
performance of PLCs as compatibilizevgh respect to the composition of PLCs and the

cag of PLCs with repulsive interactions with homopolymers will be subject of future work.
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4.5 FIGURES
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Figure 4.1 Snapshots illustrating instantaneous coloring procedure to genesater <D

PLC (C = dark blue, D = lightipk) with compositionx, =%, $.5: (a) random configuration

of 70-mer C chain, (b) collapsed globular configuration of the C chain, (c) 35 spheres farthest
from the center of the globule are colored to type D, and (d) relaxed chain caidigofa

the resulting CD 70ner PLC.
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(d)

Figure 4.2 Simulation snapshots of the A/B binary blend (A = light blue, B = red) at time:
(a) t=0 (initial configuration), (b}=5k MCS (early stage configuration), b0k MCS
(halfway configuration), and (d¥100k MCS (final configuration).
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Figure 4.3 Simulation snapshots of the A/Bf@lc-D ternary blend (A = light blue, B = red,
C = dark blue, D = light pink) compatibilized by-A@er PLC wih ¢,. = g = 0.5 at time: (a)
t=0 (initial configuration), (bj=5k MCS (early stage configuration), b0k MCS
(intermediate configuration), and 100k MCS (final configuration).
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interaction energy,. varied (78mer PLC), and (b) PLC chain length varied (fixed
interaction energye,. = g = 0.5).
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CHAPTER FIVE

Effect of Protein-like Copolymers Composition on the Phase Separation

Dynamicsof a Polymer Blend: a Monte Carlo Simulation

5.1 INTRODUCTION

This paper is part of a series designed to explore the possibility that gildein
copolymers could be useful as qoatibilizing agents for polymer blends. Protéike
copolymers (PLCs) are a new class of functional copolymers whose block length sequence
distribution obeys Levy flight statistics in contrastttaditionalrandomblock copolymers,
whose block length olys a Poisson distributioh®. PLCs can be prepared in the laboratory
by adjusting the compactness of a parent hor
and then reacting exposed segments on the outercsurféth other species in the
surrounding solution, turning “Thusfarvehaveo di st
showvn via computer simulations that (PLCs) could be an attractive alternative to diblock,
random, alternating, and simple linear gradient copolymer compatibilizers from
thermodynamic equilibriufand kineti€ points of view. We also found that the dynamics of
phase separation in ternary PLC compatibilized blends depends sensitively on the interaction

energy between the PLQocks and the homopolymers, and on the PLC chain |énigtthis
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paper we investigate the effect of PLC composition on the dynamigisaske separation of
an immiscible polymer blend in the presence of PLCs as compatibilizers.

In order to control the morphology and properties of immiscible polymer blends
through the use of compatibilizeitsis necessary to understand the mechanismgythadrn
the phase separation dynamiBarticular attention has been paid to the impact of diblock
compatibilizers on phase separation dynamics in immiscible polymer Bféndscause
diblock copolymers aralread being useds compatibilizers.

The effect of diblock copolymer composition on the phsegaration dynamicsf
immiscible an A/B asymmetric polymer blend was explored by Kim €t aising Monte
Carlo simulations. Their simulatisrsuggest that diblocks with composition similar to that of
the asymmetric blend are optimal compatibilizers when the copolymers are much longer than
the homopolymers and that symmetric diblocks are optimal compatibilizers when the
copolymers are shortehtan the homopol ymers. ' fefooomméds and
experiments to study the compatibilization effect ofPBMMA diblock copolymers on an
asymmetric immiscible polymer blend contaigi70% PS and 30% PMMA where the-BS
PMMA diblocks were much longer than either the PS or PMMA homopolymers. Their
experiments suggest that symmetric diblock copolymers were optimal compatibilizers for the
asymmetric blendSince these two groups were Wimig on different cases it is hard to draw
any general conclusions from their reports. Nevertheless it would be of interest to verify if
the optimal PLC composition for asymmetric blends follows trends similar to those observed

for diblocks.
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In this work,we usekinetic Monte Carlo simulatiagsito investigatethe effectof PLC
compositionon the phase separation dynamagsan immiscible blendcompatibilized by
©4.92% PLCs. The simulations angerformed on arasymmetricimmiscible binary blend
comprised 00736 20mers of homopolymer A and 2434 -gters ofhomopolymer BThe
ternary PLC compatibilized blend consists of the binary blend plus 420eB0PLCs
composedof monomers oftype C and O which have favorable interaction with
homopolymers A and B, respaely. The binary blend andPLC compatibilizedternary
blends are homogeneousnitially. Introduction of apositive pairwise interaction energy
betweensegment®f type A and Bleads to the Ipase separatioof homopolymers A and B.
The phase separationf the immiscible polymer blend accompanied by the formation and
growth of homopolymer Aich andhomopolymer Brich domainsHowever in the ternary
compatibilized blend the phase separai®metarded as the PLGweferentially segregate
between the twohomopolymers minimizing the interfacial tensiorand unfavorable

interactions. The process of phase separation is monitored by recordimgprthalized

number of contacts between segmen&ndB ((n,s(t))/(N,g(0))). The extent of penetration

of PLCs into the homopolymetich phase over time is monitored by recording the fraction of

contacts made by the PLC segments with homopolymer segnfigrfty, fes(t), fou(t).
and fg (t) The extent of PLC chain expansion with time is monitored by evaluating the

normalized radius of gyratio(nR;(t)>/< @(O)> of the PLC.The conformationof PLCs at

the interfacas evaluated in order tquantify the weaving ability of PLCsThe dynamics of

phase separation in both the binary and the ternary dlisncheasured using the time
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dependent collective structure fact®( g ). To gauge the compatibilization effectiveness
of PLCswith different compositionsthe d/namic scaling exponent associateith ¢(t), the

first moment of the structure factor versus tirgecalculatedfor the late stages of phase
separation. Tocorroboratethe existence of seffimilarity amongst the phase separated
structures at different times during the late stages of phase sepathéiostructure factor
S(qg 9 in both the binary and ternary blends is scateterms of a characteristic length
parametef/q (t) and scaling furtion F(x), and the timendependencef F(x) duringthe
late stages of phase separati®tested The universality of the scaling function is tested for
ternary blendsvith differentPLC compositions

Highlights of our results are as follows.-@lc-D copolymersirrespective of their
composition segregageferentiallypetween the immiscible homopolymensinimizing the
unfavorable interactiorasnd leading to compatibilizatiarf the immiscible binary blend.he
ability of PLCs to effectively retard the process of phase separation depends sensitively on
the PLC composition PLCs with composition around).3¢x. ¢0.E are most effective in
compatibilizingthe asymmetricA/B blend(80% A, 20% B) PLCs peetrate and weave back
and forth across the interface between the phase separated domains; this weaving effect is

more pronounced for PLGsith compositionx. ¢0.5. The optimal diblock compatibilizer

1
|13

compositionsuggested by the work oKim et al™~ of x. =0.8 does not apply to our PLCs,

but the optimal PLC composition base'iofon t he

%. =0.5is closer to our optimal diblock copolymer composition. As we have already seen in

previous work, the phaseseparated structures developed at different times during the late
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stages of phase separation exhibit-seffilarity (i.e.the morphology change with time only
involvesan increase irthe size of phase separated domawmus no change in the interfacial
strucure) in both the binary and ternary blendshusthe structure factoiS( g t) canbe
rewritten in terms of characteristic length parametdi(t) and a timenvariant scaling
function F(x). Here we show that~(x) is universalmeaning itis nearly independent of

the PLCcompositionfor the binaryblends compatibilizedby PLC during the late stages of
phase separation.

In the next section, we describe the MC method and therggon of PLCs via the
instantaneouscoloring procedure of Khokhlov and -weorkers. The following section
presents the simulation results the effect of PLC composition on tlignamics of phase
separation of immiscible binary blendsmpatibilizedby PLCs. The final section concludes

with a short summary of the results and a discussion.

5.2 MODEL AND METHOD

The A/B binary blend system consists of 9736n2€rs of type A and 2434 20Qers
of type B. The ternary (compatibilized) blend contains the pitdend plus proteiike
copolymer chains°@.92% of totalnumber of segments the ternary blend system)
containing monomers dfpe C and D.The composition oPLC chains addeds varied from

%. =0.1to x. =0.9 in steps of 0.1The PLCs and homopolymers are modeled asas®@iiding

walks on a three dimensional cubic lattidée phase separation of homopolymer chains A
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and B is induced by introducing positive repulsive pairwise interaction energy between A

and B sementse,; = g/k;T =0.5in both the binary and ternary blend syste8iace the €

D PLC compatibilizer is composed of segments that are chemically differentthem
homopolymer units one must specify tenmonomermonomer interaction parameters

e B A€ sofey By & mfceo & The values ofe used are listed imable 5.1. The
interaction energies between the segments of homopolymer A and the segments of type C (
é) on the GD PLC, and between the segnmewatf homopolymer B and the segments of
type D (,) on the GD PLC are both chosen to be negative, so ti&aC-D PLCs become
effective compatibilizing agents for the immiscible A/B binary bleflde strengths of the
interaction enegies e, , &, are both set equal t®.5. The interaction energies,,, &,

and e, are all set equal te-0.5, to discarage miscibility between their corresponding

segments. The interaction energies between identical segments are set to zero (

en= & =€ =p€0). Additionally the interaction energies between esetment type and

the empty sites are set to zefm. calculate the energy of the system we need to decide on a
range of the interactions; this is usually reported in terms of the number of nearest neighbors

to any site that experience an interaction. THEQ@L (the eighteen vectors obtained by all

the sign inversions and permutation of the two vector fammiés0,0UP(1,1,Q between

segments assuming one of the segments is loca(@lD)) interaction range was chosen.
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Table 5.1 Matrix of Interaction Parameters

&
A B C D
A 0 0.5 -0.5 0.5
B 0 0.5 -0.5
C 0 0.5
D 0

The lattice MC simulations are based on tlilereedimensionalbond fluctuation
model (BFMY® performed in the NVT ensemble. We chose the BFM to model the dynamics
of phase separation in polymiglendssince it has been utilized previouSI§? to predict the
properties ofdense polymer melts successfully. the BFM each monomer represents a
Kuhn segment and occupies eight sites on a simple cubic |&ticeessive monomers along
the chain are connected via a predetermined set of bond vdotayeder to avoid bond
crossing and monomer overlapetbond vectors are derived from all possible permutations

and sign inversions of the following SiX vector families:

P(2,0,0UP(2L9UP( 21U P 2,2UR 300 H 3). For example, all possible
permutations and sign inversoiof the vector family P(Z,0,0) yield the following six

distinct bond vectors: (2,0,0);20,0), (0,2,0), (62,0), (0,0,2), and (0,2). Repeatinghis

process foall the six vector families leads to a total of 108 bond vectors and 87 bond angles.
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Thus, the modgbossessesome of the flexibility associated with an-taftice model while
maintaining the advantages associated with working on a ladtich, as integr arithmetic

and parallelizatioi. The MC algorithm is executed in the following manner. First a
monomer unit is chosen at random, and translated by one lattice spacing in a direction chosen
randomly out of the six possible directions. Next a check is done to verify that the resulting
move does not violate the excluded volume and bond constrairitstheby the BFM. If it

does, the move is rejectadd the monomer is restored to its original positlball the BFM
constraints are satisfied, the Metropolis sampling rule is appleedthe move is accepted

with a probability equal tanin(l,exg - CE/ k T), whereDE is the energy change due to the
move, k; is the Boltzmann constant afids the temperature. The lattice MC siratibns are

performed on a simple cubic lattice afxLxL siteswith L =80. The volume fraction,
f=N/L, for the pure as well as compatibilized blend is sefto 0.5, where N is the

number ofoccupied sitesn the simulation boxPeriodic boundary conditions are imposed in

all three directionsy( y , and z) to overcome the limitan of finite system size.

