
ABSTRACT 
SEMLER, JAMES JOSEPH.  Design and Interfacial Activity of Copolymers with Controlled 
Monomer Sequence Distributions.  (Under the guidance of Dr. Jan Genzer) 
 

We study the bulk and interfacial behavior of A-B copolymers.  Emphasis is placed upon 

addressing the role of the monomer sequence distribution in A-B copolymers on the 

copolymer’s mobility in confined geometries and its ability to recognize chemical patterns on 

surfaces. 

Monte Carlo simulations are used to study the ability of block (A-b-B) and alternating 

(A-alt-B) copolymers to recognize chemical patterns on flat, impenetrable surfaces 

comprising two distinct chemical sites, C and D.  The copolymer adsorption is driven by the 

repulsion between A and B segments along the copolymer chain and the attraction between B 

segments and D sites on the surface.  The principle parameters that govern the ability of 

A-b-B and A-alt-B copolymers to recognize surface patterns are: the strength of the 

interaction between B segments and D surface sites, the A-B monomer sequence distribution, 

and the size and spatial distribution of adsorbing D sites.  Our simulations reveal that both 

A-b-B and A-alt-B copolymers are capable of recognizing surface patterns and increasing the 

B-D attraction enhances the partitioning of A and B segments at the surface.   

Commensurability between the copolymer’s monomer sequence distribution and the size 

and spatial distribution of the surface heterogeneities is also found to affect the ability of 

A-b-B and A-alt-B copolymers to recognize surface chemical patterns.  When the adsorbing 

domain size exceeds the size of the copolymer’s parallel component to the radius of gyration, 

A-b-B copolymers are found to transfer the surface pattern into the bulk with high fidelity.  

A-alt-B copolymers are able to replicate the surface pattern into the bulk material when 

heterogeneous domain sizes are much smaller.  



 

We introduce a novel “coloring” scheme to synthesize polystyrene-polybromostyrene 

(PS-co-PBrS) copolymers with statistically random (r-(PS-co-PBrS)) and random-blocky 

(b-(PS-co-PBrS)) monomer sequence distributions.  Our results show that r-(PS-co-PBrS) 

and b-(PS-co-PBrS) copolymers with equivalent bromine contents possess different intrinsic 

viscosities and radii of gyration.  We attribute this behavior to the ability of b-(PS-co-PBrS) 

coils to form globular structures in toluene where PBrS forms a dense core and PS remains 

predominantly in a loose corona.  This behavior is in contrast to that of r-(PS-co-PBrS) coils 

where both the PBrS and PS are homogeneously distributed.  The interfacial behavior of the 

random and blocky copolymers is also found to differ.  Specifically, thin films of 

r-(PS-co-PBrS) deposited on top of flat silica substrates covered with a semifluorinated self-

assembled monolayer are found to dewet at a faster rate than b-(PS-co-PBrS) of comparable 

thickness at the same T−Tg, where Tg is the bulk glass transition temperature of the 

PS-co-PBrS copolymer.  To our knowledge, this is the first experimental evidence that 

supports claims from computational studies arguing that the sequence distribution of random 

copolymers affects the chain’s mobility on a surface. 

Molecular insights into the “coloring” reaction are provided by Monte Carlo simulations 

of the experimental reaction scheme.  The likelihood of chemically altering expanded 

homopolymer coils is found to be equal for all units along the length of the chain.  In 

contrast, “coloring” of collapsed homopolymer coils reveals that the probability of 

modification is widely distributed.  These results further support our claim that copolymers 

with random and random-blocky monomer sequence distributions can be synthesized by 

“coloring” expanded and collapsed homopolymer coils, respectively. 
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Chapter 1: Introduction 
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1.1 Introduction 

The 21st century has marked the cornerstone of a new movement in specific areas of 

science and technology that involve the investigation of matter on the nanometer scale.  On 

January 21, 2000, President Clinton announced the formation of the National 

Nanotechnology Initiative.  This initiative represents a National Science Foundation (NSF) 

led effort to strengthen critical areas of research in nanotechnology and to encourage 

interdisciplinary research and education.  The NSF proposed to focus its attention and 

investments on five interrelated areas of nanoscale science and engineering, which include: 

biosystems at the nanoscale, nanoscale structures, device and system architecture, nanoscale 

processes for the environment, and multi-scale, multi-phenomena modeling and simulation at 

the nanoscale.  Examples of potential outcomes include: better physical and chemical 

properties of materials, quantum computing and mass storage at a fraction of the current 

physical sizes, improved drug delivery, and clean energy systems.[1]  Based on the potential 

outcomes alone, one can see that the applicability of nanotechnology to both fundamental 

science and society is endless. 

The movement towards the nano-scale has excited researchers worldwide.  It has forced 

scientists to take a step back and reevaluate the way in which the research is being 

conducted.  Delving into science at the nano level means observing the units of matter that 

dictate macroscopic properties through a path that, at this point, is not well understood in any 

field.  It is for this reason that scientists can no longer maintain a limited scope of vision, but 

must branch out into non-traditional areas and cross boundaries into other fields with which 

they may not be familiar.  In essence, scientists must evolve from individually focused 

thinkers into group-oriented, multidimensional researchers.  Dr. Rita Colwell, director of the 
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NSF, once said: “Exchange among seemingly unrelated disciplines, often turbulent in 

practice, can lead to an unexpected harvest of insights…Progress in one area seeds advances 

in another.”[2]  It is this very thought that has brought about so many great discoveries in the 

past few decades.  Researchers are realizing that the ideas that develop in one field of science 

can have extraordinary impact on other fields, thus bringing about a greater understanding of 

science as a whole.  For example, adaptive optics was first developed in the field of 

astronomy to sharpen the images of cosmic entities captured from ground-based 

observatories.  This technology is now being used in the field of medicine as a tool to study 

the arrangement of cones in the human eye, which could lead to better corrective measures 

for human vision.[3] 

The research presented in this Thesis began under the same pretenses as the thoughts 

conveyed by Dr. Rita Colwell.  Specifically, we attempt to use synthetic polymer science to 

help “seed” the efforts in the biological community.  Our primary focus has been on the 

manipulation of synthetic copolymers to tune their physical and chemical properties such that 

the macromolecules themselves develop some of the characteristic behavior of biological 

entities.  Initially, the research was aimed at the creation of such copolymers for studies 

involving pattern recognition at planar, solid surfaces.  This direction has been thwarted 

experimentally due to the size scale in which observations must be made.  Experimentally, 

the instrumentation is not available that can look at these size scales due to contrast issues.  

However, the movement of multidimensional research has given hope.  We have taken a 

side-step and used computational methods to systematically approach the subject of 

copolymers and their use as pattern recognition agents.  More specifically, we have used 
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configurational bias and single move Monte Carlo techniques to look at how copolymers 

consisting of A and B units arrange themselves at planar, chemically heterogeneous surfaces. 

This is not to suggest that our experimental efforts have been abandoned.  On the 

contrary, our computational work has actually helped to define our experimental direction.  

Although digression was necessary, the general concept for creating synthetic copolymers 

with properties similar to biological entities remained.  In nature, biological polymers are 

intricate in their design, but they are also completely functional.  These polymers have the 

innate ability to fold and assemble into specialized structures as well as the ability to 

recognize surface patterns of receptor sites.  It has been shown by Chakraborty that the 

adsorption of polymers (whether it is a homopolymer or copolymer and whether it is at a 

chemically homogeneous or heterogeneous surface) always occurs in conformations very 

similar to those preferred by inter-segment interactions.[4]  This means that a polymer chain 

in a globule state will adsorb to a surface as a globule, and a polymer chain in a rod-like 

conformation will adsorb to a surface as a rod.  It is the native state of the polymer within the 

specific medium that dictates the way in which it adsorbs.  This concept holds true for 

biological polymers, i.e. proteins, as well.  Therefore, for us to create a copolymer that 

behaves similar to a protein the copolymer must posses a pseudo hydrophilic-hydrophobic 

capability.  More specifically, the copolymer should be composed of predefined statistical 

sequences of A and B monomers that permit the copolymer to, on average, fold into 

nanoscopic coils with hydrophilic-hydrophobic characteristics depending on the monomer-

solvent interaction.  An illustration of the conformational dependencies due to hydrophilic-

hydrophobic interactions is shown in Figure 1.1.1. 
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Figure 1.1.1 Illustration of hydrophilic-hydrophobic interactions based on dispersive 
medium, where a copolymer is represented a) in a hydrophilic environment, b) in a 
neutral environment, and c) in a hydrophobic environment. 
 

Obviously, the same idea can be accomplished using biological polymers and with exact 

sequence control.  However, biological polymers represent very complicated structures that 

incorporate practically every possible type of intramolecular and intermolecular interaction.  

This complexity in turn limits the ability to systematically investigate the driving force that 

dictates the polymer’s adsorption process.  It is for this reason that we focus our research on 

synthetic copolymers developed through a novel reaction scheme.  This scheme allows us to 

control not only the statistical sequence distribution but also the molecular interactions 

through specific monomer functional groups.  The ability to exchange the functional groups 

ultimately allows us to examine the effects that different intramolecular interactions have on 

the adsorption process in a systematic way.  The experimental work presented here focuses 

on the effect of varying the statistical sequence distribution of the A and B units within the 

copolymer and the strength of the van der Waals forces between A and B units as well as the 

surface to which the copolymer adsorbs. 

To begin, we start by outlining some of the seminal work that has contributed to our 

choice of direction.  We follow this review with the results of our simulations focused on 

copolymer pattern recognition.  The simulations help to set the groundwork of the document 

a b c

Hydrophilic 
Hydrophobic 
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and to describe what the key elements are that dictate the recognition.  At this point we will 

be ready to dive into our experimental work.  This chapter will reveal our novel, yet simple, 

reaction scheme to generate random copolymers with statistically defined sequences of 

hydrophilic and hydrophobic components and how the structure affects the adsorption 

process.  In order to convince the reader that we do in fact create statistical sequences a 

computational follow-up to the experimental work is necessary.  Finally, we conclude with a 

short summary and a look into what the future holds.   
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Chapter 2: Polymer Adsorption 
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2.1 Polymer adsorption at flat impenetrable surfaces 

In this chapter, we review concepts related to the adsorption of flexible polymers on flat, 

impenetrable surfaces.  This review does not provide a comprehensive overview of the entire 

field; there are multiple investigations involving the behavior of polymers at hard interfaces 

that will not be addressed here.  We simply offer this review as a guide into some of the 

defining elements that dictate how a polymer partitions at and near surfaces.  More 

specifically, we focus on the equilibrium behavior of homopolymers and heteropolymers on 

physically flat surfaces that are either chemically homogeneous or contain some in-plane 

chemical heterogeneity.  The ideas outlined here will establish the basis of the discussions 

presented in later chapters where our concerns will shift from the basic idea of polymer 

adsorption to the ability of structured copolymers to recognize surface patterns and the 

development of a novel design strategy for the creation of the so-called “protein-like” 

copolymers.  For a more comprehensive review of polymer adsorption, the reader is referred 

to published works by Kawaguchi, Fleer, Robb, Sanchez, Chakraborty, and others.[1-11] 

Many different factors influence the conformations of homopolymers and 

heteropolymers at the polymer-substrate interface.  The equilibrium conformation of all 

polymer chains in the system is determined by minimizing the system free energy through 

balancing the effects of enthalpy gain and entropy loss.  From an enthalpic standpoint, 

adsorbing polymers will always seek to maximize the number of contacts between their 

adsorbing units along the chain and the adsorbing domains on the surface.  This, in turn, 

limits the total number of possible conformations that the polymer chains can adopt as well 

as their translational mobility, a behavior which results in an overall loss of entropy.  In 



 10

equilibrium, a balance between enthalpy and entropy is established that in turn determines 

the equilibrium conformations of the adsorbing polymers. 

The more dominant factors that influence the behavior of polymers as they approach flat, 

impenetrable surfaces include: 1) the strength of the interaction between the adsorbing 

segments along the chain and the adsorbing domains on the surface, 2) the polydispersity of 

the polymer and/or presence of molecular displacers (i.e. higher affinity solvents), 3) the 

sequence distribution of the monomers comprising the polymer chain, and 4) the size and 

spatial distribution of the adsorbing domains on the surface.  Some of these elements are 

relevant only to certain systems, i.e. homopolymers at homogeneous surfaces (1-2), 

homopolymers at heterogeneous surfaces (1, 2, 4), heterogeneous polymers at homogeneous 

surfaces (1-3), and heterogeneous polymers at heterogeneous surfaces (1-4).  In the sections 

that follow we discuss how each factor can influence polymer behavior at an impenetrable 

interface. 

2.2 Strength of attraction and interaction of dispersion media 

The major driver for polymer adsorption is the strength of attraction between the 

adsorbing segments along the polymer and the adsorbing domains on the surface.  In the 

bulk, the polymer will have a three-dimensional range of motion.  After adsorption onto a 

surface, however, the polymer’s range of motion will be decreased.  Adsorption of a polymer 

onto an impenetrable surface will result in a loss of its conformational and translational 

entropy.  This adherence further reduces the mobility of the chain and in some cases 

eliminates it completely (e.g., strong attraction between the polymer adsorbing segments and 

the substrate).  In most situations, polymer adsorption is energetically unfavorable in the 

absence of chain-surface interactions.  There are some instances in which polymer adsorption 
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can be accompanied by a net gain in entropy.  These are systems where the polymer chain 

displaces many small molecules from the surface.  While such systems are the exception 

rather than the rule, they do illustrate the importance of the dispersion media on polymer 

adsorption.  When referring to the strength of attraction one must also discuss the interaction 

of the polymer chain with the dispersion media, i.e. solvent, which can be a low molecular 

weight liquid or polymer melt, since these interactions act hand-in-hand.  Mathematically the 

adsorption can be characterized in terms of a dimensionless energy parameter, χs, which is 

defined as 

( ) TkUU Bs /21 −=χ ,         (2-1) 

 
where U1 is the adsorption energy of the dispersion media, U2 is the adsorption energy of the 

polymer, kB is the Boltzmann constant, and T is temperature.  A positive value in χs results in 

a net driving force for the polymer to adsorb at the surface.  Likewise a negative value will 

result in displacement of the polymer by the dispersion media.  To characterize the effect that 

χs has on the adsorption process, we can examine the adsorption isotherm of the polymer.  

First, we must define the surface excess Γex which is given as 

( )( )∫
∞

∞−=Γ
0

dzzex φφ  ,        (2-2) 

 
where φ(z) is the polymer volume fraction, z is the distance from the surface, and φ∞ is the 

polymer volume fraction in the bulk.  If Γex is plotted as a function of φ∞, one obtains the 

adsorption isotherm.  In Figure 2.2.1, we show a typical polymer adsorption isotherm for 

various χs, which is directly related to the polymer’s adsorption energy. 
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Figure 2.2.1 Typical adsorption isotherms for polymers with different surface affinities. 
 
Based on Figure 2.2.1, we can see that the amount of adsorbed material also increases with 

increasing χs.  This increase in χs is a direct result of either a stronger attraction of the 

adsorbing surface domains for the adsorbing segments within the polymer and/or a reduction 

in the solubility of the polymer in the dispersion media. 

Several experimental and computational studies illustrate the dominance of polymer-

surface and polymer-dispersion media interactions in polymer adsorption.[12-25]  A brief 

summary of some of the findings is offered.  Oslanec et al. investigated a system consisting 

of a diblock copolymer of polystyrene and poly(methyl methacrylate) (PS-b-PMMA) 

submerged in a random copolymer matrix of polystyrene and poly-4-bromostyrene (PS-co-4-

PBrS).  The study focused on studying the effect of the amount of bromine within the PS-co-

4-PBrS on the adsorption of the two copolymers at the polymer-silica interface.  They 

reported that the interfacial excess of PS-b-PMMA at the substrate decreased with increasing 

φ∞ 

Γex χs



 13

the level of 4-bromostyrene in the copolymer.  These results were attributed to the surface 

competition between the 4-PBrS and the PMMA.[26]  At low bromine content, the strong 

attraction of PMMA for the surface dominates since PMMA has a higher affinity for the 

surface than PS.  However at constant PS-b-PMMA loading, increases in the amount of 4-

PBrS within the PS-co-4-PBrS allow for the PS-co-4-PBrS to displace the PS-b-PMMA.  

Since the 4-PBrS has a higher affinity for silica than the PMMA, the increase in 4-PBrS 

content allows the PS-co-4-PBrS copolymer to develop more adsorbing points along its 

length giving the chain a higher total affinity for the surface than the PS-b-PMMA. 

Other studies utilizing copolymers have shown the influence of polymer-substrate 

interaction on polymer adsorption.  Leermakers and Gast investigated the adsorption of 

highly asymmetric poly(styrene-b-ethylene oxide) (PS-b-PEO) copolymers from solution.  

They reported that when the substrate was exposed to a dilute solution of PS-b-PEO, both 

segments of the copolymer readily adsorbed at the substrate.  However, in concentrated to 

moderately dilute solutions a fast initial chain deposition was observed followed by 

displacement of PS segments located at the surface by PEO, which resulted in extended chain 

configurations of the PS blocks.[27]  In this case, the increases in copolymer concentration 

resulted in lowering of the PEO block’s solubility thus forcing it to the surface.  Later 

investigations carried out by Tripp and Hair further supported the findings of Leermakers and 

Gast.  Using a PS-b-PEO copolymer Trip and Hair were able to identify three distinct 

adsorption regimes.  During the first regime, the adsorption of polymer onto vacant surface 

sites proceeded without any chain rearrangement.  After the surface was fully covered, newly 

segregating polymers were accommodated by spatial rearrangement of the surface layer.  In 

this rearrangement, PEO segments replaced weakly attached PS segments.  In the final stage 
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identified by Tripp and Hair, a slow rearrangement of the surface chains occurred.  

Specifically, more PS segments were sacrificed for the PEO, which resulted in an additional 

rearrangement to extend the PS segments into a polymer brush.[28]   

Pelletier et al. support these results even further with their work on ultra-thin layers of 

poly(styrene-b-2-vinylpyridine) (PS-b-P2VP).  Their studies showed that the P2VP layer 

thickened as more chains were adsorbed onto the mica surface, while the PS segments 

extended into solution.  In addition, the volume fraction of P2VP in the anchored layer was 

found to remain constant during the growing process which suggested a strong binding 

efficiency with the surface.[29] 

Even at heterogeneous surfaces, the effect of attractive interaction can be seen.  Van der 

Linden and coworkers used a self-consistent field theory to incorporate these effects.  They 

found that homopolymers adsorb onto heterogeneous surfaces if the average interaction 

energy with the surface is below some critical adsorption energy.  They further noted that this 

is more likely to happen when the surface pattern consists of patchy patterns rather than 

randomly distributed arrangements.[30]  While the model of Linden and coworkers could also 

be used for block copolymer adsorption onto heterogeneous surfaces where strong 

segregation can occur, their investigation in this area was limited.   

Since the adsorption of a polymer implies that conformational changes must occur it is 

relevant to describe these changes.  Clayfield and Lumb were among the first to study 

polymer adsorption near attractive surfaces using computer-based experiments.[31, 32]  Their 

simulations on macromolecules near an attractive surface detail some of the effects that 

adsorption has on polymer conformations, which influences the molecular dimensions of the 

chains, density distributions, and loop formation.  Their results compared well to the earlier 
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predictions of Hoeve and Roe.[33-36]  However, the mostly widely used description of polymer 

conformations at an adsorbing interface is given by the work of Jenkel and Rumbach that is 

depicted schematically in Figure 2.2.2.[37] 

Figure 2.2.2 Illustration of an adsorbed polymer chain at an impenetrable surface. 
 

This model depicts that the segments of an adsorbing macromolecule are present in one 

of three major groups: loops, tails, and trains.  The loops are represented by a series of 

bonded chain segments that connect two trains but have no contact with the surface.  The 

trains comprise any segment that is in direct contact with the surface.  Lastly, the tails are 

non-adsorbed chain ends.  Tail segments usually constitute a small portion of all chain 

segments, but they are the entities that predominately determine the layer thickness of the 

adsorbed polymer.  The trains provide the enthalpy gain through contact of the adsorbing 

segments of the polymer with the adsorbing domains on the surface.  In contrast, the loops 

and tails provide the means by which the polymer can relieve any frustrations in entropy.  

loops

trains

tails
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2.3 Polydispersity and molecular displacers 

The synthesis of bulk amounts of purely monodisperse synthetic polymers, that is 

polymers with a single molecular weight, is virtually impossible given the current state of 

technology.  There are some techniques, such as the one developed by Tirrell’s group, that 

allow for the synthesis of monodisperse synthetic polymers but in extremely limited 

quantities.[38]  All synthetic polymers made in bulk amounts have some range of 

polydispersity.  These polymers must therefore be considered as multicomponent mixtures 

rather than single molecular weight materials.  It is for this reason one should be concerned 

with how the molecular weight of the polymer will influence the adsorption of the chains.[39-

47]  Similarly, if the system in question is a polymer solution, concerns of competitive 

adsorption also apply not only from polydispersity issues but also because of small molecular 

displacers such as solvent.[17, 48-50] 

First, let us look at polymeric species and how competitive adsorption occurs.  Consider 

two monodisperse polymers mixed together, one with a low and the other with a high 

molecular weight.  Intuitively, one would think that the low molecular weight polymer is 

more likely to adsorb to the surface over the higher molecular weight species due to mobility 

issues.  Alternatively, one might think that the higher molecular weight polymer would 

preferentially adsorb due to an increase in the number of possible contact points along the 

chain.  However, neither case is entirely the preferred one.  Kinetically speaking the lower 

molecular weight polymer will adsorb faster than the higher molecular weight polymer but 

over time, the smaller molecular weight polymer will be displaced.  The displacement does 

not occur due to an increase in the availability of adsorbing species along the length of the 

chain, however.  Adsorption sites on the surface are equally “efficient” at adsorbing both low 
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and high molecular weight polymers.  Therefore, total adsorption energy per unit area 

remains unaffected by polydispersity.  If this is so, then where does the principle driving 

force for displacement come from? 

The principle driving force stems from entropic contributions.  The fact is that the higher 

molecular weight polymer will have a lower solubility than the low molecular weight 

polymer, which will drive the displacement of the low molecular weight polymer at the 

surface.  The entropy of mixing in solution dramatically decreases as the length of the 

polymer chain increases.  Therefore, there is also a dependence on the concentration in 

solution (or melt). 

Although it is generally accepted that polymers adsorb strongly to surfaces, there are 

instances where small molecules and oligomeric units can displace large polymers.[17, 48, 50, 51]  

In such cases, the driving force is almost purely enthalpic.  Displacement can occur when the 

concentration of molecular displacers is large enough and the adsorption attraction is larger 

than that of the polymer.  Usually, the enthalpy contribution to the free energy must be 

substantially larger to overcome the entropic penalty with forcing the polymer into solution.   

2.4 Polymer monomer sequence distribution 

In this section, we turn our attention to the effect of the sequence distribution of 

adsorbing and non-adsorbing segments within a polymer chain on adsorption onto flat 

surfaces.  For simplicity, we restrict our discussion to copolymers consisting of only two 

species (A and B).  Furthermore, we limit ourselves to three classes of copolymers: diblocks, 

alternating, and random.  A diblock copolymer is represented by a series of A units followed 

by a series of B units.  The diblock copolymer has only one point where A and B units 

neighbor each other.  The alternating sequence is ordered such that every other unit along the 
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chain is the same, i.e. ABABAB.  The random copolymer exhibits no correlation in monomer 

positions along the length of the chain.  This means that from one unit to the next there is an 

equal probability of encountering an A or B unit. 

The adsorption characteristics of these macromolecules are quite different as confirmed 

by many researchers.[52-66]  First, we examine how a diblock copolymer adsorbs onto a flat 

surface.  A diblock copolymer can be viewed as a species comprising two homopolymers 

connected at a single juncture in which each block retains many of the properties of the 

individual homopolymer.  During the adsorption process, one of the two blocks has a greater 

surface affinity than the other and thus adsorbs preferentially onto the surface.  This block is 

considered the anchor block (A).  The other block will extend away from the surface, 

forming a brush of freely dangling tails.  This block is considered to be the buoy block (B).  

This anchor/buoy type structure provides the fine balance between enthalpy and entropy.  

While the anchoring block maximizes the number of more favorable contacts the buoy block 

reduces the entropic penalty associated with surface confinement. 

If we consider a non-selective solvent that dissolves both the A and B blocks equally 

well, the key parameter in the adsorption behavior is the relative lengths of each block.  One 

situation occurs when the length of the A block is short compared to that of the B block.  In 

this case, the repulsion between the B blocks dominates the adsorption properties, resulting 

in an under-saturated layer of A.  As the number of A blocks that are in contact with the 

surface increases, the adsorption is enhanced due to the availability of more A-surface 

contacts.  An optimum number of chains adsorbed at the surface is achieved when the energy 

gain due to the adsorption of the chains at the interface is balanced with the lateral repulsion 

of the B blocks.  This regime is called the buoy regime.  Ultimately, the chains will tend to 
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adopt conformations with a single long tail and a single short train with minor loop 

fluctuations.  Any further increase in the length of the A block will incite a change from the 

buoy regime to the so-called anchor regime.  This will occur when the number of chains that 

can reach the surface is limited by the saturation of the anchored layer.  In this regime the 

adsorbed mass of A remains relatively constant despite any increase in A.  Therefore, the 

number of adsorbed chains will decrease, as does the number of B blocks, resulting in a 

denser layer relative to that in the buoy regime.  The end result is a conformation that 

includes a short tail and a long train with a higher number of loop fluctuations than the buoy 

regime.  Figure 2.4.1 schematically illustrates both regimes. 

Figure 2.4.1 Copolymers adsorbed onto a surface illustrating the buoy and anchor 
regimes. 
 

Marques and Joanny support these ideas in their adsorption studies of an A-B block 

copolymer in a nonselective solvent where the A segments exhibit preferential attraction to 

the surface.  Marques and Joanny report that for copolymers with small asymmetry, the A 

segments formed a fluffy layer near the surface and the B segments extended out away from 

the surface.  However, when increasing the B block length while keeping the A block 

constant, the A blocks became zipped to the surface.[20]  Similar observations have been 

reported by Wang et al. and Shaffer who used Monte Carlo simulations to study the 

Buoy Regime Anchor Regime
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adsorption of block copolymers from dilute solutions.  Both researchers concluded that when 

the A block was firmly adsorbed to the substrate the B block behaved similar to that of a 

single chain terminally anchored to the substrate.[67, 68]  Further support for these findings 

also arose out of self-consistent field (SCF) modeling performed by Evers and coworkers.[69-

71] 

Budkowski et al. demonstrated these effects by examining the competition between two 

adsorbing copolymers of different lengths.  In their studies, the short symmetric blocks 

adsorbed at the polymer melt-surface interface while the long asymmetric blocks were found 

primarily away from the interface.[12]  The results of Budkowski and coworkers compared 

well with the model developed by de Gennes and Leibler.[72, 73]  This showed that the 

anchoring regime was more favorable than the buoy regime since one would expect that the 

longer polymer would displace the shorter polymer. 