The 30-mer C-D PLCswith varying compositionsvere generated via a simulation
based instantaneous coloring procedure originally proposed by Khodth&a¥>. A detailed
descriptonofar i mpl ement ati on of Khokhl| eDrRLG8s col or
via discontinuous molecular dynamics (DMD) simulation can be found in our previous
work’.

MC simulations were performed on the binary and ternary blend systems. The

simulations on the blend systems were started in a randoiormly-mixed initial
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configuration at the desired volume fractioifter the interactionswere turnedon and
100,000 Monte Carlo steps (MCSvere performedthe systemsdemix sufficiently into
homopolymer A-rich and homopolymer fich phasefor us to consider this a phase
separated systerin each MCS, all beads the systemaremoved once on average.

To monitor the dynanss of phase separation the following measaresised: 1xhe

normalized number of nearesheighbor contacts between segments And B (

(nug(t))/(Nn,s(0))) wheret is the time elapsed since the start of the phase sepa@tibie,

PLC chain exparasn ratiqg i.e., the normalized PLC radius of gyratiailRS(t)>/< F§(O)> )|

the timedependent collective structure factor for the binary blend and teheary
compatibilized blends, )4the first moment of the structure factos. time, 9 the saling
exponent, which is obtained from the slope of the first moment of the structureviatiore
during the latestage of phase separation, andh@ scaling function during the late stages of
phase separation.

The PLC chain expansion ratiaéRj(t)>/<F§(O)> is calculatedwhere <R§(t)> is

defined by the following equation

Np| ¢ "segment

RO)=a &{10 170} HNucngmd 5.0

i=1
In equation $.1) <R§(t)> is the PLC radius of gyration at tintevhile <R§(O)> is the PLC

radius of gyrationnitially, r; ; (t) is the position of thg-th monomer on theth PLC chain

146



at timet and r,°™"(t) is the position of the center of mass of tite PLC chain at time,

N, IS the number of PLC chaina Is the number of spheres in a single PLC chain.

segmen
We determine theonformationof the PLCsat the interface ahstant in time athe

end of the simulatiofior a single PLC sequenc@ o do sowe move along a PLC chain and

for a given PLC segment walculate the difference between thenber of nearesteighbor

contacts of that PLC segmanith homopolymer segmerit andwith homopolymer segment

B, (N,- Ng). The (N,- N;) is averaged ovéiive different initial randomconfigurationsof

the ternary PLC compatibilized blend for a single PLC sequence at an instant in time at the

end of the simulatione., at 100k MCSIf <NA- NB> is large ad positive it implies that the

PLC segmentresidespreferentially in the homopolymer-Ach phase, while amall and

negative value of(N,- N) implies that thePLC segment lies preferentially in the

homopolymer Brich phase

The timedependent collective structure factor for both the binary and ternary blend
systemé&’ is calculatedto monitor the time evolution of the loignge ordering. The
structure fator is the Fourier transform of the pair correlation function and is defined by the

following equation:

S(gt)= éé(em(i O - £O (4 Ky Qe 52

where the scattering vectar is given by q = 2on/L with n equalto a positive integer

vector,i.e, n=(n,,n,n), the local concentration variabfe(t) (or 7J(t)) at timet is equal to
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1 if lattice sitej is occupied by an A (or B) segment adatherwise The outer angular
bracket<» > denotes a thermal statistical averagee contribution from théLC chains to

the collective structure factor is neglected since we are interested principally in the phase
separation of homopygmers A and B, and thED PLC compatibilizer loading94.92 %) is

small relative to the homopolymers. To improve the statisticg-space the collective

structure factor is averaged spherically as follows:

S(g 9= a S(a 9/ n{qopq (5.3
& b e
where
mamayF & 5.4
5 & e

denotes the number of lattice points in a spherical shell of rafiwéth gy as the shell

thickness. In lightscattering experiments on real immiscible polymer bletidsintensity of

light scattered, which is related to teeucture factar S(qg f) is small initially (for all
values of the scattering vector or scattering angleas the homopolymers are mixed
uniformly. As the phase separation progressegistinct peak in the structure facts( df, )

develops at a scattering vectgr. Physically at time t, 1/g* is a measure of the
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characteristic length scale in the blend wh@€c, ) is proportional tothe difference in
concentrations of the constituent homopolymers in the polymer blend.

We evaluate the first momentt) of the structure faor q(t)=8 9S(q 9/ § %a.t).
q q

The inverse ofy(t) is a measure of the average domain size of the ysegsgrated domains
in both the binary and ternary blendisis well known thatg(t) is time invariant in th early

stage of phase separati 0ffis applieable In e latedages | i n e :

() decreases with increasing phase sdjmardime due to growth in the size of the phase
separated domains. The time dependence(dfin the later stage of phase separation is

characterized by the following power Evequation:

G (t) ~ (5.9
where a is the scaling or dynamical exponent whose value depends on the mechanism of
domain growth. Although the scaling exponent is generally a function of phase separation
time and temperature, it tends teat 1/3 for t- =@ when longrange hydrodynamic
interactions are abséftwhichis the case in our simulation. Whiemg-range hydrodynamic
interactions are significafit®® a =1. We obtain the scalfy exponent from the slope of the
log-log plot of g(t) versus time in the late stages of phase separation for both the binary and
ternary blends. The scaling exponent is useful for comparing the compatibilization
effectiveness of vaous types oPLCs based on the values of the interaction energies and
chain length. The smaller the value of the scaling exponent in a PLC compatibilized blend,

the more effective the PLC iasa compatibilizer. A smaller value of the scaling exponent
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implies a higher value of the slope in the-log plot of g(t) versus time during the late
stages of phase separation, whichturn,implies a higher value of(t) or smaller domain

size (since scattering vectondx length scale are inversely related) of pkeeggarated
structures, and hence slower phase separation.

Phaseseparated structures developedaious timesluring the late staged phase
separation in binary polymer blendghibit self-similarity®>®? i.e., the morphology change
with time involves onlyan increase in the size tie phaseseparated domains buttna
change in the interfacial structurdéf self-similarity exists between the phaseparated
strudures developed at various timesiring the late stages of phase separafmma
demixing polymer blend, the structure factor canréerittenin terms of a single time

dependent length parametéfq(t) and the scaling functionF (x) as described by the
following equation:

S(a9=g/q() grY/ c (5.6)
where x=q/ q(t) is the reduced scattering vectd¥(x) is the scaling functiorand G is
an arbitrary normalization constant. If the scaling law as described by eqyatirholds

for the binary polymer blend during the late stages of phase sepathéa@taling function

F(X) becomedndependendf time during the latetages of phase separation. The scaling

law for immiscible binary blends described above has also been shown to hold for binary

blends compatibilized by diblock copolymers in the late stage of phase segaratiuith

the normalization constar® = (3 S q)) " L, where L is the length of the simulation
q
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box. We test the validity of the scaling law as described in equéiéi for binary blends
compatibilized by PLCs.

The propertis for both the binary and ternary blend systems were averaged over five
runs starting from uncorrelated random initial configurations. The results for ternary blends
compatibilized by PLCs were averaged over three different copolymer sequences for a given
initial configuration (five different initial configurations) foeach of the nine PLChain
compositions Thus, 135 simulations were performed for ternary blends compatibilized by
PLCs.The errorsnvhich represent the sample standard deviations of thegtiegp calculated
were within 4%. We chose not to represent the errors bars on the density profile plots for

clarity.

5.3 RESULTS AND DISCUSSION

Figure 5.1 shows a plot of the normalized number oBAcontacts(nAB(t)/ nAB(O)>

with phase sepation time over the latter half of the simulationA higher value of

<nAB(t)/ nAB(O)> for an immiscible polymer blend is indicative of greater mixing amongst the

constituent homopolymers A and Bhd normalized number of AB contacts decrease
with time for all blend systems as they phase separate as expddtedPLCs with

compositionx ¢ 0.5 are more effective in slowing down the process of phase separation than

PLCs with compositiorx. >0.5 as they leadata higher value ofn,s(t)/ n(0)). PLCs with
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composition around.3¢ x, ¢0.f are the best compatibilizers as they lead to the highest value
of (ny(t)/ ne(0)) for the blends they compatibilize. THa,q(t))/(n.(0)) is higher for the

PLC compatibilized ternary blendban for thebinary (necopolymer) blendvhich implies
that all PLCs irrespective of composition act as compatibilizers.

Figure 5.2 is a plot of the PLC chain expansion raticmormalized radiusfayyration
versusphase separation tim@LCs with composition aroun@.3¢x. ¢.t have the highest

chain expansion ratio. PLCs with extreme compositions¥ike0.2 or x. =0.8 have a lower

chain expansin ratio.We expecPLCs with ahigher chain expansion ratio beeffective as
theyarelikely to stretch morend formengagements with the homopolymeich phasesn
either side of the interface.

To establish theonformationof the PLCs at the interfae and the mechanism by
which they stabilize the interfacere calculate the difference between thenber of nearest

neighbor contacts of that PLGegmentwith homopolymer segmentA, and with

homopolymer segmeis, <NA- NB> for each PLGsegment along the PLC chain at an instant

in time at the end of the simulatidior a single PLC sequenc€&he <NA- NB> presented is

averaged oveiive different initial randomconfigurationsof the ternary PLC compatibilized

blend for a Bigle PLC sequence at an instant in time at the end of the simulatjaat 100k

MCS. Figure 5.3 depicts(NA- NB> along thePLC chainfor variousPLC compositionsA
large and positive value diN,- Ng) for a particur PLC segment indicates that tfRiC

segmenties in the homopolymer A ricphase. A small and negative vaIue{NfA- NB> for a

152



particular PLC segment indicates that tHL.C segmentlies in the homopolymer B rich
phaseAll PLCsirrespetive of the composition stabilize the interface by weaving back and
forth across the interfacdhe weaving ismore pronounced for PLCsvith composition

x. ¢0.6 than PLCs with compositionx. >0.6. PLCs with compositioraround 0.3¢ x. ¢0.€

are most effective in knitting across the interface binding the two homopolymer rich phases
together.This analysis isusefulbecauseve do nothave tomake anya priori assumptions
about thdlatnessof the biphasic inteface between the two homopolymers.