At the other extreme of the monomer sequence distribution spectra is the alternating 

copolymer.  In these copolymers, the adsorbing (A) and non-adsorbing (B) segments are 

distributed evenly throughout the entire length of the chain.  Provided that the non-adsorbing 

segments do not have a large repulsion with the surface, the adsorption properties will be 

similar to those of a homopolymer with some effective average of A and B homopolymer 

properties.  Loop, tail, and train conformations will be formed such that the number of A 

segments in contact with the surface is maximized and the number of B segments extended 

into the bulk is also maximized.  This causes the chain to occupy a large amount of surface 

area when adsorbed to the surface but maintain enough loops and tails to alleviate the 

translational and conformational entropy as shown in Figure 2.4.2. 
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Figure 2.4.2 Alternating copolymer adsorbed onto a surface. 
 

The random copolymer is a special case in that its adsorption properties will fall 

somewhere between that of a diblock and an alternating copolymer.  In these polymers 

careful consideration must be made in terms of their monomer sequence distribution.  The 

extent to which the chain develops a purely random versus a random- blocky distribution is 

important.  If the segments are not distributed with equal probability but have some 

preferential tendency for an A unit to follow an A unit or a B unit to follow a B unit, the 

sequence is considered to be more blocky in nature.  In purely random copolymers, the 

presence of blocky structures containing 3-5 repeat units is not uncommon.[9]  As the number 

of segments per block increases, the behavior of the chain will approach that of a pure 

diblock copolymer.  First, consider a completely random copolymer consisting of two species 

where one species is preferentially attracted to the surface.  If the monomer sequence in this 

chain is completely random, there will be both long and short lengths of consecutive 

adsorbing blocks within the same chain.  As the polymer adsorbs it can be expected that the 

longer consecutive adsorbing blocks will be preferentially located at the adsorbing surface.  

This allows the chain to increase the number of favorable adsorbing segment/surface 

contacts.  This behavior also results in the copolymer forming loops and tails that will not 

necessarily contain only long sequences of non-adsorbing blocks but also adsorbing blocks 

that help alleviate any tendency to completely zip the macromolecule to the surface.  If the 

relative block size of adsorbing segments within the copolymer increases, there will also be a 



 22

relative increase in the size of the non-adsorbing block lengths.  This, in turn, will allow the 

copolymer to adsorb more strongly relative to a polymer with a purely random sequence; the 

larger block lengths of adsorbing segments increase the probability of localization at the 

surface.  After one monomer adsorbs to the surface, the probability that its neighbor (or 

neighbors) will also adsorb to the surface increases.  The same applies for the longer 

sequences of non-adsorbing segments.  Increases there will result in larger loops and tails 

available to counteract any entropic penalty associated with the polymer’s surface 

localization.  In Figure 2.4.3, we show representations of a copolymer with a random 

sequence compared to that of a copolymer with a sequence with some blocky nature to it. 

Figure 2.4.3 Random copolymers adsorbed onto a surface with different sequential 
distributions. 
 

Although no experimental studies concern copolymers of different random distribution 

types, one can clearly understand the effect of block location based on the work of Dorgan 

and coworkers.  Using diblocks and triblocks of PS and PEO, Dorgan and coworkers found 

that symmetric and moderately symmetric diblocks followed the scaling relations proposed 

by Marques and Joanny.  However, triblocks of comparable asymmetry behaved more like 

highly asymmetric diblocks where the adsorption was dominated by the non-adsorbing PS 

block size.[74-76]  In similar experiments, Griffiths and coworkers showed that chain 

architecture was a weak factor in adsorption when the adsorbing block was located in the 

Random Blocky 
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center of the polymer.  However, it became a significant factor when the adsorbing blocks 

were located at the ends of the polymer.[77] 

The most notable changes in polymer adsorption properties due to differences in the 

primary monomer sequence distribution are seen in the work presented by Khokhlov’s and 

Chakrabarti’s groups.  Khokhlov’s group developed a novel “coloring” scheme in which a 

parent homopolymer of non-adsorbing units is forced into a globular state and the monomers 

located at the corona are “colored” into adsorbing units.  These polymers are termed 

“protein-like” copolymers.  These “protein-like” copolymers are then placed near a surface 

and allowed to adsorb.  The adsorption properties of these “protein-like” copolymers were 

found to be different from those of purely random copolymers.[62, 78]  Chakrabarti’s group 

followed this idea and used a modified version of Khokhlov and coworkers “coloring” 

scheme to examine the adsorption properties of different “protein-like” copolymers.  The 

investigation using molecular dynamic simulations looked at examining the spreading rate of 

copolymers with different primary sequences.  They found that the primary sequence 

distribution can have a substantial effect in the spreading rate of the copolymer.[79]  The 

above discussion underlines the importance of the monomer sequence distribution on the 

adsorption properties of copolymers. 

2.5 Size and distribution of surface domains 

The effect that size, shape, and spatial distribution of adsorbing domains on the surface 

has on polymer adsorption has received fairly little attention relative to cases involving 

chemically homogeneous substrates.[4, 30, 57, 64, 80-98]  There are three cases to consider.  The 

first is when the size of the adsorbing domain is larger than the size of the adsorbing polymer 

coil.  In this case, the surface is seen as chemically homogeneous.  Therefore, all previously 
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mentioned phenomena concerning polymer adsorption onto homogeneous surfaces apply.  

Regardless of whether the polymer is chemically homogeneous or heterogeneous it will 

approach the surface and spread.  This process increases the number of favorable adsorbing 

segment contacts with the surface while allowing the polymer to relax into a favorable 

surface conformation.  As the size of the adsorbing domains decreases, issues of confinement 

start to play a role in how the polymer adsorbs onto the surface.  The interfacial area between 

the adsorbing and non-adsorbing domains will begin to influence the conformations that the 

polymers will adopt.  The polymer will no longer have the ability to spread completely 

without “paying” some energetic penalty.  Therefore, it becomes more likely that the 

polymer will start to form more loops and/or loops and tails that are longer in length.  The 

remaining two cases describe this situation.  Specifically, the second case is where the size of 

the adsorbing domain approaches the size of the adsorbing polymer.  Here it can be expected 

that the interfacial area between the adsorbing and non-adsorbing domains will play a role in 

how a polymer adsorbs.  The final case involves situations where the size of the adsorbing 

domain is smaller than the dimensions of the adsorbing polymer coil.  In this case bridging 

and interaction strength will primarily dictate the conformations of the adsorbing polymers. 

Many groups have considered the behavior of copolymer melts in contact with surfaces 

that were patterned with some chemical arrays, such as stripes.  Each domain of the surface 

had a different preference for each of the blocks in the adsorbing copolymer.  A competition 

between the preferred bulk lamellar spacing, L0, and the periodic stripe spacing, L, was 

reported.  When the value of L0 is greater than L, the stripes have been found to induce 

perpendicular lamellae of unequal spacing.  Evidence has also been provided, which shows 
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that the striped surface can induce inverted bilayers, i.e. an AB-AB pattern instead of the 

usual AB-BA sequence.[93, 99-101] 

Kielhorn and Muthukumar used the Cahn-Hilliard-Cook model to study the effects of 

patterned surfaces on phase separation in polymer blends.  In thin film geometries, they 

observed pattern-induced spinodal waves perpendicular to the surface.  For sufficiently thin 

films, the surface pattern was transferred to the film material.[89]  Balazs et al. examined a 

similar system with a single component using Monte Carlo simulation techniques.  The 

surfaces in these studies were composed of two-component sites adopting stripe, 

checkerboard, and random arrangements.  The chains were tailored to have a higher binding 

affinity for one type of surface site (S1) over the other surface site (S2).  Balazs and 

coworkers found that while holding the ratio of S1 to S2 sites constant, decreasing the size of 

the S1 domains increased polymer adsorption. 

Balazs and coworkers later expanded their work on A-B copolymers adsorbed onto 

chemically heterogeneous surfaces composed of S1 and S2 sites.  As with their previous 

studies, the A segments were preferentially attracted to S1 sites and S2 sites remained 

effectively neutral to all species.  By changing the ratio of S1/S2 sites, Balazs and coworkers 

were able to fine-tune the properties of the adsorbed polymer films.  Balazs and coworkers 

also showed that the surface site arrangement influenced the spatial distribution of the 

adsorbed polymeric units and under certain circumstances, A-B copolymers were able to coat 

the S1 sites more effectively than a homopolymer of pure A.[80] 

Other groups have looked at irregular surface chemical patterns.  For example, Van der 

Linden and coworkers used self-consistent field theory to incorporate these types of surfaces.  

They found that homopolymers adsorbed onto randomly distributed heterogeneous surfaces 
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if the average interaction energy with the surface was below some critical adsorption energy.  

They noted that this is more likely to happen when the surface pattern consists of patchy 

patterns rather than randomly distributed arrangements.[30] 

Any further decrease in the domain size does not allow the polymer to adsorb onto a 

single domain provided that the spatial distance between the domains is of the same order.  If 

the domains are located within a distance comparable to or less than the dimension of the 

adsorbing coil, the polymer chain will have the ability to bridge between surface domains as 

long as the bridging remains energetically favorable.  If the domains are located far away 

from each other and are smaller than the adsorbing polymer’s coil size, little or no adsorption 

can be expected as long as the non-adsorbing segments are non-favorable contacts. 

Mansky et al. recognized the importance of smaller domain sizes in polymer adsorption.  

By using end-grafted random copolymer brushes made of PS and PMMA segments (PS-ran-

PMMA), Mansky and coworkers were able to tailor the interfacial and wetting behavior of 

polymers at a solid interface.  They found that for PS-ran-PMMA with a PS fraction of 

approximately 0.60, the interfacial energy of the random surface with respect to both PS and 

PMMA was equal.[102]  Huang and coworkers later exploited these findings to drive 

orientational displacement of PS-b-PMMA copolymers.  In situations where one of the 

blocks of a symmetric diblock copolymer exhibits a preferential wetting to the substrate, the 

copolymer lamellae orient parallel to this surface.  However, when the surface is coated with 

the random copolymer, it becomes essentially neutral to both blocks, resulting in a crossover 

from parallel to perpendicular orientation.[103] 
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2.6 Polymer adsorption and pattern recognition 

Thus far, only the adsorption of polymers has been discussed and not its relation to 

pattern recognition.  Genzer has recently developed a three-dimensional (3D) self-consistent 

field (SCF) model of polymer adsorption by extending the 1D SCF scheme of Scheutjens and 

Fleer.  He has used it to study the adsorption of A-B diblock, triblock, and alternating 

copolymers from A homopolymer matrices onto planar substrates composed of two 

chemically distinct sites (C and D), one of which had a preferential affinity for the B 

segments of the copolymer.[57, 64, 85, 104]  His results demonstrated that when the chemically 

heterogeneous motifs on the substrate were detected by the copolymer adsorbing segments, 

the copolymers were able to transcript them with high fidelity into three dimensions.  The 

way the surface pattern was transferred was dictated by the monomer sequence distribution.  

Genzer showed that relative to alternating copolymers, block copolymers were better at 

capturing the chemical pattern’s shape and transcribing it into the bulk mixture. 

At present, Arup Chakraborty’s group at UC Berkeley has performed the only extensive 

studies pertaining to copolymer pattern recognition involving copolymers with disordered 

sequence distributions, so-called random heteropolymers (RHP), on multifunctional, 

heterogeneous surfaces.  Chakraborty and coworkers have shown that RHPs exhibit sharp 

transitions in adsorption behavior which they suggest is sufficient (and necessary) to mimic 

surface pattern recognition.  Their models reveal that the origin of the adsorption transition 

stems from the suppression of loop fluctuations due to disorder and competing 

interactions.[55]  Bratko et al. stipulate that for recognition to occur, exact matching between 

the monomer sequence distribution and surface heterogeneities is not necessary; only 

statistical matching of distributions between the chain and the substrate need to be met for 



 28

the recognition to occur.[63]  In other simulations, Bratko et al. have shown that weak 

adsorption of RHPs were observed when the fraction of surface sites was low.[55]  Srebnik 

and coworkers carried out non-dynamic ensemble growth Monte Carlo simulations to study 

the effects of distinct segment-segment interactions on the adsorption of RHPs near a 

disordered heterogeneous surface.  It was found that when a certain threshold density of 

adsorbing sites was reached, the RHP underwent a sharp transition from weak to strong 

adsorption.  However, when the segment-segment interactions were weak the threshold 

density of sites increased.  The trend reversed for strong segment-segment interactions.  This 

behavior was attributed to the entropic penalties associated with adsorption.[25]  Based on the 

group’s previous work and the work done with Golumbfskie and Pande, Chakraborty and 

coworkers have shown that biomimetic recognition can occur by exploiting the competing 

interactions between the adsorbing RHP and the multifunctional surface.  They further 

suggested that RHPs represent the hallmark of recognition by developing specific 

distributions of loop lengths and/or shapes.[105]  Simmons and Chakraborty applied their 

previous work with RHP at surfaces to investigate the promotion of homopolymer adhesion.  

In their investigation, the monomer sequence distribution of the RHP was varied as well as 

the amount of promoter and the strength of the segment-segment interactions and segment-

surface interactions.  The optimal adhesion promoters were found to be RHPs with relatively 

high fractions of adsorbed segments and long loops extending away from the surface.  These 

configurations help to induce entanglements between the RHPs and the homopolymers while 

maintaining sufficient contact strength with the surface.[52] 
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2.7 Concluding remarks 

From this review, we can see that uncovering all of the phenomena associated with the 

adsorption of polymers onto flat, impenetrable surfaces is not an easy task.  The efforts of the 

aforementioned research groups have been successful in identifying many factors that 

influence the driving forces associated with polymer organization at a hard interface.  

However, there is still much work to be done.  It is now fairly well understood that the 

principle driving force for a polymer chain to adsorb onto a surface is the symbiotic 

relationship between enthalpy gain and entropy loss.  However, these enthalpic and entropic 

contributions are influenced by many factors, such as the strength of the interaction between 

the adsorbing segments along the chain and the adsorbing domains on the surface, the 

polydispersity of the polymer and/or the presence of molecular displacers, the monomer 

sequence distribution along the length of the chain, and the size and special distribution of 

the adsorbing domains on the surface. 

Researchers are slowly starting to provide explanations as to how and why these factors 

disturb or contribute to polymer adsorption.  Computational studies are now beginning to 

define the direction for further studies in polymer adsorption, especially with the ever-

increasing computational speed of computers.  Experimental instruments experience 

improvements in their sensitivity as well as their spatial resolution.  As more and more 

technological advances are made, we can expect to see many more exciting discoveries in the 

field of polymer adsorption.  
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3.1 Abstract 

We present results of Monte Carlo simulation studies utilizing the bond fluctuation 

model in conjunction with single and configurational biased Monte Carlo moves to 

investigate the adsorption of diblock (A-b-B) and alternating (A-alt-B) copolymers at 

physically flat surfaces made of an equal number of two chemically different sites, C and D.  

The adsorption of the copolymer to the surface is driven by the repulsion between the A and 

B segments along the copolymer and the attraction between the B segments and the D sites 

on the surface.  We address the critical role of the commensurability between the 

copolymer’s monomer sequence distribution and the size and spatial distribution of the 

surface adsorbing sites on the copolymer adsorption.  We show that both copolymer 

architectures have the ability to recognize the surface motif and transcribe it into the bulk 

material.  Diblock copolymers can transfer the pattern once the heterogeneous domain sizes 

match the size of the parallel component to the radius of gyration, which is constituted 

primarily of the adsorbing species.  This behavior results from the ability of the diblock 

copolymer to adopt a brush type conformation.  In contrast to the diblocks, copolymers with 

the alternating sequence distribution are more likely to “zip to” the surface since the 

adsorbing species are evenly distributed along the copolymer.  This chain conformation 

creates an entropic penalty, which must be alleviated by the formation of loops and tails.  

These conformational changes endow the alternating copolymer with the ability to recognize 

patterns with periodicities much less than the parallel component to the radius of gyration 

and to invert the pattern as the distance away from the surface is increased. 
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3.2 Introduction 

Many technologically important applications of polymers involve phenomena associated 

with copolymer adsorption.  These include fiber-filled polymer composites, antireflection 

coatings, lubricants, adhesives, sensors, structures based on nano-scale patterning and 

masking, etc.[1-7]  In order to further advance these technologies, a better understanding of the 

key features governing polymer adsorption at surfaces is critical.  To this end, there has been 

a plethora of both theoretical/computational and experimental work investigating the 

organization of copolymers at planar, chemically homogeneous surfaces and homopolymers 

at planar, chemically heterogeneous surfaces.[8-25] These reports have provided insight into 

the basic phenomena governing polymer adsorption.  It has now been well established that 

the driving force for polymer adsorption involves an interplay between: i) the gain in energy 

due to the adsorption of the binding monomers of the macromolecule to the attractive 

surface, and ii) the loss in chain entropy associated with the reduction in the number of 

possible configurations of the adsorbed chain relative to that of a free chain in the bulk. 

In many real systems the substrates onto which copolymers adsorb are not chemically 

homogeneous.  Rather, the surfaces comprise multiple chemical species either due to 

impurities or by design.  These chemical heterogeneities affect the copolymer organization at 

the substrate-copolymer interface.  Multidimensional systems such as these are often 

encountered in biological situations, for example: pathogen-host interactions and biopolymer 

adhesion for transmembrane signaling.[26-33]  As with systems containing homogeneous 

substrates, the adsorption characteristics depend on the adsorption strength, the polymer 

chain length, and the monomer sequence distribution within the copolymer.  However, when 

a chemically heterogeneous surface is introduced one must also consider the effect of the 
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adsorption strength between each constituent as well as the size, shape, and spatial 

distribution of the heterogeneous domains on the surface. 

We have recently developed a three-dimensional (3D) self-consistent field (SCF) model 

of polymer adsorption by extending the 1D SCF scheme of Scheutjens-Fleer.[34, 35]  We used 

the 3D SCF model to explore the adsorption of A-B copolymers from an A homopolymer 

matrix onto planar substrates composed of two chemically distinct sites (C and D), one of 

which (D) had a preferential affinity for the B segments of the copolymer.  The interplay 

between the spatial distribution of the surface chemical heterogeneities and the monomer 

sequence distribution in the copolymer was examined for diblock (A-B), triblock (A-B-A, 

and B-A-B), and alternating (A-alt-B) copolymers.  Our results demonstrated that when the 

chemically heterogeneous motifs on the substrate were detected by the copolymer adsorbing 

segments, the copolymers were able to transcript them with high fidelity into three 

dimensions.  The way in which the surface pattern was transferred was dictated primarily by 

the monomer sequence distribution.  We showed that relative to alternating copolymers, 

block copolymers were generally more adept in capturing the chemical pattern shape and 

transcribing it into the polymer mixture.   

The aim of this paper is to extend our previous work and to analyze the adsorption 

behavior of A-b-B and A-alt-B copolymers on flat, chemically heterogeneous substrates 

using Monte Carlo (MC) simulation.  Relative to the 3D SCF model, the MC approach 

provides detailed molecular information about the polymer conformations at the substrate.  

Also, by utilizing the bond fluctuation model (BFM) any artifacts due to the lattice 

discretization of the 3D SCF model can be avoided. 
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3.3 The MC Model  

All simulations were carried out using the BFM.  In the BFM, polymers are represented 

as connected repeat units residing on a three-dimensional cubic lattice.  One monomer unit is 

allowed to occupy a single cube (or 8 lattice vertices), and each monomer is connected to 

another by a predetermined set of bond vectors.  The bond vectors are built through all 

possible permutations and sign inversions of the following vector families: 

P(2,0,0)∪P(2,1,0)∪P(2,1,1)∪P(2,2,1)∪P(3,0,0)∪P(3,1,0).  These vector sets prevent bond 

vectors from crossing and monomers from overlapping.  A complete description of the model 

can be found in the original work by Carmesin and Kremer.[36]  The benefit to using the BFM 

is that its high coordination number allows one to closely approximate continuum behavior, 

while retaining the advantages of lattice models such as integer arithmetic and 

parallelization. 

In conjunction with the BFM we utilize the configurational bias Monte Carlo algorithm 

(CBMC) of Frenkel, Mooij, and Smit and a traditional single move Monte Carlo algorithm 

(SMMC).[37]  The CBMC algorithm is a modification of the sampling scheme originally 

introduced by Rosenbluth and Rosenbluth in the 1950’s.[38]  The algorithm comprises three 

general steps.  First, a trial conformation is generated to compute the Rosenbluth weight, 

W(n).  This step can constitute regrowth of the entire chain or part thereof.  Next, the 

Rosenbluth weight of the old configuration, W(o), is determined by retracing the old 

conformation.  Finally, the trial configuration is accepted with a probability of min[1, 

W(n)/W(o)].  The advantage to using this sampling scheme is that at low densities multiple 

monomer moves can be made per single Monte Carlo step with a relatively good probability 

of acceptance. 
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The SMMC algorithm is straightforward in its implementation.  A single monomer is 

chosen at random from a random polymer chain, and its energy, E0, is calculated.  The 

monomer is then randomly moved one lattice spacing in any of the six possible directions.  A 

check is made to see if the resulting move retains the constraints set forth by the BFM.  If the 

restrictions are violated the move is rejected.  If the constraints are satisfied, then the new 

energy, EN, is calculated and the move is accepted with a probability equal to min[1, exp{-

β(EN-E0)}]. 

The coupling of the CBMC and SMMC offers two advantages.  The CBMC algorithm 

dramatically increases the rate of equilibrium conformation sampling at low densities.  This 

allows the polymers to disperse within the simulation box rapidly from the ordered starting 

configuration.  However, as the simulation progresses the SMMC algorithm becomes a 

necessity because the adsorption process results in high densities at the polymer-surface 

interface, which substantially reduces the acceptance of the CBMC moves.  In fact, 

simulations that were executed using only the CBMC algorithm never reached equilibrium 

even after long simulation times. 

3.4 Molecular parameters 

The simulations presented in this work were carried out on a 24×24×72 rectangular 

lattice with a total polymer volume fraction of 0.22.  The system consists of an A-B 

copolymer bounded in the z direction by two parallel surfaces, one of which is patterned and 

the other which remains neutral to all species.  All chains in the mixture were 24 monomers 

long having 12 A monomers and 12 B monomers in either a block copolymer (A12-b-B12) or 

an alternating copolymer (A12-alt-B12) sequence distribution.  The patterned substrate was set 
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to have a checkerboard pattern comprising C and D domains with domain sizes ranging from 

[1×1] to [12×12], while the homogeneous surface was composed entirely of C.  In all 

simulations, a square well potential, εij, was used to describe the pair-wise interaction 

between i and j.  Athermal interactions were used for the A-A, A-C, A-D, B-B, and B-C pairs 

(i.e., εAA = εAC = εAD =  εBB = εBC = 0 kT).  A repulsive potential was used for A-B contacts, 

εAB = 0.1 kT, and the B-D potential was held constant at –0.75 kT.  All interactions were 

short ranged and limited to the bond vectors P(2,0,0)∪P(2,1,0)∪P(2,1,1). 

The simulations were executed in the following manner.  First, two simulation boxes 

were constructed with different initial configurations.  One simulation box was initialized 

with the copolymers placed in an ordered fashion at the box’s center (system I), while the 

other placed the copolymers at the interface of the heterogeneous surface (system II).  Next 

each system was allowed to disperse the copolymer chains within the simulation box using 

CBMC moves with A/B repulsions for 10,000 MC steps.  Subsequently, the surface 

interactions were engaged and a transition from CBMC to SMMC was made over the course 

of 1.0 million attempted moves.  During the transition, the probability of attempting a CBMC 

move over a SMMC move was decreased by 0.10 every 100,000 attempted moves.  At this 

point the CBMC moves were “switched off”, and the SMMC moves were used for an 

additional 1.2 billion moves.  During the final 200 million moves, equilibrium conformations 

were sampled every 50,000 MC steps in order to obtain the desired ensemble averages.  Once 

completed, the ensemble averages for each system’s energy and fractional surface coverage 

were compared to ensure that the systems did in fact reach equilibrium.  The ensemble 

averages were then recalculated using the average between the results of system I and system 

II.  The values between the two systems were systematically within 3% of each other. 
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3.5 Results and Discussion 

The primary focus of this work is to examine the interplay between the monomer 

sequence distribution within the copolymer and the size and spatial distribution of the 

adsorbing sites on the flat, chemically heterogeneous surface.  In Figure 3.5.1, we show a 

typical three-dimensional image of the adsorbed polymer chains with the corresponding 

monomer density profile for both a diblock and an alternating copolymer. 

Figure 3.5.1 Three dimensional profiles of diblock (top) and alternating (bottom) 
copolymers adsorbed onto a heterogeneous surface with a checkerboard pattern of 
periodicity [12×12].  The corresponding segment density profiles for the adsorbing (B, 
closed symbols) and non-adsorbing (A, open symbols) segments are depicted on the 
right. 
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In both cases, the surface pattern has a periodicity of [12×12].  The configurational snapshots 

show that the diblock copolymer has a high density of B segments (light color along the 

copolymer) located at the surface of the adsorbing D domains (dark color on the substrate).  

This density is comparable to that of a polymer melt.[39]  Away from this dense interfacial 

layer, the diblock organizes into a sparse brush comprising the A block, resulting in a 

depletion layer of the B segments.  In contrast to the diblock, the alternating copolymer is 

only able to maintain a moderate density at the interfacial layer, and the adsorbing segment 

depletion layer is much sharper.  This behavior is a consequence of the conformations 

adopted by each chain due to the specific monomer sequence distribution.  Furthermore, our 

simulations show no changes in density as a function of the surface domain size for the 

alternating case.  There is, however, a small decrease in the adsorbing segment density for 

the diblock copolymer as the periodicity of the surface pattern increases, which develops due 

to a bridging effect.  Elaboration of the diblock’s ability to form bridges across non-

adsorbing surface sites is discussed later in this report. 

In order to analyze how the copolymer adsorbs on the heterogeneous substrate, we 

cannot look at the three-dimensional copolymer density alone.  Rather, we section the lattice 

into x-y planes parallel to the substrate and analyze the density profiles of the adsorbing 

segment in each x-y plane.  This procedure provides a qualitative measure for the substrate 

pattern recognition.  Later in the paper we define a parameter in which we term the pattern 

transfer parameter.  This parameter expresses the ability of the copolymer to recognize the 

substrate pattern in a quantitative manner. 
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Figure 3.5.2 Planar x-y dimensional probability density profiles at the substrate 
interface (i.e. z = 1) for the adsorbing B segments of the diblock (middle) and 
alternating (bottom) copolymer sequences on substrates with different pattern 
periodicities (top).  The black regions on the substrates represent the adsorbing 
domains (D) and the white regions represent the neutral domains (C).  The profiles 
range from 0 (white) to 1 (black). 
 