To quantify the extent of phase separation in both the binary and ternary
compatibilized blends, weleterminethe sphericallyaveraged tima&ependent collective
structure factorS( g 1) . Figure 5.4 showvs a plot of S( g 1) versus the scattering vector for
boththebinary andPLC compatibilized ternary blendsitially as the blend is homogeneous
S(qg 9 is smallfor all cases. Wh increasing phase separation tiraedistinct peak
develops andhe location of the peak shifts towards smaller values of the scattering ,vector
signifying the growth in size of the phaseparated domain3his behavior is also observed
in light scattering experiments on real polymer bEhtf. An efficient PLC compatibilizer

would be expected tsuppress the peak oB( g ) and shift it to higher values of the

scattering vectorThe structure factor for the binary blend withaaty PLC compatibilizer is

shown inFigure 5.4a. Figures 5.4b throughFigures 5.4f depict the S(q t) for the PLC
compatibilized ternary blends with PLC composition varying frop=0.1 to x.=0.9,
respectively.PLCs with compositiornx. ¢ 0.5 suppresshe peak inS(qg 9 effectively and

are better compatibilizers than PLCs with compositiar»0.5. PLCs with composition
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around0.3¢ x. ¢0.f are the best compatibilizers as they retard the process of phase separation
by the greatest extent.

To gain further insight into the time evolution of the structure factor in the late stage
of phase separation we evaluate the first moment of thetste factorg(t). The inverse of
g(t) is a measure of the average size of the phase separated domains in both the binary and
ternary compatibilized blend®Ve obtain the scaling exponent from the slope ofidigdog
plot of g(t) versus time in the late stages of phase separation for both the binary and ternary

blends.Figure 5.5 shows the scaling exponent for the ternary blend compatibilized by PLCs
with varying compositionThe scaling gponent values shown are evaluated over roughly
identical time intervals in order to malefair comparison between the phase separation
processes. The smaller the value of the dynamic scaling exponent, the more effective the
PLC isasa compatibilizer fothe immiscible binary blendhis is because smaller value of

the scaling exponent implies a higher value of the slope in tHedpglot of g(t) versus time

during the late stages of phase separation, wihi¢born implies a higler value ofg(t) or a

smaller domain size (since scattering vector and length scale are inversely related), and hence
slower phase separatioALCs with compositiorx. ¢ 0.5 are more effective compatibilizers

than PICs with compositionx, >0.5 as they lead to smaller values of the dynamical scaling
exponent. PLCs with composition arouddt x. ¢0.£ are the best compatibilizers.

Figure 5.6 shows a plot of the scaled structure faabthe end of the simulation

(100k MCS)for the ternary A/B/Gplc-D blend compatibilized by PLCwith varying PLC
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compositions It is evident fromFigure 5.6 that the scaled structure factor is nearly
independent of PLECompositionfor all values of the redied scattering ajte explored by
the simulationThis behavior implies universality of the scaled structure factor which means
that the phasseparated domains in the ternary compatibilized blend grow with dynamical
selfsimilarity irrespective of th®LC composition
It is of interest to make comparisons between optimal compatibilizer composition for
PLCs and diblock copolymer$he optimal diblock compatibilizer compositisaggested by
the work of Kim et af?® of x,.=0.8 does not apply to our PLCs, but the optimal PLC
composition based on the exp'efx= 06intlosertof Tho,
our optimal diblock cpolymer compositionThe optimal PLC compatibilizer composition
based on our simulations is aroufd¢ x. ¢0.2 which does not match the optimal diblock
compatibilizer of either groups but it is closer to the optimal diblock compatibilizer
conposition based on the expériments of Thoma
We do not yet have a good physical explanation for why the optimal PLC
compatibilizer compositiomn our simulations is arown0.3¢ x, ¢0.5. This will be the subject
of future publicationslt is alsointeresting to note that scaling laws which hold for blends

compatibilized by diblock™® copolymers also hold for PLC comibilized blends

irrespective of the PLC composition
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5.4 CONCLUSIONS

We have performedkinetic Monte Carlo simulatia aimed at understandinet
effect of adding 4.92%roteinlike copolymer(PLC) on the phase separatidynamics of a
polymer blend containing two immiscible homopolymers A and B, where @iplc-D
copolymerused consists of blockkat arechemically different from the homopolymers. The
ability of PLCs toeffectively retard the process of phase separation depends sensitively on
the PLC composition

Nearesteighbor contactgxtent of penetration of PLCs into the homopolymer-rich
phases, PLC chain expansion ratio, conformation of the PLCs at the inteifaee,
dependent collective structure factor, first moment of structure factrdynamical scaling
exponenwere used to monitor the process of phase separation and gauge the effecofeness

various PLC compositions PLCs with composition x. ¢0.5 are more effective
compatibilizers than PLCs with compositior. >0.5. PLCs with composition around
0.3¢ x. ¢0.f are the best compatibilizers.

The scaling functions in PLC compatibilized blends are universal as they are nearly
independent ofthe PLC composition Thus the phasseparated duoains grow with
dynamical seksimilarity irrespective of theomposition ofPLCs added to the binary blend,
although the PLCcompositionsignificantly alters the growth rate of the phasparated

domains.
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Our work has practical implications that it alows us to optimiz¢he performance
of PLCs as compatibilizers for immiscible blenolg choosingthe bestPLC composition
Optimizing the performance of PLCompatibilizersexhibiting repulsive interactions with

homopolymers will be subject of future work.
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5.5 FIGURES

Figure 5.1 Normalized AB contacts(n,, (t))/(n,,(0)) with phase separation time.
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CHAPTER SIX

Exploring the Potential for Using Protein-like Copolymers as Drug

Delivery Devices

6.1 INTRODUCTION

Two important problems associated with cancer chemotherapy are thainaoiti
drugs may bepoorly soluble in the bloodstream and that they attack the body in an
untargeted fashion, killing healthy cells as well as diseasedtdRssearch in recent years
has focused on using nanotechnology to solbilhese drugs and to make them more
selective for cancer cefls Encapsul ation increases drugsb®
allows them to be targeted to the turhowe seek to provide aebretical framework that
describes the encapsulation of HAdruglke by a
copolymers (PLCs), focusing in particular on
aggregation.

Proteinlike copolymers (PLCsjepresent a new class of functional copolysnigrat
exhibit largescale compositional heterogeneities and {cargge correlations along the-co
monomer sequenté The concept of PLCs was first introduced by Khokhland

coworkers® who used computer simulations to demonstrate that random copolymers with
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tunable monomer sequences could be generated by adjusting the compactness of a parent
homopolymer composed of component #nd then converting exposed segments on the
polymer surface into B segments by reacting them with other species in the surrounding
solution. Our recent computer simulations suggest that the sequence along the PLC plays a
dominant role in its interfacidlehaviof™**.

The use of polymeric nanoparticles for targeted drug delivery is not new. The
polymeric nanoparticles currently being used or investigated for use as drug delivery devices
include mlymeric biodegradale nanoparticles liposomes, polymeric micelles, and
dendrimers. These nanopartitlased drug delivery devices can be divided roughly into two
classes, mukmolecule carriers meaning nanoparticles created via the assembly of groups of
molecules such g®lymeric biodegradable nanoparticl@slymericmicelles and liposomes,
and singlemolecule carriers such as dendrim@mdegradable polymeric nanoparticie¥’
can be fabricated in a wide range of sizes and varieties and have drawn considerslda att
because they provide steady drug release for weeks, yet do not accumulate in the body.
Liposome$* are small watefilled vesicles surrounded by a bilayer synthesized from non
toxic phospholipids andholesterol. Since they are natural materials, they are considered low
toxicity drug delivery carriers that can circulate in the blood stream for a long time.
Polymeric micelle¥ are nanoscale polymeric structures that are physiologictblesin
biological environmentand thus can deliver drugs securely to the targeted locatiay. are
suitable carriers for wateénsoluble drugsas they have a hydrophobic cor@ potential
disadvantage of polymeric micelles is that they can dissoaitefiee chains below the

critical micelle concentration, causing sudden release of the drug.
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Dendrimerbased nanscale drug delivery systems have been proposed as an
alternative to polymeric micelle nanoparticl&endrimers are synthetic, highly brandhe
spherical, monalisperse macromolecules of nanometer dimensions prepare@nby
iterative®®® synthetic methodology.The coréshell architecture of dendrimersith
hydrophobic internal cavitiéd and modifiable surface functionalit§, grows linearly in
diameter as a function of the added generations and exponentially with respect to the surface
groups.These charactistics, along with water solubility, are some of the features that make
them attractive for biological and dratplivery applicatiors.. The drug payload can be
physically entrapped within the dendrimer or cleatly attached to the surfacélnlike
polymeric micellesgendrimersio not dissociate as they are covalently bound

Our interest in using proteiiike copolymers for drug delivery was sparked in part by
their resemblance to dendririeased nanalelivery systems. Like dendrimers they can
function as unimolecular drug containers in which the payload is physically entrapped.
However, unlike dendrimers whose stationary branched configuration serves as a sponge for
drug molecules, PLCs could adsorb or reledrsigg molecules as they undergo a coil globule
transition in response to an external stimuli. The coil to globule transition can be induced by
immersion in a poor solvent, change in pH or reducing the temperature below the theta
temperature; the globule dormed will adopt a structure with a dense hydrophobic core
surrounded by a loose hydrophilic corona, making it highly soluble in aqueous m&daim.
suggest exploiting theoil to globule transitionof PLCs to encapsulate drugs. While our
main focus is orsingle PLCs we also consider the midtiC case to see if there are any

opportunities for drug encapsulation in concentrated PLC systems.
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In this paper we use kinetic Monte Carlo (M&@mputersimulations based on the
bond fluctuation model tinvestigatethe behavior of a model PL&blvent system in the
presence of model Adrugo mol ecules with the
nanoescale drug or solute carriers. Although we will refer to the solute molecules in this
paper as neswe ghauld pont ost that we have made no attempt to build in any
druglike features; our drug molecules are intended to represent any type of molecular solute
that could be absorbed or encapsulated by a RAC.simulations are performed dyoth
single aad multi chain 10@mer PLC systems to mimic low and high PLC concentration
respectively. The single chain PLC system consists of onemB)OPLC, and 400 drug
molecules while the mukthain PLC system consists of 20 1®@rs PLCs, and 8000 drug
molecules.The solvent is implicit for both the single and multi PLC chain systéffes.
explore the impact that the hydrophobic drug particles have on the ease with which the PLCs
undergo the coil to globule transitiowe also vary thesystem density, PLC compositio
and the strength and range of the interaction between the hydrophobic segments on the PLC
and the drugo demonstrate how each of these variables affects the drug encapsulation ability
of the system. We use visual analysis of the simulation snapshd¢tetonine if the PLCs
succeed in encapsulating drugs. We also present profiles for the hydrophobic (H),
hydrophilic (P), and drug segments within the PLC to quantify the encapsulation efficiency
of HP PLCs.