In Figure 3.5.2, we plot the probability density of the B segments adsorbing onto 

substrates (top panel) with various pattern periodicities for the diblock (middle panel) and 

alternating (bottom panel) copolymers.  From the data in Figure 3.5.2, both copolymer 

sequence distributions show signs of recognition at the largest surface periodicity of [12×12].  

As the periodicity of the surface pattern is decreased the recognition for both polymers also 
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rapidly than in the case of the alternating copolymer.  This is due primarily to the large length 
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another allowing for the long run of B segments in the copolymer to bridge across the 

neighboring non-adsorbing sites.  Since the interaction between B segments and C domains is 

athermal, there is no enthalpic penalty for the B segments to reside above these sites.  For the 
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short sequence lengths.   Ideally, it is expected that recognition will occur until the surface 

periodicity becomes less than the sequence length of the copolymer’s distribution.  This 

would lead to the expectation that the alternating sequence can recognize surface patterns 

down to a spatial period of [1×1].  However, this is clearly not the case.  The problem stems 

from the features of the lattice and not from an energetic standpoint.  Recall that in the BFM, 

the monomers are restricted to a minimum spatial distance of 2 cells apart, while the 

adsorbing monomers can feel the effects of the surface in any direction up to √6 cells since 

each monomer can experience binary interactions only through the vector families 

P(2,0,0)∪P(2,1,0)∪P(2,1,1).  As a consequence of this constraint, an adsorbing segment 

located a distance of √6 lattice spacings from the surface will feel the effects of a minimum 

of 4 adsorbing sites.  This results in the copolymer “seeing” the [1×1] and [2×2] 

checkerboard patterns as chemically homogeneous as long as the non-adsorbing surface sites 

remain athermal.  Based on this argument one would expect pattern recognition to start 

occurring on a [3×3] pattern.  This is exactly what our results show. 

A convenient way to learn about the interplay between the enthalpic interactions and the 

spatial distribution of the surface sites is to examine the effective coordination number, Zeff, 

for individual monomer-surface sites pairs.  In Figure 3.5.3, we plot the effective 

coordination number, defined through a simple counting of nearest neighbors from the vector 

families P(2,0,0)∪P(2,1,0)∪P(2,1,1), for A-B, B-C, and B-D binary pairs.  The diblock 

copolymer maintains a higher effective coordination number for the B-D and B-C contacts 

than the alternating copolymer due to its blocky sequence.  However, in both cases the 

effective coordination number for B-D contacts increases once a pattern periodicity of [3×3] 

is reached.  Likewise, the number of the B-C contacts decreases once the [3×3] periodicity is 
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attained.  From a qualitative standpoint, one might conclude that pattern recognition initiates 

once the surface domain size reaches [3×3].  This is not necessarily true since we define 

recognition to be ideal when the adsorbing species reside exclusively above adsorbing 

domains. 

Figure 3.5.3 Effective coordination number for diblock (closed symbols) and alternating 
(open symbols) monomer sequences for A-B (squares), B-C (triangles), and B-D 
(circles) binary pairs as a function of the surface pattern periodicity. 
 

To look at the process of pattern recognition more quantitatively we evaluate the so-

called pattern transfer parameter (PTP) for each z plane above the surface.  This parameter 
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where φa(x, y, z) is the volume fraction of the adsorbing species at location (x, y, z) in the 

lattice and AC and AD denote the surface areas of the non-adsorbing (C) and adsorbing (D) 

domains on the surface, respectively.[40]  In equation (3-1), the summations in the numerator 

are carried out over the (x, y) sites above the D and C domains, while in the denominator the 

summation is carried out over all surface sites.  For this parameter, three distinct values can 

be defined as benchmarks within a range of -2.0 to +2.0.  A value of +2.0 signifies that the 

pattern is perfectly replicated by the adsorbing segments of the copolymer for a particular x-y 

plane.  In contrast, a value of -2.0 results in a perfect inversion of the pattern meaning that 

the adsorbing segments have replicated the pattern of the non-adsorbing sites.  Lastly, a zero 

value shows that no recognition occurs and that there is no preference for an adsorbing 

segment to restrict itself to the pattern of the surface.  In Figure 3.5.4 and Figure 3.5.5, we 

plot the PTP as a function of the distance from the substrate for the diblock and alternating 

copolymers, respectively, for all substrate periodicities studied.  There are three trends that 

can be extracted from these plots.  First, as the size of the domains on the surface increases, 

the PTP also increases for both copolymer sequence distributions.  Second, the alternating 

copolymer not only recognizes the surface, but is also able to invert the surface at 3 or more 

lattice spacings from the surface.  The last point of interest is the periodicity at which there is 

a large change in the PTP.  For the diblock, this shift is noticeable at a period of [6×6] and 

very clear at [12×12].  The alternating copolymer, however, exhibits this jump at a pattern 

size of [3×3].  We have already commented earlier on the lattice effects as to why the 
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alternating copolymer does not show signs of pattern recognition below [3×3].  One would 

also expect the diblock copolymer to recognize a surface pattern that is on the same size scale 

as the radius of gyration, Rg, of the adsorbing monomer’s sequence length, that is, 

somewhere between [3×3] and [4×4].  This is not the case as seen by the PTP. 

Figure 3.5.4 Pattern transfer parameter of the diblock copolymer for substrate 
periodicities ranging from [1×1] to [12×12]. 
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Figure 3.5.5 Pattern transfer parameter of the alternating copolymer for substrate 
periodicities ranging from [1×1] to [12×12]. 
 

More information about the copolymer conformations at the heterogeneous substrate can 

be obtained by evaluating the parallel, Rg,||, and perpendicular, Rg,⊥, components to the radius 
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where xi is the x coordinate of the ith monomer, xcm is the x component to the center of mass 

of the polymer, yi is the y coordinate of the ith monomer, ycm is the y component to the center 

of mass of the polymer, zi is the z coordinate of the ith monomer, zcm is the z component to 
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the center of mass of the polymer, and N is the number of monomers in the chain.[41]  Despite 

changes in the substrate’s pattern periodicity, Rg,|| and Rg,⊥ for both diblock and alternating 

copolymers remain relatively constant.  The diblock copolymer maintains its Rg,|| and Rg,⊥ at 

≈5.0 ± 0.10 lattice units and ≈4.0 ± 0.11 lattice units, respectively.  The alternating 

copolymer has a slightly higher parallel component at ≈5.3 ± 0.13 lattice units, and a 

significantly lower perpendicular component at ≈2.8 ± 0.15 lattice units.  The large 

difference in the Rg,⊥ is expected since the diblock copolymer adopts a brush conformation.  

The ratio of Rg,⊥/Rg,|| (≈0.81 for A-b-B and ≈0.54 for A-alt-B) reveals that the copolymer 

conformations are greatly deformed at the substrate/melt interface relative to their bulk 

Gaussian conformation.  Similar results have been seen for homopolymers and “protein-like” 

copolymers at homogeneous surfaces.[42] 

The fact that Rg,|| for the diblock copolymer remains relatively constant regardless of the 

size of the surface periodicity explains why the diblock copolymer does not recognize the 

surface well until a pattern size of [6×6] is obtained.  It is at this point that the adsorbing 

segment’s sequence length spreads to a length that is commensurate with the size of the 

adsorbing domains on the surface.  The alternating copolymer expands in a similar fashion.  

However, because of its monomer sequence distribution, A-alt-B is capable of recognizing 

the pattern at much lower periodicities than the diblock copolymer.  Another contributing 

factor as to why the alternating copolymer has the ability to recognize the surface pattern 

when the adsorbing domains are small is related to the conformation that the copolymer 

adopts at the substrate-melt interface.  More specifically, it is related to the formation of tails, 

loops, and trains by the copolymer to form energetically favorable contacts and alleviate the 

entropic penalties associated with the adsorption. 
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We have examined three aspects of these formations, which are the number of these 

specific conformations, the average length of each conformation, and the total length that 

each conformation contributes to the overall length of the copolymer chain.  In Figure 3.5.6, 

we plot the average number of tails (squares), loops (circles), and trains (triangles) for both 

the diblock (closed symbols) and alternating (open symbols) copolymers as a function of the 

substrate periodicity. 

Figure 3.5.6 Average number of tails (squares), loops (circles), and trains (triangles) per 
adsorbed copolymer chain for diblock (closed symbols) and alternating (open symbols) 
monomer sequences. 
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loop fluctuations.  The alternating copolymer also retains a constant number of tails.  But in 

contrast to the A-b-B case, the number of loops and trains increases once a surface 

periodicity of [6×6] is reached.  This behavior is related to the spreading size (Rg,||) of the 

copolymer on the substrate.  The spreading size is now commensurate with the surface 

domain size such that the copolymer can adsorb completely to a single adsorption domain.  

In order to alleviate the entropic penalty associated with complete zipping to the surface, the 

copolymer must form more loops.  Note that, as expected, the number of loops is always 

related to the number of trains (loops = trains - 1).  A short commentary is in order to explain 

the trend of the number of loops and trains below a surface periodicity of [3×3] for both 

sequence distributions (boxed area in Figure 6).  The values are somewhat misleading in their 

trend due to the BFM.  As was mentioned prior, the [1×1] and [2×2] surfaces are “seen” as 

homogeneous since the surface periodicity is less than √6.  Because of this, these surfaces are 

more representative of homogeneous D surfaces of half the surface area.  It is for this reason 

that the slight decrease is seen from a [1×1] to a [3×3] periodicity. 

Table 3.5.1 Average and Total Chain Length Contribution of Tails, Loops, and Trains 

Polymer Tails Loops Trains Tails Loops Trains
A-b-B 11.46 ± 0.18 1.55 ± 0.24 5.00 ± 0.18 14.71 ± 0.14 1.09 ± 0.17 8.50 ± 0.23
A-alt-B 10.29 ± 0.18 1.93 ± 0.09 2.03 ± 0.08 10.67 ± 0.19 5.57 ± 0.14 7.87 ± 0.11

Average length of Total chain length contribution of

 

 
In Table 3.5.1, we give values for the average length of each conformation of tail, loop, 

and train.  These values are maintained over all surface periodicities.  The average length of 

tails for both A-b-B and A-alt-B is relatively high, ≈10-12.  While this is not surprising for 

the diblock copolymer, a much smaller length would be expected for the alternating 

copolymer.  This large tail length of the A-alt-B can be explained in two ways.  Either the 
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surface density is becoming very high such that the copolymers become too crowded, thus 

preventing incoming chains from having the ability to attach to the surface, or the average 

length of the loops is too small to alleviate the bulk of the entropic frustration.  Since this 

system is almost purely enthalpic, that is to say that there are no strict entropic penalties 

induced (for example conformational bond energies), the first explanation is more probable.  

In fact, the number of adsorbed chains is maintained for each series of alternating copolymer 

systems and likewise for all diblock copolymer systems.  This is because the principle 

driving force for these systems is to maximize the number of B-D contacts since the 

attractive force between B-D pairs is much greater than the repulsive force between A-B 

pairs. 

Lastly, one can look at the total length that each conformation contributes to the length 

of the chain.  This data is also depicted in Table 3.5.1.  In both copolymer sequences, the 

contribution that each specific conformation has to the overall chain length decreases from 

tails to trains to loops.  The length contributed by trains is approximately the same for both 

copolymer sequences.  This behavior is not surprising since we have already seen that Rg,|| is 

roughly the same for both copolymers.  The length of the tails for the diblock copolymer is 

greater than that for the alternating case due to the ability to form a brush.  In the same 

respect, the total length contributed by loops is greater for the alternating case relative to that 

of the diblock since the entropic frustration becomes greater with the alternating sequence’s 

tendency to zip to the surface.  

3.6 Conclusions 

Monte Carlo simulation utilizing the bond fluctuation model in conjunction with single 

and configurational biased Monte Carlo moves was used to study the adsorption of diblock 
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and alternating copolymers at flat, chemically heterogeneous surfaces.  Our results 

established the critical role of the commensurability between the copolymer’s monomer 

sequence distribution and the size and spatial distribution of the heterogeneous domains on 

the adsorbing surface.  By systematically increasing the spatial distribution of the substrate 

adsorbing sites, while keeping the overall number of the adsorbing and non-adsorbing sites 

on the surface unchanged, we have uncovered the conditions at which copolymers with block 

and alternating sequence distributions recognize the substrate chemical pattern and transfer it 

from the surface into the bulk.  Due to their brush-like conformation at the surface, block 

copolymers recognize the substrate chemical motif once commensurability between the size 

of the adsorbing surface domain and the parallel component of the radius of gyration is 

established.  Alternating copolymers, on the other hand, have a tendency to “zip” to the 

surface because the adsorbing segments are evenly distributed along the entire length of the 

chain.  This enthalpically driven “zipping” imposes an entropic penalty to the chain which 

must be alleviated through the formation of loops and tails.  These conformational changes 

give the alternating copolymer the ability to recognize chemical patterns with periodicities 

much smaller than the parallel component of the radius of gyration and cause the inversion of 

the chemical pattern with increasing distances from the substrate. 
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4.1 Abstract 

Monte Carlo simulation utilizing the bond fluctuation model in conjunction with single 

and configurational biased Monte Carlo moves is used to study the adsorption of diblock (A-

b-B) and alternating (A-alt-B) copolymers at flat, chemically heterogeneous surfaces 

comprising C and D domains.  The main objective of this work is to address the effect of the 

strength of attraction between the adsorbing surface domains, D, and the copolymer 

adsorbing segments, B, on the copolymer’s ability to recognize the chemical pattern on the 

surface.  The results of our simulations reveal that both block and alternating copolymers 

have the ability to recognize the surface motif and transcribe it into the bulk material.  The 

extent to which diblock copolymers transfer the chemical pattern from the surface to the bulk 

is relatively unaffected when the attractive B-D potential is increased beyond a certain 

critical value.  This behavior stems from the brush-like conformation adopted by the diblock 

copolymer at the substrate.  In contrast to the diblock copolymer, the adsorption of the 

alternating copolymer is influenced by the strength of the attraction between the copolymer’s 

adsorbing segments and the adsorbing domains on the surface.  Since the B segments are 

distributed evenly along the backbone, the alternating copolymers are more likely to adopt 

conformations in which the whole chain is “zipped” to the surface.  The resultant entropic 

frustration is then alleviated through an increased formation of loops with little change to 

their length.  Such conformational changes endow the alternating copolymer with the ability 

to invert the substrate pattern as the distance away from the surface is increased. 
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4.2 Introduction 

The way in which polymers organize at impenetrable surfaces has been the focus of 

much research over the past few decades.[1-29]  The interest is sparked not only by the 

interesting ordering and self-assembling behavior but also by the vast number of 

applications, including: fiber-filled polymer composites, antireflection coatings, lubricants, 

adhesives, sensors, structures based on nano-scale patterning and masking, etc.[5, 30-35]  

Advancement in these areas can be facilitated through a better understanding of the key 

features responsible for this behavior.  It is widely accepted that the driving force for polymer 

adsorption stems from a symbiotic relationship between chain enthalpy and entropy.  From 

an enthalpic standpoint, a polymer chain will tend to minimize its energy by maximizing the 

number of attractive monomer-substrate contacts.  However, this typically results in an 

entropic energy loss due to a reduction in the number of possible configurations attainable by 

the adsorbed chain relative to that of a free chain in the bulk.  At equilibrium, the final 

conformations adopted by the polymer at the solution (or melt)-substrate interface result from 

the balance between the enthalpy gain and the entropy loss of the macromolecule. 

Although the balancing process between enthalpy and entropy for a homopolymer 

adsorbed onto a chemically homogeneous and physically flat surface is now fairly well 

understood,[36] polymer adsorption in heterogeneous systems (i.e., those involving 

copolymers and/or heterogeneous surfaces) is not.  Examples of perhaps the most complex 

systems are seen in biology where protein adsorption on the cell surface is governed by 

statistical pattern matching between the protein chemical structure and the cell receptor sites, 

as in the case of transmembrane signaling.[4, 7, 37-42]  Adsorption in these systems is still 

governed by the adsorption strength and the polymer chain length, but accountability must 
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also be made for the sequence distribution of the monomers within the adsorbing chain as 

well as the size, shape, and spatial distribution of the adsorbing sites on the heterogeneous 

surface. 

We have recently developed a three-dimensional (3D) self-consistent field (SCF) model 

of polymer adsorption by extending the 1D SCF scheme of Scheutjens-Fleer.[13, 14]  We used 

the 3D SCF model to explore the adsorption of A-B copolymers from an A homopolymer 

matrix onto planar substrates composed of two chemically distinct sites (C and D), one of 

which (D) had a preferential affinity for the B segments of the copolymer.  The interplay 

between the spatial distribution of the surface chemical heterogeneities and the monomer 

sequence distribution in the copolymer was examined for diblock (A-b-B), triblock (A-B-A 

and B-A-B), and alternating (A-alt-B) copolymers.  Our results demonstrated that when the 

chemically heterogeneous motifs on the substrate were detected by the copolymer adsorbing 

segments, the copolymers were able to transcribe them with high fidelity into three 

dimensions.  The way in which the surface pattern was transferred was dictated primarily by 

the monomer sequence distribution.  We showed that relative to alternating copolymers, 

block copolymers were generally better in capturing the chemical pattern shape and 

transcribing it into the polymer mixture.   

In this report, we extend our previous work in the study of the adsorption behavior of A-

b-B and A-alt-B copolymers using Monte Carlo (MC) simulation.[29]  Specifically, we focus 

on the effect that the attractive surface potential has on the organization of the copolymers at 

heterogeneous surfaces.  By using a MC approach, detailed molecular information about the 

polymer conformations at the substrate can be investigated. 
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4.3 The MC Model  

In our simulations we use the Monte Carlo bond fluctuation model (BFM).  In the BFM, 

polymers are represented as connected repeat units residing on a three-dimensional cubic 

lattice.  One monomer unit is allowed to occupy a single cube, and each monomer is 

connected to another by a predetermined set of bond vectors.  The bond vectors are built 

through all possible permutations and sign inversions of the following vector families: 

P(2,0,0)∪P(2,1,0) ∪P(2,1,1)∪P(2,2,1)∪P(3,0,0)∪P(3,1,0).  These vector sets prevent any 

bond vector from crossing and monomers from overlapping.  A complete description of the 

model can be found in the original work done by Carmesin and Kremer.[43]  The benefit to 

using the BFM is that its high coordination number allows one to closely approximate 

continuum behavior, while retaining the advantages of lattice models, such as integer 

arithmetic and parallelization. 

To carry out the mechanics of the simulations, we utilize the configurational bias Monte 

Carlo algorithm (CBMC) of Frenkel, Mooij, and Smit, and the more traditional single move 

Monte Carlo algorithm (SMMC).[44]  The CBMC algorithm is a modification of the sampling 

scheme originally conceived by Rosenbluth and Rosenbluth in the 1950’s.[45]  The algorithm 

comprises three general steps.  A trial conformation is first generated to compute the 

Rosenbluth weight, W(n).  This step can constitute regrowth of the entire chain or part 

thereof.  Next, the Rosenbluth weight of the old configuration, W(o), is determined by 

retracing the old conformation.  Finally, the trial configuration is accepted with a probability 

of min[1, W(n)/W(o)].  The advantage to using this sampling scheme is that at low densities 

multiple monomer moves can be made per single Monte Carlo step with a relatively good 

probability of acceptance. 
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The SMMC algorithm is also executed in a three step process.  First, a single monomer 

is chosen at random from a random polymer chain, and its energy, E0, is calculated.  The 

monomer is then translated in a random direction one lattice spacing.  A check is made to see 

if the resulting move retains the constraints set forth by the BFM.  If the restrictions are 

violated the move is rejected.  If the constraints are satisfied, then the new energy is 

calculated, EN, and the move is accepted with a probability equal to min[1, exp{-β(EN-E0)}]. 

Both algorithms bring forth their own unique advantages.  The CBMC algorithm 

dramatically increases the rate of equilibrium conformation sampling at low densities.  This 

allows the polymers to disperse within the simulation box rapidly from the ordered starting 

configuration.  However, as the simulation progresses, the SMMC algorithm becomes a 

necessity since the adsorption results in higher densities at the polymer-surface interface, 

which substantially reduces the acceptance of the CBMC scheme.  In fact, simulations 

carried out using only the CBMC algorithm did not reach equilibrium even at long MC steps. 

4.4 Molecular parameters 

The simulations presented in this work were carried out on a 24×24×72 rectangular 

lattice with a total polymer volume fraction of 0.22.  The system consists of an A-B 

copolymer bounded in the z direction by two parallel surfaces, one of which is chemically 

patterned and the other remains neutral to both A and B monomers.  All chains in the mixture 

had 12 A monomers and 12 B monomers in either a block copolymer (A12-b-B12) or an 

alternating copolymer (A12-alt-B12) sequence distributions.  The patterned substrate was set 

to have a checkerboard pattern comprising C and D domains with domain sizes ranging from 

[1×1] to [12×12], while the homogeneous surface consisted exclusively of C.  In all 
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simulations, a square well potential, εij, was used to describe the pair-wise interaction 

between i and j.  Athermal interactions were introduced for the A-A, A-C, A-D, B-B, and B-

C pairs (i.e., εAA = εAC = εAD = εBB = εBC = 0 kT).  A repulsive potential was used for A-B 

contacts, εAB = 0.1 kT, and the B-D potential was varied from –0.25 kT to –1.00 kT.  All 

interactions were short ranged and limited to the bond vectors P(2,0,0)∪P(2,1,0)∪P(2,1,1). 

The MC simulations were executed in the following manner.  First, two simulation 

boxes were constructed with different initial configurations.  One simulation box was 

initialized with the copolymers placed in an ordered fashion at the box’s center (system I), 

while the other placed the copolymers at the interface of the heterogeneous surface (system 

II).  Next each system was allowed to disperse the copolymer chains within the simulation 

box using CBMC moves with A-B repulsions for 10,000 MC steps.  Subsequently, the 

surface interactions were engaged and a transition from CBMC to SMMC was made over the 

course of 1.0 million attempted moves.  During the transition, the probability of attempting a 

CBMC move over a SMMC move was decreased by 0.10 every 100,000 attempted moves.  

At this point the CBMC moves were “switched off”, and the SMMC moves were used for an 

additional 1.2 billion moves.  During the final 200 million moves, equilibrium conformations 

were sampled every 50,000 MC steps in order to obtain the desired ensemble averages.  Once 

completed, the ensemble averages for each system’s energy and fractional surface coverage 

were compared to ensure that the systems did in fact reach equilibrium.  The ensemble 

averages were then recalculated using the average between the results of system I and system 

II.  The values between the two systems were systematically within 3% of each other. 
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4.5 Results and Discussion 

We start our discussion by presenting the x-y cross-sectional probability density profiles 

for diblock and alternating copolymers in Figure 4.5.1 and Figure 4.5.2, respectively.  The 

figures are divided into profiles for the 1st, 3rd, and 5th x-y planes above a [12×12] patterned 

surface for the adsorbing and non-adsorbing segments.  Each row represents the monomer 

densities for the attractive potential used between the adsorbing B segments and the 

adsorbing D surface sites.   

Figure 4.5.1 Diblock copolymer planar x-y dimensional probability density profiles for 
the 1st, 3rd, and 5th planes away from a [12×12] patterned surface for the adsorbing (left 
panel) and non-adsorbing (right panel) segments.  The black regions on the substrate 
(upper left corner) represent the adsorbing domains (D) and the white regions 
represent the neutral domains (C).  The profiles range from 0 (white) to 1 (black). 
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Figure 4.5.2 Alternating copolymer planar x-y dimensional probability density profiles 
for the 1st, 3rd, and 5th planes away from a [12×12] patterned surface for the adsorbing 
(left panel) and non-adsorbing (right panel) segments.  The black regions on the 
substrate (upper left corner) represent the adsorbing domains (D) and the white regions 
represent the neutral domains (C).  The profiles range from 0 (white) to 1 (black). 
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dimensions of the adsorbing segment sequence, which raises the question: How does 

decreasing the sizes of the surface domains affect the density of the adsorbing segments of 

the copolymer? 

Figure 4.5.3 Diblock copolymer planar x-y dimensional probability density profiles at 
the substrate interface (i.e. z = 1) for adsorbing B segments on substrates with different 
pattern periodicities (top) as a function of B-D attractive strength from -0.25 kT (top 
middle) to -1.00 kT (bottom).  The black regions on the substrate represent the 
adsorbing domains (D) and the white regions represent the neutral domains (C).  The 
profiles range from 0 (white) to 1 (black). 
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Figure 4.5.4 Alternating copolymer planar x-y dimensional probability density profiles 
at the substrate interface (i.e. z = 1) for adsorbing B segments on substrates with 
different pattern periodicities (top) as a function of B-D attractive strength from -0.25 
kT (top middle) to -1.00 kT (bottom).  The black regions on the substrate represent the 
adsorbing domains (D) and the white regions represent the neutral domains (C).  The 
profiles range from 0 (white) to 1 (black). 
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closely the situation involving block copolymer adsorption on a chemically homogeneous 

surface.  The onset of this bridging occurs between the [4×4] and [6×6] substrate patterns.  

The alternating copolymer also experiences an increase in B segmental density with an 

increase in the B-D attraction and a loss in recognition of the surface pattern as the domain 

sizes are decreased.  However, this decrease in recognition does not occur until surface 

patterns as small as [2×2] are reached.  The ability to replicate surface domains that are rather 

small in size is a direct result of the monomer sequence within the A-alt-B copolymer.  It 

should be noted that the reason that recognition does not occur below [3×3] is a consequence 

of the BFM lattice and the range of the attractive potential.  By using the vector families 

P(2,0,0)∪P(2,1,0)∪P(2,1,1), the longest distance that the attractive surface potential can be 

felt is √6.  Therefore, once the domain size of the surface becomes less than √6, all 

copolymer chains will “see” the surface as homogeneous barring that the C surface domains 

remain athermal to all species.   

The density profiles provide a first glimpse as to the role that the strength of the 

attractive surface potential plays in the copolymer’s ability to replicate the surface patterns.  

In order to quantify these results, we use the previously defined pattern transfer parameter: 
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where φa(x, y, z) is the volume fraction of the adsorbing species at location (x, y, z) in the 

lattice and AC and AD denote the surface areas of the non-adsorbing (C) and adsorbing (D) 

domains on the surface, respectively.[16]  In Eq. (1), the summations in the numerator are 
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carried out over the (x, y) sites above the D and C domains, while in the denominator the 

summation is carried out over all surface sites.  For this parameter, three distinct values can 

be defined as benchmarks within a range of -2.0 to +2.0.  A value of +2.0 signifies that the 

pattern is perfectly replicated by the adsorbing segments of the copolymer for a particular x-y 

plane.  In contrast, a value of -2.0 results in a perfect inversion of the pattern meaning that 

the adsorbing segments have replicated the pattern of the non-adsorbing sites.  Lastly, a zero 

value shows that no recognition occurs and that there is no preference for an adsorbing 

segment to restrict itself to the pattern of the adsorbing sites on the surface. 