Highlights of our results are as follow&/e find that the presence of drugsgstems
with low PLC concentration makes it easier for the PLCs to undergo a coil to globule

transition below the theta temperature while encapsulating drugs. The interaction strength
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e,, (between HH segments) must be stronger thap (between HD segments) ana,,

(between DD segments) for successful drug encapsulation by PLCs. For single PLC chain
systems the interaction range extending to the netwesity six neighbors is optimal for
encapsulation while for multi PLC chain systems the interaction range extending to the
nearest eighteen or twenty six neighbors is optimal for drug encapsulation. A PLC
composition ofx, =0.5 is opimal for encapsulation for both single and m#tiC systems.
We also find that the interaction strength between the hydrophobic segments on the PLC and
drug acts as a coupling parameter that determines whether the system encapsulates or
whether the copolyer and drug aggregate separately.

In the next section, we describe the MC method and the generation of PLCs via the
instant coloring procedure of Khokhlov andworkers™®. The following section presents the
simuation results forPLC nanoparticles as carriers for solubilizing drugs (or solute)

molecules The final section concludes with a short summary of the results and a discussion.

6.2 MODEL AND METHOD

The single PLC chairsystem consists af00 drug (D) mtecules and a single 100
mer PLC containing monomers fotypes H (hydrophobic) and P (hydrophilic). The
composition of the PLC is varied to be, =0.3, x, =0.4, x, =0.5, and x, =0.7. The
multi-PLC chainsystem consists @000 drug molecules and 20 16rsPLCscontaining

monomers btypes H and P with compositior, =0.5. In both the single and mulghain
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PLC systems the voids (V) or unoccupied lattice siteyg thla role of an implicit solvent.
PLCsare modeled as sedfvoiding walks on a thregimensional cubic latticelhe values of
the various interaction energies between segments of typeand j are listed irTable 6.1.
Theinteraction energieg,, , &,,, €p, €4, Ep, Ep are held fixed; their valseare closely
related to those used in the work of Khokhlov &f ah generating PLCs. To account for the
fact that the drug molecules will be hydrophobic in aqueous medium we,set0.3 and
choose only negative values fey, . The interaction energies,, and g,, are varied. To

calculate the energy of the system we need to decide on a range of the interactions; this is
usualy reported in terms of the number of nearest neighbors to any site that experience an
interaction. Three different interaction ranges are conside®aming one of the segments is

located at(0,0,0): SZCCL (the six vectors obtained kil sign inversions and permutations
of the vector faminP(l,0,0) between segments), MZCCL (the eighteen vectors obtained by

all the sign inversions and permutation of the two vector famfifs0,0UP(1,1,0), and

LZCCL (the twentysix vectors obtained by all the sign inversions and permutation of the

vector familiesP(1,0,0U P(1,1,QU P( 1,1)).
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Table 6.1 Matrix of Interaction Parameters

G
V (Void) H P D
V (Void) 0 0.3 -0.3 0.3
H -1.0 0.0 e, varied
P 0.0 00
D e, varied

The lattice Monte Carlo simulations are based on teeedimensional bond
fluctuation model (BFMY performed in the NVT ensemblé the BFM each monomer
represents a Kuhn segment and occupies eight sites on a simple cubicTlagtideug or the
solute moleculealso occupies eight sites on a simple cubic lattiSaccessivanonomers
along the chain are connected via a predetermined set of bond viectoder to avoid bond
crossing and monomer overlapetbond vectors are derived from all possible permutations

and sign inversions of the following SiX vector families:
P(2,0,0UP(2L9UP( 220J P( 22U A 3,00 H 3. For example, all possible
permutations and sign inversioof the vector familyP(2,0,0 yield the following six

distinct bond vectors: (2,0,0§2,0,0), (0,2,0), (62,0), (0,0,2), and (0,£2). Repeatinghis
process for all six vector families leads to a total of 108 bond vectors and 87 bond angles.

Thus, the model has some of the flexibility associated with amatite model while
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maintainhg the advantages associated with working on a lagigeh as integer arithmetic
and parallelizatioff.

The MC algorithm is executed in the following manner. First a unit is chosen at
random, and translated by one lattice spacing in a direction chosen randomly out of the six
possible directions. Next a check is done to verify that the resulting do@genot violate the
excluded volume and bond constraifitgshe selected unit is a monomer on a polymer chain)
set forth by the BFM. If it does, the move is rejecaed theunit is restored to its original
position If all the BFM constraints are saiisfl, the Metropolis sampling rule is appliée.

the move is accepted with a probability equaimo(l, ex - CE k T)), whereDE is the
energy change due to the mowg, is the Boltzmann constant afdis the temperature. The
lattice Monte Carlo (MC) simulations are performed on a simple cubic lattit&lodl sites
where L =50 for both sirgle and multi PLC chain systemiBhe volume fractionf =N/ L2,

for thesingle PLC chain systerm set tof =0.004, and for the multi PLC chain system is set
to 7 =0.08, where N is the number afegmentsncluding drug moleculemm the simulation
box. Periodic boundary conditions are imposed in all three directiany,(and z) to

overcome the limitatioof finite system size.

The HP PLCs were generated via a simulatimesed instantaneous coloring
procedure originally proposed by Khokhlost al®>’. A detailed description of our
i mpl ementati on anig précédaré kol generatB00-mero HPOPLCs via

discontinuous molecular dynamics (DMD) simulation can be found in our previou& work
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To gauge the effectiveness different PLGdrug systems and understand the role of
various parameters on the drug encapsulation efficidreyollowing measureareused: 1)
visual analysis of simulation snapsho#sd 2) density profiles of the hydrophobic (H),
hydrophilic (P) segnms, and drug (D) segments within the PLC globule that is formed.

Visual analysis of simulation snapshots, although empirical, allows us to identify
those cases in which a PLC has successfully encapsulating drug molecules. If the HP PLCs
are effective in ecapsulating drugs they are likely to adopt a globular conformation with a
dense drugontaining hydrophobic core and a surrounding hydrophilic corona.

To quantify the performance of PLCs as drug carriers we evaluate the density profiles
for the hydrophola (H), hydrophilic (P), and drug (D) segmenitghin the HP PLC globule
that is formed during the coil to globule transition in the presence of drug molecules at low
PLC concentrationThe density profileof any component across a diagC aggregatas
determinedby finding thea g g r e geatér ef dnasscalculating the number of component
sites in a spherical shell at evenly spadestiancs from the center of massd then dividing
by the volume of the shell. The density profiles were averaged ovedtirimg) the last 0.001
fraction of the simulation.

Kinetic MC simulations were performed on teangle and multiple chain PLGdrug
systems. The simulations were started in a random configuration at the desired volume
fraction. The appropriate interactionseveswitched on and MGimulations were performed
for 2,000,000 Monte Carlo steps (MCSn each MCS, all beads the system are mowvke
once on averagelhe system properties for both teagle and multchain PLCsystems

were averaged over five runs silag from uncorrelated random initial configuratiorasd
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over three PLC sequences for a given initial configurafidre errorswhich represent the
sample standard deviations of the properties calculated were within 3%. We chose not to

represent the errsibars on the density profile plots for clarity.

6.3 RESULTS AND DISCUSSION

We first report the results on the Piddug systems involving single 18fer PLC
chain. Figure 6.1 shows simulation snapshots for a single chain Hk@ system with

X, =0.5, and interaction strengthg,, = 4 and g,;, = 4. Figure 6.1ashows a snapshot of

a typical initial configuration in which both the PLCs and drug molecules are randomly
mixed. Figures 6.1b through6.1d show the PLC-drug system at the end of the simulation
with interaction rangesbj SZCCL (nearest six neighborgr) MZCCL (nearest eighteen
neighbors),and @) LZCCL (nearest twenty six neighborsjomparison offFigures 6.1b
through6.1d gives a sense of hothe interaction range affects the ability of the PLCs to
undergo a coil to globule transition while encapsulating drugs. The short ranged SZCCL
interaction (cf.Figure 6.1b) leads to weak collapse of the PLC chain, with no drug
encapsulation at all. Thmedium ranged MZCCL interaction (dfigure 6.1¢ leads to good
collapse of the PLC chain, but the drug encapsulation is widak.long ranged LZCCL
interaction (cf.Figure 6.1d) leads to strong collapse of the PLC chain, with excellent drug

encapsulationvhich is desirable. The singtdhain PLC system shown Figure 6.1d can be
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considered an ideal drug carrier as it succeeds in encapsulating a large amount®dfa¥aug (
of the 400 drug molecules loaden)its hydrophobic core.
Figure 6.2 shows simulatiorsnapshots for a single chain 1@@r PLGdrug system

with PLC compositionx, =0.5, and interaction range LZCCL at interaction streng#)s (
e, = 90.1327 and e,;, = 0.066, (b) ¢, = 1 and g,;, = 0.265;, and €¢) ¢, = 1.5
and e,; = 4. In (c) we chose strongl-D interaction relative to the4l or D-D interaction

in the hopes of boosting up the drug encapsulation efficiency of the-simgjle PLCsystem.

In Figure 6.2a the PLC undergoes a coil to globule transition but the drug molecules do not
get encapsulated due to the wealDHnteraction relative to the H interaction. InFigure

6.2b the drug molecules get encapsulated due to the stiddgnteraction but the PLC does

not undergo a coil to globule transition completely due to the vile&k interaction, for
reasons which will be explained below. .Higure 6.2c the drug molecules get encapsulated
due to the very strong-B interaction relatie to the HH and DD interactions but the PLC
does not wundergo coil to globule tra#osition
globule transition despite the strongHHinteraction is counterintuitive. A plausible reason is

as follows; the stnog H-D interactions cause the drugs to aggregate around the H blocks of
the HP PLC screening the-Hi interactions while the weak-D interactions prevent the
drugs from acting as a bridge between the H segments. ThusDhmtBraction relative to

the HH interaction must be strong enough for the drugs to act as a bridge between the H

segments thereby promoting the PLC ¢oiflobule transition. Thus it is apparent that in
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order for the PLC to undergo a cgiobule transition and for drugs to be encap®d the

conditione,, 2 & 2 £ must be satisfied.

Figure 6.3 shows simulation snapshots for a single chainmh@® PLGdrug system

with interaction strengthsg,; = 4 and e,;, = 4, and interaction rangeACCL at @)
X, =0.3, (b) x, =0.5, and €) x, =0.7. As seen irFigure 6.3a, if the hydrophobic content
of the HP PLC ishelow 50%, i.e.,x, <0.5 then the PLC has a large hydrophilierana

which enhances the PLC solubility and is desirable but the amount of drug encapsulated by
the PLC is low which is undesirable. As seerfigure 6.3c, if the hydrophobic content of

the HP PLC is above 50%, i.ex, >0.5 then the amunt of drug encapsulated by the PLC is

high which is desirable but the PLC has a small hydrophilic corona which limits the
solubility of the PLC and is undesirabl€hus it is apparenthat the PLC composition

X, =0.5 is optimal for drig encapsulation and solubility of the HP PLCs.

So far we have relied on visual analysis of simulation snapshots which, although
empirical, is useful as it provides physical insight into the workings of the single chain 100
mer PLGdrug system. We now pragethe results of the density profiles of the hydrophobic
(H), hydrophilic (P), and drug (D) segments of within the PLC globule for the single chain
100-mer HP PLCdrug systemFigure 6.4 depicts the density profiles respectively for the H,

P, and D segmés within the PLC globule for the singtain 100mer PLC system shown
in Figure 6.1d Since the PLC shown iRigure 6.1d underwent a coito-globule transition
while successfully encapsulating drugs in its hydrophobic core, the densities for segments H

and D are very high near the center of mass of the PLC globule and tail off at distances away
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from the globulebs center. The density of

negligible and increases wi tdentdrwhierpeakisgiang di

distances near the outer periphery of the HP PLC globule. These behaviors are what one
would expect.

We now report the results for Pk@fug systems involving multi 16@er PLC
chains, in an effort learn what would happen at high&® concentrations. In the mutthain
system we have three possibilities: (1) individual chains undergo a coil to globule transition
while encapsulating drugs, (2) many PLCs aggregate to form large clusters with drugs
encapsulated or (3) both phenomenppem simultaneously. This makes the analysis of the
density profiles harder to interpret.

Figure 6.5 shows simulation snapshots at the end of the simulation for the multi

chain 106mer PLGdrug system wittPLC compositionx, =0.5, and ineraction strengths
e, = 1 and e, = 4 with interaction rangega) SZCCL (nearest six neighboys)b)

MZCCL (nearest eighteen neighborgnd €) LZCCL (nearest twenty six neighbors)
Comparison ofigures 6.5athrough 6.5cgives a sense of how the interaction range affects
the ability of the system to encapsulate drugs. The short ranged SZCCL interaction (cf.
Figure 6.58 does not lead to collapse of the PLCs to a globular conformation, and no drug
encapsulation. Botthe medium ranged MZCCL (ckigure 6.5h) and long ranged LZCCL

(cf. Figure 6.59 interactions cause the PLCs to aggregate and form large clusters which
encapsulate drug§hus it is necessary to have the either MZCCL or LZCCL interaction

range for satisfctory drug encapsulation.
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Figure 6.6 shows simulation snapshots for a multi chain-b@r PLCGdrug system

with PLC compositionx, =0.5, and interaction range MZCCL at the end of the simulation
for interaction strengthsa] ¢, = 0.5and e, = 0.5, b) ¢, = O0.75and g, = 0.75,

and €) e, = 1 and e, = 4. In Figure 6.6athe drugs are dispersed uniformly unlike the
other two systems wth have strongerH-D and DD interactions. The condition
6.2 & 2 £ must still be satisfied in the multi chain PLC systems to encapsulate drugs,
however lower values of the interaction energigs and e,, favor uniform drug dispersion

which is undesirable.

6.4 CONCLUSIONS

We presented the results of kinetic Monte Carlo (MC) simulations aimed at
supporting the development of protdike copolymers as nanoparticles for drug (or solute)
delivery. We considered both the single and multi chain PLC based systemisnic low
and high PLC concentrations, respectivelinoccupied lattice sites played the role of an
implicit solvent for both the single and multi chain PLC systeWs. performed visua
analysis of the simulation snapshots to determine if the PLCs succeeded in encapsulating
drugs. We quantified the encapsulation efficiency of PLC based systems by performing
cluster analyses to evaluate the density and composition profiles of the hyimogH),

hydrophilic (P), and the drug (D) segments within the cluster.
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The presence of drug molecules in lystem made it easier for the PLCs to undergo
a coil to globule transition which is important for drug encapsulation especially for systems
with low PLC concentration. Weak-D interactions caused the PLCs to collapse partially
while weak HD interactions hindered the process of drug encapsulation. The following

condition e, 2 & 2 £ Mmust be satisfied for successful drug encapsuay the PLCs.

The longest interaction range considered, LZCCL, was optimal for drug encapsulation in the
single PLC chain systems, while the medium and long interaction ranges MZCCL and

LZCCL proved optimal in multi PLC chain systems. PLCs with contjmwsix, =0.5

proved optimal for enhanced drug encapsulation and solubility for both the single and multi
chain PLC systems. In multi chain PLC systems, weak interaction betw&emrd DD
segments lead to uniform drug dispersion whechndesirable.

PLCs share common features with dendrimers such as their ability to adopt
hydrophobic cordnydrophilic shell architectures below the theta temperature, allowing them
to form unimolecular micelles with high drug encapsulation capacity arelexicsolubility
in solution. PLCs could also prove useful in encapsulating drugs at low polymer
concentrations where polymetigicelle-based drug carriers might become unstable as they
are below the critical micelle concentration. In a nutshell PLCs hesk potential as
nanoparticles for drug delivery. Alternate routes to drug delivery via PLCs would be the
subject of future publications.

It is difficult to validate our work due to the lack of prior experimeatal theoretical

research on PLCs as nascale carriers for drugs (or solute) molecules. In this paper we
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have mainly discussed the drug encapsulation process by the PLCs. The release of drugs
could be accomplished by altering the pH or solubility of the solution, or changing the
temperature whit would cause the PLC globules to either undergo inversion or expansion to

a coil like conformation. Alternate routes to drdelivery via PLCs exist which we have not
explored in this paper. As an example complementary PLC polyelectrolyte sequences could
also be used to form ionic complexes with the drug molecules. We could also utilize the coil
to globule transition of a homopolymer below the theta temperature (poor solvent conditions)
to encapsulate drugs first and then perform the coloring processssedytpy Khokhlov and

coworkers to create modified PLCs with enhanced solubility in solution.
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6.5 FIGURES

(d)

Figure 6.1 Simulation siapshot®f the single 106ner HP PLC chainrug (D) system (H
light blue, P=red, D =green): (a)initially, and at the end of the simulation with interaction
range(b) SZCCL, (c)MZCCL, and (d)LZCCL.
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(©)

Figure 6.2 Simulation siapshot®f the single 106ner HP PLC chaidrug (D) system at the
end of thesimulation with interaction strength)(&,, = ©0.1327and g, = ©.0665¢,

(b) e,y = dande,; = 0.265 and (3 €, = 4d.5ande,, = 1.
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(b) ()

Figure 6.3 Simulation siapshot®f the single 106ner HP PLC chaidrug (D) system at the
end of the simulation with PLC composition) (&, = 0.3, (b) x, = 0.5, and (¢

X, =0.7.
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Figure 6.5 Simulation siapshot®f the multi chain 100ner HP PLCs drug (D) system at the
end of the simulation with interaction ran@ SZCCL, (b) MZCCL, and ¢) LZCCL.
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Figure 6.6 Simulation siapshot®f the multi chain 100ner HP PLCs drug (D) system at the
end of the simulation with interaction strength ég, = & =05, (b) ¢,= & =075 and

€ ep= & =1L
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CHAPTER SEVEN

Future Work

We have performed moleculavel computer simulationaimed atsupporting the
development of ptein-like copolymers as compatibilizers for immiscible polymer blends,
and as Adr ug oln thisschapter eve suggesgpessiblesdirections for future work

based upon our findings in Chapters 2 throigh

7.1 INVESTIGATE THE COMPATIBILIZATION EF FECTIVENESS OF LONG

PLCs

We performed DMD simulations on 3Bers in Chapter 2 and kinetic MC
simulations on 70ners in Chapter 3 to gauge the compatibilization effectiveness of various
copolymer sequences for immiscible polymer blends from thermodynahikiaetic points
of view, respectively. We chose to work with -@@rs, 38mers, and 70ners as the
simulations were relatively fast. It would, however, be of interest to look at much longer
chains because this would allow us to truly pinpoint the diffrerbetween randoebiock
(Poisson distribution of block lengths), random, PLC, and simple linear gradient copolymers

as compatibilizers. In addition, we should be able to observe the microphase separation in
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binary blends compatibilized by diblock or grewti copolymers that occurs at high
copolymer concentrations®20%) when the homopolymers are much longer than the

copolymer and the effective interaction strength parameter is lage { ...>10.5 for the

olymer

diblocks and c,zL >29.5 for the gradient copolymers). Since computer simulations

copolymer
involving multi-chain systems containing chains longer than 100 are computationally
challenging, we suggest that self consistent field theory (SCFT) methods be utilized instead.
In the future, weplan to investigate the compatibilization effectiveness of variousn3£0
copolymer sequence®r immiscible binary blends containing homopolymers with chain
lengths varying between 100 and 300 using #i2 SCFT model developed by Balazs and

coworkers based on th&cheutjerisFleer theor$.

7.2 INVESTIGATE THE ROLE OF HAMS AS COMPATIBILIZERS

We suggest that kinetic MC simulations as described in Chapter 3 be performed to
investigate the dynamics of phasepation of immiscible binary polymer blends
compatibilized by HAMS i(e., heteropolymers with adjustable monomer sequences) to
obtain a more realistic picture of PLCs as compatibiliteas those presented in Chapter 3.

The computational approadfevelogd by Khokhlov and coworketéfor generating
PLCsis practically infeasible because the parent homopolymer globule is assumed to be in a
frozen state and the coloring reaction is assumed to be instantaeooare realistic

scheme was recently presented by Strickland 2twdlo performed DMD simulations to
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generate AB AMS or heteropolymers with adjustable monomer sequences. (Genzer has
also referred to these as RE€Rs random copolymers wittunable monomer sequences).
They accounted for the conformation fluctuations with time of the parent homopolymer A,
the presence of explicit reactant molecules which cause the segments of type A to change to
segments of type B, and the different soluieitof segments A and B in the implicit solvent.
They chose to name the AB sequences as HAMS instead of PLCs (the latter name was
originally coined by Khokhlov and coworkérs.

While PLCs are on a par with simplieear gradient copolymers we would expect
HAMS to perform poorly compared to gradient copolymers as they are less blocky than

PLCs.