Figure 4.5.5 Pattern transfer parameter of the diblock copolymer for substrate 
periodicities from [1×1] (squares), [2x2] (circles), [3x3] (triangles), [4x4] (diamonds), 
[6x6] (stars), and [12×12] (pentagons) with the B-D attractive potential ranging from -
0.25 kT (top left) to -1.00 kT (bottom right). 
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Figure 4.5.6 Pattern transfer parameter of the alternating copolymer for substrate 
periodicities from [1×1] (squares), [2x2] (circles), [3x3] (triangles), [4x4] (diamonds), 
[6x6] (stars), and [12×12] (pentagons) with the B-D attractive potential ranging from -
0.25 kT (top left) to -1.00 kT (bottom right). 
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the B-D potential increases.  This suggests that loops must be forming to alleviate the 

entropic penalties associated with “zipping” the polymer to the surface. 

In order to further quantify the effects that the surface potential has on the copolymer’s 

adsorption we can examine the change in the number of nearest B-D neighbors relative to the 

number of the B-C neighbors.  This is demonstrated through the difference in the effective 

coordination numbers between B-D pairs (Zeff,BD) and B-C pairs (Zeff,BC).  The effective 

coordination number is defined for our system as the number of nearest neighbors located 

within the distance of attraction.  That is, Zeff,BD is the number of B segments located within a 

distance of √6 from any D domain.  Likewise, Zeff,BC is the number of B segments located 

within a distance of √6 from any C domain.  Hence, as pattern recognition increases Zeff,BD 

will increase and Zeff,BC will decrease and as a consequence the difference Zeff,BD - Zeff,BC will 

increase. 

In Figure 4.5.7, we plot the change in the effective coordination numbers as a function of 

the substrate domain size and as a function of the attractive potential between B segments 

and D domains. 
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Figure 4.5.7 Difference in effective coordination number for B-D and B-C pairs for 
diblock copolymer (top) and alternating copolymer (bottom) as a function of substrate 
period and strength of the B-D potential. 
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in the difference between the effective coordination numbers (Note that this trend develops 

much sooner than for the alternating copolymer).  The alternating copolymer responds 

differently to the increase in εBD.  Saturation of the change in effective coordination numbers 

does not start to occur until large εBD.  This behavior is due to the conformations adopted by 

the copolymer.  Since for the A-alt-B the adsorbing segments are evenly distributed along the 

chain, “zipping” the copolymer completely to the surface would result in a large entropic 

penalty.  This is not so in the diblock copolymer where the non-adsorbing segments can still 

extend into the bulk material to alleviate entropic frustration due to the adsorbing block.  The 

alternating copolymer must therefore release its entropy through shorter tails and increased 

loop formations. 

The PTP and the difference in effective coordination numbers suggest that some 

conformational changes occur during the adsorption of the diblock and the alternating 

copolymers to the substrates, but they do not clearly illustrate their nature.  For this reason, 

we have examined the role of tails, loops, and trains in the adsorption process.  Specifically, 

we have investigated the number and length of each of the conformations as well as the total 

contribution (in segments) that each makes to the total chain length.  The [12×12] surface 

was used for this part of the study since both copolymers exhibit pronounced signs of pattern 

recognition both qualitatively and quantitatively.  The [6×6] pattern could have also been 

used. 

In Figure 4.5.8, we plot the average length of the tails (squares), loops (circles), and 

trains (triangles) within the diblock (solid symbols) and alternating (open symbols) 

copolymer as a function of the B-D interaction strength.  The diblock copolymer shows that 
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above εBD=-0.50 kT the average length of all conformations remains relatively constant.  The 

same holds for the alternating copolymer.  Therefore, on average all of the conformational 

entities maintain their given length regardless of the strength of the B-D potential. 

Figure 4.5.8 Average length of tails (squares), loops (circles), and trains (triangles) per 
adsorbed chain for diblock (top) and alternating (bottom) monomer sequences as a 
function of the B-D attraction energy. 
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substantial increase in the number of loops and trains as well as a slight decease in the 

number of tails with increasing εBD.  We note that the number of loops = trains - 1.  The 

values in Figure 4.5.9 illustrate that as the attraction of the B segments to the surface 

increases, causing the chain to “zip” to the surface, the polymer alleviates the incurred 

entropic penalty by forming more loops.  Hence, it is the number rather than the length of the 

loops that matters for the entropic relief. 

Figure 4.5.9 Average number of tails (squares), loops (circles), and trains (triangles) per 
adsorbed chain for diblock (top) and alternating (bottom) monomer sequences as a 
function of the B-D attraction energy. 
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Figure 4.5.10 Average total length that tails (squares), loops (circles), and trains 
(triangles) contribute to the total copolymer chain length for diblock (top) and 
alternating (bottom) monomer sequences as a function of the B-D attraction energy. 
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unfavorable localization of the A-alt-B copolymer segments at the surface due to the strong 

B-D attraction. 

4.6 Conclusions 

Monte Carlo simulations using the bond fluctuation model in conjunction with single 

and configurational biased Monte Carlo moves were used to study the adsorption of diblock 

and alternating copolymers at flat, chemically heterogeneous surfaces.  The main objective of 

this work was to address the interplay between the substrate pattern heterogeneity and the 

strength of the interaction between the copolymer’s adsorbing segments and the substrate’s 

active sites.  Our simulations have revealed that both diblock and alternating copolymers 

have the ability to recognize the surface motif and transcribe it into the bulk material.  The 

extent to which diblock copolymers transfer the surface pattern is relatively unaffected by 

increasing the strength of the attractive potential of the adsorbing domains once a certain 

critical adsorption strength is achieved.  In contrast to diblocks, the adsorption of the 

alternating copolymers is affected by the strength of the attraction between the copolymer’s 

adsorbing segments and the attraction sites on the surface.  Since the alternating copolymer is 

enthalpically “forced” to adopt conformations in which the whole chain is “zipped” to the 

surface, the resulting entropic frustration is alleviated through an increased formation of the 

number of loops with little change to their length.  The conformational changes induced 

through the increased adsorption strength gives rise to the ability of the alternating 

copolymer to invert the substrate pattern at larger distances away from the surface.  The 

inversion stems from the reduction in tail length and the increase in the number of loop 

fluctuations. 
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5.1 Abstract 

We use a novel reaction scheme to generate copolymers with random and random-

blocky monomer sequence distributions.  The synthesis of the copolymer is carried out by 

placing polystyrene (PS) with a low polydispersity into a solvent capable of adjusting the PS 

chain from an expanded to a collapsed conformation.  We then modify accessible PS units 

with bromine to form polybromostyrene (PBrS) segments.  The reactions carried out under 

expanded coil conditions resulted in PS-co-PBrS copolymers with random distributions (r-

(PS-co-PBrS)), while those carried out in collapsed states were more blocky in nature (b-(PS-

co-PBrS)).  Nuclear magnetic resonance (NMR), size exclusion chromatography (SEC), and 

differential scanning calorimetry (DSC) confirm that the bromination occurs exclusively in 

the para position of the PS phenyl ring and that the backbone of the resulting PBrS 

copolymer is neither altered nor severed.  We use Kerr effect measurements, which are found 

to be highly sensitive to sequence distribution, to verify that the sequence distributions are in 

fact blocky for b-(PS-co-PBrS) and random for r-(PS-co-PBrS).  We measure the intrinsic 

viscosity (IV) and effective radius of gyration (Rg) of the b-(PS-co-PBrS) and r-(PS-co-PBrS) 

copolymers using SEC and small-angle neutron scattering (SANS), respectively.  These 

experimental probes show that both the IV and “effective” Rg of the b-(PS-co-PBrS) and r-

(PS-co-PBrS) are different when placed in toluene, a good solvent for PS but a poor solvent 

for PBrS.  We report evidence from thin film dewetting experiments showing that the 

monomer sequence distribution directly affects the mobility of the chains on the surface.  

Both copolymers dewet slower than PS at the same T−Tg.  However, the b-(PS-co-PBrS) also 

dewets at a slower rate than the r-(PS-co-PBrS) even though the film thickness, molecular 

weight, and amount of bromine in both copolymers is the same.  To our knowledge this is the 
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first experimental evidence that the monomer sequence distribution in random copolymers 

can affect the surface mobility of copolymer chains. 
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5.2 Introduction 

Polymer research aimed at generating copolymers with specifically designed properties 

and evaluating their bulk and interfacial performance has gained a lot of popularity in recent 

years.  Many of the efforts have been focused on the design of copolymers that can mimic 

biological macromolecules for use in understanding protein folding and/or biomimetic 

recognition.[1-47]  In both cases, it has been demonstrated that the sequence distribution of the 

monomer species along the macromolecule has a profound influence on the copolymer 

performance.  In the case of protein folding, the arrangement of the monomers along the 

length of the backbone can have significant effects on how macromolecules transition from 

their expanded to collapsed states.  Alternatively in the case of macromolecules capable of 

pattern recognition, the monomer sequence distribution can determine where and how 

strongly the molecule will adsorb to the surface.[6, 11, 28]  Hence the monomer sequence 

distribution will dictate the physical and chemical behavior of the entire molecule. 

In classical polymer synthesis, creating A-B copolymers with a diblock, alternating, or 

random sequence is relatively straightforward.  However, generation of random copolymers 

with statistically distributed monomer sequence distributions, which are more representative 

of biological or “protein-like” copolymers, has been a great challenge for polymer chemists.  

The monomer sequence distribution in statistically disordered copolymers can be completely 

random or exhibit blocky character.  Such copolymers can be readily designed in computer 

simulations and subjected to a variety of scenarios.  The forefront of such work has been 

conducted by the groups of Khokhlov and Khalatur.[17-21, 30, 48-51]  Khokhlov and coworkers 

have designed these so-called “protein-like” copolymers using a simple “coloring” scheme.  

Their approach is to take a parent homopolymer of type A and collapse it into a dense coil.  
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The periphery A monomers are then “colored” to be B monomers.  A schematic 

representation of the process is given in Figure 5.2.1. 

 
Figure 5.2.1 "Coloring" process proposed by Khokhlov and Khalatur. 

 
The result of such a reaction scheme is a specifically functioned copolymer.  This type 

of copolymer has been shown to have different adsorption properties compared to that of a 

completely random copolymer.[19, 52]  It has also been shown by other groups that these types 

of copolymers have the ability to recognize surface patterns containing analogous statistical 

distributions of adsorbing surface sites.[4, 8, 10]  Furthermore, it has been demonstrated that 

blocky copolymers have very different structural conformations within a medium compared 

to a random copolymer.[20, 51]  If the copolymer is subjected to a medium that is compatible 

with the B monomers, but incompatible with the A monomers a globular structure will form.  

The globule will comprise a dense core of A units surrounded by a loose corona of B units 

with large loops composed of B segments.  In contrast, if a random copolymer is subjected to 

the same media, the chain adopts a coil like conformation whose density is similar to that of a 

homopolymer.  The behavioral folding of blocky copolymers has been attributed to the 

formation path, in that, the polymer develops a memory to its original parent conformation 

from which it was conceived.  The polymer coil will then undergo a refolding process to 

form its original globular form after “coloring” due to the incompatibility of the A units and 

their self attraction. 
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While the formation of these random-blocky copolymers is easily realized by computer 

simulations, their synthesis is quite challenging.  So far, no experimental work has been 

reported on synthesizing such macromolecules.  In this chapter we discuss how we can 

exploit the “coloring” scheme of Khokhlov and Khalatur to synthesize these “protein-like” 

(or random-blocky) copolymers.  To follow the path suggested by Khokhlov and Khalatur we 

must “color” the monomers close to the periphery of a parent homopolymer, whose coil size 

can be adjusted by dissolving it in an appropriate solvent.  To accomplish this 

experimentally, what is necessary is a homopolymer that is well characterized, monodisperse, 

and capable of being modified, as well as, a solvent with tunable interactions with said 

polymer.  In our case we have chosen polystyrene as a model parent homopolymer.  

Polystyrene (PS) is on of the most widely characterized polymers; it can be routinely 

synthesized in a range of molecular weights with very low polydispersities (< 1.05).  

Kambour and coworkers have shown that PS can be easily modified by bromine to form 

poly-4-bromostyrene (PBrS).[53]  When using a solvent with a moderate dipole moment and 

by performing the reaction in the absence of light, the bromination of PS occurs through an 

electrophillic substitution exclusively in the para position of the PS phenyl ring.  To carry 

out the dissolution of the polymer and the collapse transition, we use solvents with variable 

solvent quality.  The quality of each solvent can be fine-tuned separately by varying the 

temperature.  At the so-called theta condition, the polymer chain will adopt a random coil 

conformation; its size will be proportional to N1/2, where N is the degree of polymerization.  

Above the theta temperature, the coil will expand (coil size ~ N3/5) and below the theta 

temperature the coil collapses (coil size ~ N1/3).  Depending on the solvent temperature one 

can smoothly vary the size of the coil from an expanded to a collapsed state.  Hence by 
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placing the polystyrene in one of these solvents and adjusting the temperature, the degree of 

collapse of PS can be tuned.  The coil can subsequently be subjected to a bromination 

reaction in order to generate the random-blocky PS-co-PBrS copolymer.   