7.3 SIMULATE DYNAMICS OF PLCs IN A HOMOPOLYMER MATRIX

We suggest that kinetic MC simulations be used to explore trardga of PLCs in a
homopolymer matrix. The ability of a copolymer compatibilizer to migrate quickly to the
biphasic interface between the immiscible homopolymers without forming aggregates
determines ultimately its effectiveness as a compatibilizer. Hiénweeuld be of interest to
compare the diffusion of PLCs in a homopolymer matrix to that of other copolymer
sequences like diblock, gradient, random, and alternating and to test if the PLCs form

aggregates in the homopolymer matrix.
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7.4 SIMULATE PLC COMP ATIBILIZERS WITH REPULSIVE INTERACTIONS

We suggest that kinetic MC simulations be performed to investigate the phase
separation dynamics of an immiscible A/B polymer blend in the presence pid-[T
copolymers having repulsive interactions with the imibisc homopolymers. The
motivation for this investigation is the following. The binary blend consists of incompatible
homopolymers A and B, while the PLCs might be composed of monomers of type C and D,
which are, in general, different chemically from themlopolymer segments. Ideally, one
would want the segments C and D of thelGD copolymer to possess attractive interactions
with homopolymers A and B, respectively, for effective compatibilizatdock copolymers
with repulsive interactions between thcks and the homopolymers have been shown to
retardthe phase separation dynamidésmmiscible homopolymer blendst is worthwhile to

explore if PLCs also exhibit similar behavior.

7.5 INVESTIGATE ALTERNATIVE ROUTES FOR DRUG -DELIVERY VIA PLCs

In Chapter 6 we performed lattice MC simulations to provide a proof of concept that
PLCs could be wused to encapsul at doglobule r el ea
transition under varying solvent conditions. There are, however, tidd 0 n a | rout es t
delivery via PLCs. For instance, one could also use polyelectrolyte PLCs to encapsulate

drugs. Oneset of the PLCs would have permanent positirarged groupsyhile the other
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set would have temporary negative charged groups ridexe on the acidity conditions).
Tuning the acidity of the polyelectrolyte PLCs mixture should result in the formation (or
breakup)of theionic complexbetween the two PLCs, encapsulating (or releasing) the drug.
Alternatively, temperatureariation migh lead to the coito-globule transition for either one

or both of the PLCgesulting in thebreakupof the polyelectrolytecomplexand causing the

drug to be release@omputer simulations could reveal how the charge distribution along the
PLC polyelectolyte, drug size, size of the ion complex, PLC chain length, PLC
concentration, and changes in temperature or acidity conditions could affect the mechanism
and dynamics of the drug uptake or release. It must be pointed out that working with charged
polymess is computationally intensive as one must account for therktmge Columbic
interactions using methods like the partiolesh Ewalfi summationWe also suggest that

the coil to globule transition of a homopolymer below the theta temperature (poor solvent
conditions) be utilized to encapsulate drugg fielowed by the coloring process suggested

by Khokhlov** and coworkers to create modified PLCs with enhanced solubility in solution.

7.6 INVESTIGATE THE ROLE OF PLCs AS DISPERSING AGENTS

We suggest that comfar simulations be used to assess the potential of PLCs as
dispersing agents for inorganic fillers during the formation of polymeric nanocomposites. We
could simulate the A/B/@lc-D (A is the homopolymer matrix, B is the inorganic filler, and

C-plc-D is the PLC copolymer composed of segments of type C and D) ternary system to
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understand the role of PLCs as dispersing/compatibilizing agents. A sample simulation
snapshot for the polymer nanocomposite is showrignre 7.1. Computer simulations will

be usedo understand the role of PLC loading, filler loading, interactions between the various
segments and PLC chain length on the extent of dispersion of the inorganic filler in the

homopolymer matrix.

7.7 SIMULATE SURFACE BASED HAMS PROBES

Genzer and cowogks proposed thatanoporous silica (NPSunctionalized with
HAMS brushes could be utilizetb develop novel tailorable obmatographic stationary
phasedor semratingpharmaceutical and biological macromolecules. The overall idea for
such a methots stown pictorially inFigure 7.2. They suggested two methods for creating
NPS functionalized with HAMS brushes.n t hfet i fng@r aont o0 techni que
would be madeén solution and then grafted onMPS, whileintheagr af t i ng fr omo
they would be synthesized directly on th&lPS. We suggest that simulations be used to
investigatethdigr afti ng ont oo and fAogHAMS brusimego ghim o mo s
insight into how the two methods impact the brush conformatimmnomer sequence
distribution, density profile, interfacial characteristjcand the separation capacity of these
HAMS brushes We suggest that the gr a f t i HAMS brushes be modeled as an

impenetrable flat surface located in the y plane at z=0, with HAMS copolymers

attached to one side of the surface at the desired surface grafting density. Periodic boundary
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conditions would be applied only in theand y directions; the height of th@mulation box

should be much higher than the length or width of the simulation Hox.model for the
AgraftoHAgMS rbormus hes wi || be similar to the
that the HAMS will no longer be attached to the surface, andutface will have attractive

interactions with one of the monomers of the HAMS copolymer in the bulk.

7.8 SIMULATE HAMS SOLUTION PHASE BEHAVIOR

The Genzergroup has studied the phase behavior of8BtAMS in cyclohexane in
detail using turbidity and SANS measuremerigyure 7.3 shows a schematic of the phase
diagram for random and blocky HAMS. The effect of HAMS sequence, HAMS composition,
and HAMS *H/D isotopic substitution on the phase diagram (in the temperature HAMS
mole fradion plane) has been elucidated. Molecular simulation could provide insight into the
solution phase behavior of HAMS, the key differences between the phase behavior of
random and blocky HAMS sequences, and the precise mechanism for phase separation of the
HAMS. The phase behavior of the HAMS solution could be simulated usinigttée

Monte Carlo in the grand canonicalvT ensembl& ! (chemical potential, volume, and

temperature fixed but particle insertions and deletions allowed) angdhatic boundary

conditionsbe applied.
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7.9 FIGURES

Figure 7.1 Simulation snapshot of the ternary A/Bfe-D polymer nanocomposite, where
A is the homopolymer matrix, B the inorganic filler, angbIC-D is the dispersing age(®

light pink, B

dark blue, C red, D = lightblue).
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Figure 7.2 Schematic showing pictorially the application of HAMS as smart stationary phase
in liquid chromatography. Two random copolymer£:(2) enter the mobile phase and

interact with the stationary phase comprising silica beads with grafted HAMS. B

monitoring the signal in the elag recognition evesican be monitored. For instance, the

top portion of the cartoon illugttes the situation with no mala@ar recognition between the
analyte and the stationary phase.contras, in the bottom pordn we depict a situation

where copolyme® recognizes its complementary HAMS counterpart and hence elutes at

much longer times than copolyner
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APPENDIX A.

Generation of PLCs or HAMS (Heteropolymers with Adjustable Monomer

Sequences) and their Statistical Characterization

A.1 TYPES OF COPOLYMERS BASED ON SEQUENCE DISTRIBUTION

Based on the sequence of the hydrophobic (H) and hydrophilic (P) units;lettsvo
HP linear copolymer may be ekified in the following ways:

1] Random copolymeiThe H and the P monomeric units are distributed randomhgalo
the copolymer. A random copolymer is generated by randomly picking a bead along a
chain and assigning it type H. This is repeated until the desired composition of the H
component is reached. The remaining beads are labeled as P. Thus to generate a
randon copolymer only the composition of the HP copolymer must be specified.

2] Random Block copolymeithe distributions of the lengths of the H and P component
blocks in a random block copolymer follow the Poisson distribution. The probability
of the finding @ H block along the random block copolymer sequence with length L

is

P(L,) =exp ™ (L) /L, ! (A1)
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3]

wherel, is the length of the H component block a(rhgi) is the average length of the

H compnent block. Since., can only take discrete values and follows the Poisson

distribution it is a discrete or stochastic random variable. Thus the composition and
average block length of one of the components in a HP copolymer miiset to
completely specify the Poisson distribution of the random block copolymer. A
Poisson process is a stochastic process utilized for modeling random events in time
that occur to a large extent independently of one another. The Poisson distdhation

be sampled via the Poisson proéess

Alternating Block copolymerAn alternating block copolymer is most generally

u-v?

represented aéHxPy)n H, P, where x is the block length of the H component, y is

the block length of the P component, n is the number of times the pét{éInis

repeated, u is the number of H beads present in thel laktck, and v is the number

of P beads present in the last P block. The H (or P) component block length is fixed
for an alternating block copolymer. To generate an alternating block copolymer the
average block length for the H (or P) component and theposition of the HP
copolymer must be specified. Since the average block length of the H component is
specified, the total number of blocks is determined. The number of blocks for the H
and P components is the same. Next the block length for the P congasent
established. Sometimes to attain the desired HP copolymer composition, H (or P)

beads at the end of the alternating block sequence must be added or deleted.
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4] HAMS or Protein like copolymerGovorun et af. showed that the probability
distribution of the length of the H (or P) componerdadis in HAMS follow Lévy
Flight Statistics. One of the unique statistical properties exhibited by protein like
copolymers is the presence of long range correlations along the sequence when

compared to random block, random and alternating block copdymer

A.2 PREPARATION OF HAMS VIA INSTANTANEOUS COLORING

PROCEDURE

Following the instantaneous coloring algorithm of Khokhlov et®atwo-letter HP
1000@mer HAMS with dfferent hydrophobic/hydrophilic compositions were generated. The
hydrophobic homopolymer was modeled as a square well chain of length 10000, bead
diameters , well width /,,, s, and well depthg,,. DMD was used to collapse a 100@@r
hydrophobic (H) homopolymer to a globular conformation at a given reduced temperature
T 1 k,T/e,, and packing fractiom? M % (6V) where T is the absolutéemperaturek,
is the Boltzmann constani\ is the number of beads in the simulation box, ahds the
volume of the simulation box. The collapse of an initially random coil holgopy was
simulated using DMD at a low reduced temperatdre=1.0, low packing fraction
Hh=0.00¢, /,, =15, s =1, and g, =1. The temperature was maintaineshstant during

the collapse by utilizing the Andersen thermdstafigure A.1 shows the various stages of

collapse, whileFigure A.2a shows the final globular conformation of the collapsed
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homopolymer. Next the beads in the final globular conformnatiere sorted in order of their
distance from the center. A fraction of the beads determined by the composition of the
desired HP HAMS were colored to be hydrophilic (P). After the coloring procedure, the

different interaction potentials were set g}, =1, g,=0 and g,=0 and the HAMS

copolymer was relaxed-igure A.2b and Figure A.2c show pictures of the 10000er

HAMS at x, =0.5 in a collapsed and open chain conformatispeetively. The H beads are

red and the P beads are blue.

A.3 STATISTICAL CHARACTERIZATION OF HAMS

Six HP copolymers each 1000@ers long with the same composition =0.5 but

with different statistical distributionsHAMS, random, egular alternating, diblock, random
block and alternating block copolymers were generated. The average block length of the H
component was set at 15 for the HAMS, random block and alternating block copolymers. To
bring out the statistical differences beameHAMS, random, random block and alternating
block copolymers, the following calculations were performed onddiferent types of

copolymers:

Al Uniformity Factor Calculation :- A Uniformity Factor, defined to be :

B g B
U, =ads ¢t 4N, 9 (A2)
gen=1 u =
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was calculated. Heres, is O if then-th bead is P type, 1 if theth & (n+1)th bead are type

H, and-1 if the n-th bead is type H & thenf1)th bead is P typeN is the total numbeof

monomers in the copolymer arid,, is the total number of H beads in the copolymer. The

uniformity factor helps to distinguish between various copolymer sequences. Values are
displayed inTable A.1 As expected symmetric random obpners have uniformity factor
close to zero. Symmetric regular alternating copolymers with uniformity fadtcand
symmetric diblock copolymers with uniformity factor 1 represent the two extremes. In terms
of the uniformity factor, HAMS are comparable tandom block and alternating block

copolymers with the same composition and chain length.

Table A.1 Uniformity Factor Calculation for H component

Type of 1000@mer copolymer k, =0.5) Uniformity Factor
Random -0.0004
HAMS (average lick length 15) 0.8670
Random Block (average block length 15) 0.8686
Alternating Block (average block length 15) 0.8666
Regular Alternating (average block length 1) -1
Diblock Copolymer 1

B] Sequence Map ComparisonTo facilitate a visual comparison tiie various types

of sequences, a one dimensional map of the sequence along the chain was prepared with the

hydrophilic (type P) beads signified by-d and the hydrophobic beads (type H) beads
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signified by a+1. Figure A.3 compares the sequence map for a HAMS sequence to those for
random, random block (same average block length), and an alternating block (same average
block length) copolymer, each 1006ters long with compositiom, =0.5. Figure A.3 only

shows the first 1000 monomer units along the copolymer chain for clarity. Clearly from
Figure A.3, the HAMS copolymer differs from the others in that it has very long stretches of

either H or P units.

C] Frequency Distribution: The frequency distribution for the length of the

hydrophobic block of HAMS was compared to those for random and random block
copolymers (same average block length) each 1-00€0long with the same composition

x, =0.5. Figure. A.4 shows a comparisoof the frequency distributions. Theaxis of the

plot is truncated at 50, although it extends to 10000. It is interesting to note that HAMS
possess very long H blocks (as long as 250 units with a finitezeian probability) as
compared to random and random block copolymers. Govorun %estwwed that the
probability distribution for the length of the H (or P) component block in HAMS follow Lévy

Flight statistics.

D] Sample Skewness and KurtosisAs we have seen the uniformity factors for HAMS,

random and alternatingdek HP copolymers with the same composition and average block
length are almost identical. A more appropriate calculation for distinguishing between the

different sequence types is sample skewness and kurtosis. The sample skewness of the
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distribution is ameasure of the departure from symmetry about the mean of the distribution.
Sample skewness can be positive (or negative) indicating that most of the distribution lies to
the left (or right) side of the mean. Sample kurtosis is a measure of the peak&daess
distribution compared to the standard normal distribution. The standard normal distribution
has a mean of zero and a variance equal to one. The sample kurtosis can be positive (or
negative) indicating that a distribution is more (or less) peaked cenhpga the standard
normal distribution. Since both the sample skewness and kurtosis are estimators of the true or
population skewness and kurtosis, respectively, they can be unbiased (mean of the sample
skewness and kurtosis equals the population skevares&kurtosis respectively) or biased
(mean of the sample skewness and kurtosis is not equal to the population skewness and
kurtosis respectively).

Sample skewness (biased and unbiased) and kurtosis (biased and unbiased) are

mathematically formulated in #hsection. Letx denote the length of an H block present in

an HP copolymer sequence, andenote the total number of different lengths of the H block
present in the HP copolymer sequence. The averagik ldmgth of the HP copgmer

sequence is defined as:

(x)=&x/n (A.3)

i=1
The biased sample skewnegsis defined by equation (A.4) while the unbiased

sample skewness is defined in termsf biased sample skewness by equation (A.5).

215



0= 7z (A4)
i (%- (%) &
Ci=1 -
_J(n-Dn

G=""—-0 (A5)

The biased sample kurtosis is defined by equation (A.6) while the unbiased sample

kurtosisgG, is defined by equation (A.7).

g (x- (x)’
g, =—= 3 (A.6)

%A (- ()5
Gim -

_(n+1)(n -n a (- (x) G

2~ = 2 (A7)
(n-2)(n -3) &, 26 (0 2)(n 3
8@(&- ) o

Table A.2 lists the biased as well as the unbiased sample skewness for various
copolymer sequences. The distriloatiof length of the H blocks is most positively skewed
for HAMS sequence when compared to any other copolymer sequetde. A.3 lists the
biased as well as the unbiased sample kurtosis for various copolymer sequences. The
distribution of length of the Hblocks in HAMS has the highest kurtosis (biased as well as

unbiased) when compared to any other copolymer sequence. Since distribution for the length
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of the H blocks exhibits positive sample kurtosis (both unbiased as well as biased) it is

leptokurtic or siper Gaussian.

Table A.2 Sample Skewness for H component (biased and unbiased)

Type of 10006mer copolymerx, =0.5

Sample Skewness

Sanple Skewness

(Biased) (Unbiased)
Random 2.047 2.048
Random Block (average block length 15] 0.368 0.369
HAMS (average block length 15) 4.378 4.398

Table A.3 Sample Kurtosis for H component (biased and unbiased)

Type of 10006mer copolymerx, =0.5

Sample Kurtosis

Sample Kurtosis

(Biased) (Unbiased)
Random 5.299 5.312
Random Block (average block length 15] 0.783 0.813
HAMS (average block length 15) 25.224 25.625

E] Monitoring Correlations Along the Sequence The differences between the various

copolymers can be characterized by the differences between the correlation of the H and P

segments along the chain. Randaoandom block and alternating block copolymers have a
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characteristic correlation | ength over whi
any characteristic correlation length, i.e., HAMS sequences are correlated over the entire
length. Thus HAMSexhibit long range correlations in their sequences. Below we describe
our implementation of two ways of monitogircorrelation along sequess:
E.1] Long Range Correlations Measure using Dispersion Analysis

The longrange correlations of HAMS sequenedsng the chain were analyzed using
a method developed by Stanley and coworRer& computer generated HP copolymer
sequence is transformed into assembly of+l (for H beads) and 1 (for P beads) as in
Figure A.3. A window of length!| is slid along the copolymer sequence step by step,

summing the plus and minus ones within #iadow at each step. This su@), is a new
discrete random variable whose value depends on the lo¢atibthe sliding window along

the copolymer sequence,() has a unique distriltion, whose sample meafa(l)) is

determined by the overall HP composition, and whose dispersion or sample va@iéhce

defined as

N-1 %

a(am-(a))

DZ(I): i=1 N- |+1 (A8)

D(l) is the samplestandard deviation of the discrete random varialfleand is defined by

the following equation

D(1) =\D*() (A.9)
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Long range correlations are present (i.e. there is no characteristic correlation length scale)
when D(l) obeys a power lavid(l)” 1° with & >% for largel .

The slope 6 for various copolymer sequences is calculated from the qilot
log,,{D()} versuslog,f{l} as shown inFigure A.5. In determining the slopelog,.{I}

greater than 2 was utilized. The HAMS that we generated via the instantaneous coloring

procedure exhibitedb ~ 0.8, thus indicating the presence of long range correlations, unlike
our random @ ~ 0.5), and randonrblock (& ~ 0.5) copolymers. The rapid change in
slope for alternating block copolymer at abdeg,(15), for j=1,2,3,.. indicates the

presence of a characteristiorrelationlength scale for the alternating block copolymer

E.2] Long Range Correlations Measure usibgtrended Fluctuation Analysis (DFA)

Another method of detecting tip@wer law long range correlations along the HP copolymer
sequence is the detrended fluctuation analysis (DFA) developed by Peny Eokdwing is
Peng ¥DFAalgoritiins

a] A one dimensional random walk along the HP copolymer sequence is performed.
When an H bead is encountered the walker moves a unit step forward, and when asP bead i
encountered the walker moves a unit step backward. Thus at any locatadang the

copolymer chain there is a unique valyéi) due to the random wallEigure A.6 shows a
plot of y(i) versusi for four different HP copolymer statistics (all 108@@rs long,x, =0.5

, with average block length of 15 in case of HAMS, alternating block and random block).

Please note that all four walks are parfed independently for each type of copolymer.

219



b] Next the copolymer sequence in divided imtmonoverlapping boxes and a linear

least squares fit is performed on th€i) data in each box. IIN denotes the number of
beads of the copolymer, then the length of eachavemlapping boX is defined ad =N /n

. The ordinate of the straight line segments arising from the linear fit is denotgg) by
Figure A.7 shows the plot of () as well asy(i) versusi for HAMS HP copolymer for a
box length of 1000.

c] The detrended walk is obtained by subtractjtigyfrom the original walky(i) .

d] The detrended functioR, () is defined by the following equation

A [y()- v ()

F () =\"= N (A.10)

Generally, F,(I) shows the same behavias D(l). The presence of long range correlation

(i.e. the absence of a characteristic correlation length scale) is detected by power law

F, ()" 1° with b>% for large | . Figure A.8 shows the plot oflog,,{F, ()} versus

Ioglo{l} for four different types of copolymer sequences with the same composition and

average block length. For Iargeglo{l} greater than 3, HAMS have thgeatest slope,

b ~ 0.87, while random, and random block copolymers haye- 0.5, and alternating
block has 6 ~ 0.0. Additionally random block and alternating block copolymers display a

crossover irthe slope at arountbg,,15 indicating the presence of a characteristic length of
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15 (note that the average block length for these is 15) which indicates the absence of long

range correlations, unlike HAMS.

F] Segmentation _of SequencesA 40000mer copolymer was generated by

stitching together random (1000@er), alternating block (100a@er, average block length

15), random block (1000ther, average block length 15) and HAMS (1000€r, average

block length 15) copolymers all with the santomposition x, =0.5. The 4000@mer
copolymer was laid down starting at one end and wound back and forth. 200 beads were laid
before a turn and there are 50 turns per copolymer sequence as depi€igdr®A.9. To

identify differenttypes of sequences present in the 400@0 copolymer the following

computations were carried out

1] Seagmentation Function

Segmentation function developed by Gusev ét alas used to segment the 400@6r HP

copolymer sequence. The segmentation functieflk L, X is defined as:

S(kLR= f'in(f') €1 f)n@ £) & P (RIn(P(K) (A.11)

J

where L is the length of the sliding window along the positierof the copolymer chain,

f" is the fractionof H beads within the window., k is the length of another sliding
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window which moves step by step within the window of lengthi refers to starting bead
in a segment of lengtk (i = 1 corresponds to H type bead while 41 corresponds to P

type bead),] refers to last bead of the segment of lenigtli j = % corresponds to H type
while j = 4 corresponds to P type! (k) is the joint probability that a segment kfunits

has a beginning at unitand an end at unit. Thus we have four distiné (k)6 s .

Figure A.10 shows two different views of the segmentation function in three
dimensions. L =3000 was chosen for the aallation. It is clear thatS(k L X is
extremely sensitive to the copolymer sequence. Visual analysis allows judgment on some
features of various copolymer sequenc&.k L, X is constant for random copolymer
sequence, szillatory for random block copolymer sequence, extremely oscillatory for

alternating block copolymer sequence, increases monotonically to a constant value for

HAMS.

2] Trans-Information Function

Transinformation or mutual information functidv*® was used to segment the 400@@r
HP copolymer sequence. The tranformation function, I (k,L,x) is defired by the

following equation:

)
1 P'(K)( & P'(K)

j= 4, i B4 o+

Ikk,L,x)= a4 P'(Klog, (

(A.12)

D D D/

J

DD,
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where L is the length of the sliding window along the positioof the copolymer chaink
is the length of another sliding window which moves step by step within the window of
length L, i refers to starting bead in a segment of lenigti = 4 corresponds to H type

bead whilei = 41 corresponds to P type bead)refers tolast bead of the segment of length

k (j= + corresponds to H type whil§ = 4 corresponds to P typeP! (k) is the joint

probability that a segment &f units has a beginning at unitand an end at unit. Thus we

have four distinctP'(k6 s § P"(k) is the probability that a segment of lengthunits

j=1, ®

begins at unii, § P'(K) is the probability that a segment ofunits ends at unif.

i=4, ¥
Figure A.11 shows thetransinformation function in thre dimensions.L =3000
was chosen for the calculation. Tranformation functionis extremely sensitive to the
copolymer sequence. Visual analysis allows judgment on some features of sequence
statistics. It is zero for rando copolymer sequence, oscillatory for random block copolymer
sequence, extremely oscillatory for alternating block copolymer sequence, decreases

monotonically to a constant value for HAMS.

3] Shannon Divergence Measure

In addition to the segmentation functioand trangnformation function entropic

segmentatioli?° based on Jense3hannon divergence meastireas utilized to locate the
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boundaries of various sequences within the 46880 HP copolymer. Jens&hannon

divergence measur@(l,,l,) is defined by the following equatio

Cll)=H L) FHA) #HA,] (A13)
H() = & P"(n)In(P (1) (A.14)
H(,) = & P"(MIn(P(m) (A.15)
HL = & P (nIn(P(n) (A.16)
PL(n)=I—IiF51(r) 4'-5 P2( D (A.17)

where L is total length oftie sequence (40000 in this casels the cutting point position (

0¢l, &) suchthat,+l, £+, Hi s Shannon6s entropy defined
(A.16). P:(n), P:(n) , andP'(n) are the probabilities of finding a uniform block of lengtbf

either H or P type in a frame of lendthl,,and L respectively.

Figure A.12 depicts the Jensen Shannon divergence (JSD) measure as a function of
the cutting point position. Clearly the well defined maxima at the concatenation points
between random, alternating blkg and random block statistics helps locate the boundaries
between sequences. The maximum at the concatenation points between random block and
HAMS statistics is not sharp. Although JSD does not help identify the kind of statistics

involve unlike the segentation or trangnformation function it definitely helps in locating
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the boundaries between sequences. Thus segmentation functionnftvemation function

and Jenseshannon divergence measure are complementary.

A.4 MODIFIED ITERATIVE COLORING ALGOR ITHM FOR GENERATION OF

HAMS

Since the instantaneous coloring algorithm for generating HZAMSould be
impossible to implement experimentally, in 2002 Chertovich ét ptoposed a sequential
coloring scheme for generating HAMS via lattice Monte Carlo simulatidn these
simulations a bead is picked from amongst the beads farthest from the center of mass of the
collapsed hydrophobic (H) globule and changed to hydrophilic (P) with a new interaction
potential. The globule is then allowed to relax for a fixed tineéore the next bead is
col ored. I Il mpl emented Chertovichodéds sequent
making copolymers that were more diblock th
the H beads present at the surface of the collapsed glateuteansformed into P beads while
H beads present within the core of the collapsed globule are neglected. To account for the
coloring of the H beads in the core as well as on the surface of the collapsed globule |
modi fi ed & kequentia solorindyapoach by introducing an additional stochasti

coloring parameterg (O<g <), which determines the frequency with which an H bead is

picked up from the surface or the core of the collapsed globule for coloring. A large value of

g will favor the coloring of an H bead present at the surface of the globule while a lower
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value of g will favor the coloring of an H bead present in the core of the globule. The

various steps involved in the new sequential coloalygprithm to generate HAMS are as

follows:

1]

2]

3]

A hydrophobic homopolymer chain is collapsed to a globular conformation by
switching on a uniform strong attraction between the monomer units.

The hydrophobic beads present at the surface or the core of tyasedllglobule are
colored to hydrophilic sequentially one at a time according to the scheme listed below
in (3). After a particular hydrophobic bead is colored to hydrophilic, the HP
copolymer chain is relaxed for a fixed number of steps equal to thatielaxime for

the copolymer chain. The normalized dneend distance squared autocorrelation

function, C_, is defined by the following equation

(R(t)R(0))- ( R)’

(R)- (R)

where R?is the squaref the magnitude of the end to end vect(or.) denotes a time

C(t)= (A.18)

average.C_, (t) for a copolymer chain decays as the copolymer chain relaxes. The
number of simulation steps required fa@_. (t") to decay to zero is used as the

relaxation time for the copolymer chain.
The emerging HP HAMS copolymer should have a -gbr@l microstructure, with
the core consisting mostly of H beads, and the shell consisting mostly of P beads. At

each coloring step aamndom numbery (O<r <) is generated. The particular H
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4]

bead to be colored is chosen by comparing g, according to one of the following
schemes

Scheme I(r > g): Pick an H bead located at the surface of the hydrophobic core of
the emerging HP HAMS copolymer.

Scheme lI(r <g): Pick an H bead located at the surface of the shell of the emerging
HP HAMS copolymer

Thus on an average, Scheme | is implemerited times while Scheme Il is
implementedg times.

The coloring of H to P beads is terminated when the desired composition of the HP
HAMS copolymer is reached.

The new sequential coloring algorithm was implemented for arti@0 collapsed

hydrophobic homopolymer using DMD in the canonical ensemble (NVTY at1.0,

Hh =0.00¢€, /,, =15, e, =1, ¢,=0, and e,,=0. The number of DMD events needed for

relaxing the copolymer chain prior to coloring an H bead to a P bead was determined by
calculating the entb-end distance squared autocorrelation functionirfddf by equation
(A.18)) using a shift register algorithmFigure A.13 depicts the normalized efid-end
distance squared autocorrelation function for a collapsednE2OH globule versus the
number of DMD events. Since the normalized -emdnd distancesquared autocorrelation
function decays to zero after 55 million DMD events, 80 million DMD events were used for

the chain relaxatiorFigure A.14 shows snapshots of the X8t%r HAMS generated via the

new sequential coloring algorithm with composition wagyfrom x, =0.1to x, =0.9. These
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HAMS have a core shell microstructure, with a dense hydrophobic core surrounded by long

dangling hydrophilic loops. The radius of gyrati(iRQ or the size of ta globule increases

with increased coloring of the collapsed globule as shoviiguare A.15. The hydrophobic
core size decreases while the hydrophilic shell increases with increased coloring.

The blockiness of the HAMS generated via sequential coloriogegdure as well as
the long range correlations along the sequence is sensitive to the stochastic coloring
parameter §). Figure A.16 top andbottom show a comparison of the average length of the
H block for a 12émer HAMS generatkvia sequential coloring procedure to that generated
using the instantaneous coloring procedure with compositior0.3 and x,=0.7,
respectively, as a function gf. Data is shown for theedifferent simulation runs. Since the
fluctuation in the average block length is large, the relationship batiyee average block
lengthandgcandét be established. Longer <chains art
computer ime) would be required to establish the trend between the average block length
andg.

Figure A.17 top andbottom show the dispersion analysis for the 486r HAMS
prepared via the sequential coloring procedure to the instantaocaousig procedure with
composition x, =0.3 and x, =0.7 respectively. Judging from the differences between the
slopes of the various plots #igure A.17, the value of the stochastic coloring parameter
determines thestrength of the long range correlations along the HP HAMS copolymer

sequence.
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A.5 FIGURES

Figure A.1 10000mer homopolymer chain conformatiofr & 0.00€) at various stages of
collapse0, 10 million, 20 million, 30 million, 90 million, 3 billion DMD events respectively.
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Figure A.2 (a) Collapsed 1000fer globule, (b) HAMSx, =0.5 prepared via instantaneous
coloring procedre (/7 = 0.00€), (c) prepared HAMS opened up.

230



HAMS - Copolymer (Average Block Length of Hydrophobic Component - 15)
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Random - Block - Copolymer (Average Block Length of Hydrophobic Component - 15)
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Bead position along the copolymer chain -->

Figure A.3 Sequence map for four different 1000@r copolymer sequences with=0.5
and average block length 15.

231



< 10000mer - HAMS Copolymer (Average Block Length - 15)
0.5 O 10000mer - Random Block Copolymer (Average Block Length - 15)
10000mer - Random Copolymer
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Block Length of Hydrophobic component -->

Figure A.4 Frequency distribution for different 10000er copolymer sequences with
x, =0.5. The X axis of the plot has been truncated at 50 foralistarity although it extends
to 10000.
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Figure A.5 Dispersion analysis for HAMS, random, randbiock and alternating block
copolymers sequences each 1000 with x, =0.5.
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Figure A.6 Independent onrdimensional random walk for: HAMS, random, randblock
and alternating block 100@@er copolymer sequences with=0.5.
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Figure A.7 One dimensional random walk for 1000@r HAMS with x, =0.5, and average
block length 15 along with linear least squares fit for window length 1000.
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Figure A.8 DFA for HAMS, random, randorblock and alternating block 10000er
copolymer sequenceg =0.5.
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Figure A.9 40000mer HP copolyrar sequence obtained by stitching random, alternating
block, randorrblock and HAMS copolymers in series.
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Figure A.10 Segmentationunction for 40006mer HP copolymer sequence obtained by
stitching mndom, alternating block, randeiock and HAMS in series (two different views).
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