5.3 Experimental Section 

5.3.1 Materials and Sample Preparation 

The materials used for this study were purchased from various vendors.  The 

hydrogenated PS was purchased from Pressure Chemical Company, and the deuterium-

labeled d8PS was purchased from Polymer Source.  The bromine used for the reaction was 

purchased from Aldrich Chemical Company.  Gelest supplied the 1H,1H,2H,2H-

Perfluorodecyltrichlorosilane (CAS No. 78560-44-8) and the solvents used were purchased 

from TCI America.  All compounds were used as received. 

In order to perform the bromination reactions a solvent for PS with a moderate dipole 

moment was needed.  Moreover, the theta temperature of the solvent must be experimentally 

accessible such that the poor and good solvent conditions can be reached.  We identified 

three solvents that fit the experimental requirements.  These solvents are 1-chlorodecane, 1-

chloroundecane, and 1-chlorododecane.  The theta temperature for these solvents is 6.6 °C, 

32.8 °C, and 58.6 °C, respectively.[54]  Because of the chemical similarity, the dipole 

moments of all three solvents are approximately the same.  This suggests that the 

bromination reaction kinetics should be roughly the same provided the reactions are carried 

out at the same temperature.  For the purpose of our investigation, we limited our scope to 

carrying out the reactions with 1-chlorodecane and 1-chlorododecane at 32.8 °C, since 

accessing the exact theta point during a chemical reaction is very challenging.  This allows us 

to access an expanded and collapsed state for performing the reactions. 
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The reactions were carried out in the following matter.  A 1.0 % (w/w) solution was 

placed into a controlled temperature cell and the cell was subjected to a temperature cycle.  

Specifically, the cell was ramped to 70 °C (well above the theta temperature of all solvents) 

and maintained for 60 minutes.  Afterwards the cell temperature was lowered to 32.8 °C at a 

rate of 0.3 °C/min and maintained for 60 minutes.  After completing the equilibration, a 

three-fold stoichiometric excess of bromine was added to the solution under dark conditions.  

The reaction was allowed to proceed for varying times depending upon the extent of 

bromination desired.  The reaction was terminated by adding a few drops of 1-pentene.  The 

samples were then purified by dissolution into tetrahydrofuran and subsequent precipitation 

into methanol.  The purification step was repeated 5 times to eliminate any residual reactants 

and/or solvent.  The polymer was then dried at 60 °C under 30 inches of vacuum to remove 

the final traces of methanol.  Elemental analysis (EA) was performed by Atlantic Microlabs 

in Norcross, GA to verify the percent of bromine added to the chain. 

5.3.2 Experimental Techniques 

5.3.2.1 Nuclear Magnetic Resonance (NMR) 

All of the pulsed field NMR experiments were performed on a Bruker AVANCE 500 

MHz Spectrometer with an Oxford Narrow Bore Magnet, SGI INDY host workstation, and 

XWINNMR software version 2.5.  The instrument is equipped with three frequency channels 

with a wave form memory and amplitude shaping unit, a three channel gradient control unit 

(GRASP III), a variable temperature unit, a pre-cooling and temperature stabilization unit, 

and a 5 mm ID 1H/BB (109Ag-31P) Triple-Axis Gradient Probe  (ID500-5EB, Nalorac 

Cryogenic Corporation).  The NMR probe was tuned to the 13C frequency, which is at 125.75 
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MHz for the 500 MHz spectrometer.  All quantitative measurements have been done using a 

single frequency 5 mm carbon 13C dedicated probe (Ge NMR adopted for Bruker shims). 

5.3.2.2 Kerr Effect 

The Kerr effect measurements were carried out using the nulled-pulse method, which 

requires that the optical response, relative to the quiescent light level, to be nulled during the 

application of a short duration, rectangular-shaped electric pulse to the electrodes of the Kerr 

cell.[55, 56]  The duration of the pulse is adjusted so that it is sufficiently long to obtain an 

equilibrium orientation of the molecules at a given strength of electric field, but is 

sufficiently short to prevent or minimize any effects due to electrolysis and/or electrode 

polarization.  The pulse method of obtaining Kerr constant data is applicable to almost any 

type of solution or liquid, even conductive liquids.  It also reduces the effects of conductivity, 

electrode polarization, and heating that can occur if measurements are made using dc electric 

fields. The pulse method also permits the measurement of relaxation phenomena, if present. 

A diagram of the apparatus used to measure the electrically-induced phase difference, δ, 

is shown in Figure 5.3.1.  All the optical components were mounted on a 2 m optical bench 

that was enclosed in a light-proof cabinet.  A Spectra Physics He/Ne laser emitting at a 

wavelength of 632.8 nm with a power of 5 mW was used as a source of monochromatic light.  

The temperature controlled sample cell was placed between a polarizer (45° to direction of 

applied electric field) (Glan-Thompson type) and a quarter-wave retarder (45°).  An analyzer 

(initially 135°) and a photomultiplier detector completed the optical train.  The output of the 

photomultiplier was connected to a transient recorder, the output of which could be viewed 

on an oscilloscope.  The high-voltage electric pulses were monitored using a Tektronix 
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high-voltage probe (Model P6013A), which attenuated the voltage by a factor of 

approximately 103, before being measured by a Thurlby (1503-HA) digital multimeter.  

Figure 5.3.1 Schematic representation of the Kerr measurement system. 
 

The components of the Kerr cell were machined from stainless steel.  The electrode gap 

could be adjusted by four Allen key grub screws set into the back wall of one of the 

electrodes.  The grub screws adjusted the effective lengths of 2 mm diameter glass spacer 

rods to set the electrode gap (≈1.5 mm). The optical path length was close to 50 mm.  The 

electrode assembly was firmly retained in the body of the Kerr cell by displacing two ball 

bearings set in the back of the earthed electrode so that they impinged onto the internal wall 

of the Kerr cell.  The windows of the Kerr cell were chosen to be strain-free and were 

mounted on a paper washer and retained by means of a rubber o-ring and a stainless steel 

disk secured by three adjustable screws.  Electrical connections were made to the electrodes 

by attaching wires to metal pins screwed into the upper surfaces of the electrodes.  A close-

fitting stainless steel lid kept evaporation of solvent to a minimum.  Measurements of the 
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Kerr effect were made on solutions (1-5 wt %) of PS-co-PBrS in 1,4-dioxane (>99% purity) 

at 293 K. 

5.3.2.3 Differential Scanning Calorimetry (DSC) 

Glass transition temperature (Tg) measurements were performed on a TA Instruments 

Q100 DSC.  Dynamic heating and cooling scans were carried out at a rate of 10 °C/min 

under nitrogen atmosphere, over a temperature range of 60 to 200 °C.  Indium and octane 

were employed as calibration standards.  The Tg values reported in this work correspond to 

the midpoint of the heat capacity transition observed on second heating scans.  Modulated 

DSC experiments were also performed between 60 and 200 °C. The underlying heating rate 

was   2 °C/min, the oscillating period of the sinusoidal oscillation was 30 s, and the 

amplitude was set to 0.5 °C. 

5.3.2.4 Size Exclusion Chromatography (SEC) 

SEC measurements were performed using a pumping system consisting of a Waters 

2690 Alliance HPLC equipped with a vacuum degasser and column heater.  Data were 

collected with a modular triple detector setup consisting of a Wyatt DSP Multi-Angle Laser 

Light Scattering detector (MALLS) followed by a Wyatt OPTILAB refractive index detector 

(RI) in parallel with a Viscotek T-60A viscometer detector (IV).  All data was collected at 25 

°C using HPLC grade toluene running at a flow rate of 1.0 mL/min.  Sample solutions were 

injected from 1.0 g/mL solutions with an injection volume of 100 µL.  A schematic of the 

system is shown in Figure 5.3.2. 
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Figure 5.3.2 Schematic for the triple detector SEC system. 
 

The weight-average molar mass (Mw) was determined from the MALLS data given by 

the intercept at zero concentration of the angular dependence of the excess absolute 

scattering intensity, R(q): 

( ) 





 +≅









→

22

0 3
111 qR

MqR
Kc

g
wc

,       (5-1) 

 
where K = 4π2n2(dn/dc)2/(NAλ0

4), q = (4πn/λ0) sin(θ/2), NA is Avogadro’s number, dn/dc is 

the specific refractive index increment, n is the solvent refractive index (1.49101), λ0 is the 

wavelength of light in vacuum (632.8 nm), θ is the angle of incidence, c is the concentration 

(supplied by the RI detector), and Rg is the z-average root-mean square radius of gyration of 

the polymer coil. 

The intrinsic viscosity of the polymer solution was determined from the data obtained 

from the IV detector.  Calculations were based on the pressure differential across the 

capillary as shown by: 
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Since the concentrations are dilute this equation can be used directly. 

5.3.2.5 Small Angle Neutron Scattering (SANS) 

Samples for SANS were placed in liquid sample holders of titanium with quartz 

windows sandwiching a 1 or 2 mm pathlength, 25 mm diameter sample chamber.  SANS 

measurements were performed on the 30 m SANS beamlines (NG3 and NG7) at NIST, 

Gaithersburg, MD.  Neutrons with wavelength (λ) of 6 Å and ∆λ/λ of 0.15 and 0.22 were 

used with two different experimental arrangements with sample to detector distances of 13.1 

m.  The resulting q ranges were ≈0.0038 to 0.049 Å-1 and 0.0038 to 0.042 Å-1, respectively. 

The SANS data were reduced and corrected for parasitic background and empty-cell 

scattering.  Absolute cross-sections were obtained with the use of a silica secondary standard 

and an isotopic polystyrene blend.  Finally, a q-independent incoherent scattering correction, 

assumed to primarily originate from protons was subtracted prior to data analysis.  The 

incoherent scattering calculations were based on the scattering from pure protonated toluene 

and the proton density of the studied samples. 

Data analysis was performed using a simple Zimm Analysis.  This method assumes that 

in the absence of strong thermodynamic interactions, for values of q satisfying the criterion 

qRg << 1 (and interpreted here as qRg < 0.7), the SANS data can be adequately fitted to: 
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Thus an examination of a plot of I(q) vs. q2, can be fitted to a straight line and the value of Rg 

obtained from the slope and the intercept of the fitted line.  This method is elegant, because it 

ignores any errors in absolute calibration of the intensities and also any errors in the 
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molecular weight of the sample.  The only problems that we encounter in using this method, 

particularly at the higher concentrations is that the Rg values obtained are a convolution of 

the true Rg and the thermodynamic interaction.  For this reason and since the higher 

concentration samples progress into the semi-dilute regime, we only analyze the data at the 

lowest concentration examined. 

A second method of analysis fits the coherent SANS intensity at low-q, to the Ornstein - 

Zerneike equation: 
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where, ξ is the correlation length.  The correlation length in dilute solutions is an extremely 

robust indicator of the sizes of the polymer coils in dilute solution.  This method corroborates 

the analysis performed using the Zimm analysis.  In the semi-dilute regime this parameter 

becomes a sensitive function of the excluded volume screening behavior and is not trivial to 

interpret. 

5.3.2.6 Thin Film Dewetting 

Samples for the dewetting studies were prepared onto 1 inch silicon wafers purchased 

from University Wafers.  Pre-cleaning of the silicon wafers was performed using a standard 

RCA clean.  The wafers were then subjected to UV-Ozone treatment for 30 minutes.  

Following the cleaning, the surfaces of the silicon wafers were covered with a self-assembled 

monolayer (SAM of 1H,1H,2H,2H-Perfluorodecyltrichlorosilane (SF) through a 10 minute 

vapor deposition.  The wafers were subsequently rinsed with toluene to remove any 

physisorbed SF molecules.  Contact angle measurements were conducted using a Ramé-Hart 

contact angle goniometer on several positions across the specimens to insure that the sample 
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surfaces were homogeneous.  Thin polymer films were spun coated onto glass slides using a 

Headway Spin Coater and floated onto the surface of DI water.  The films were then 

transferred from the water bath onto the SF SAM-covered silicon wafers.  The samples were 

allowed to dry overnight and their thicknesses measured by ellipsometry before performing 

dewetting experiments.  

To monitor the dewetting rate of the thin polymer films we used a Mettler Toledo 

FP82HT hot stage controlled by a FP90 central processor mounted onto the platform of a 

BX60M Olympus microscope equipped with a 20X long working distance objective and a 

SPOT RF Color digital camera from Diagnostic Instruments, Inc.  All experiments were done 

under a nitrogen purge with the temperature set at T-Tg = 35 °C.  Sequential images were 

taken during the dewetting process at a rate of one image every 10 s.  Post image processing 

was conducted using Scion Image software (Scion Corporation).  The threshold density 

option was used to determine the area of the dewetting holes in order to calculate the 

diameter of each hole.   

5.4 Results and Discussion 

5.4.1 Characterization and bulk properties 

Copolymers comprising PS and PBrS segments were synthesized by utilizing the 

reaction scheme discussed in previous sections.  Reactions conducted in 1-chlorododecane at 

32.8 °C were anticipated to result in copolymers with a random sequence, which is denoted 

as r-(PS-co-PBrS).  In contrast, the copolymer formed in 1-chlorodecane at 32.8 °C was 

expected to posses a sequence that is blockier; it is represented as b-(PS-co-PBrS).  Several 

methods have been used to characterize these polymers.  A summary of the results of some 

of the characterization methods is given in Table 5.4.1. 
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Table 5.4.1 Characterization Data for PS, b-(PS-co-PBrS), and r-(PS-co-PBrS) 

 
In Figure 5.4.1, Figure 5.4.2, and Figure 5.4.3, we show the NMR spectra for the parent 

PS, the r-(PS-co-PBrS), and the b-(PS-co-PBrS).  We have enhanced the region between 110 

and 150 ppm, which is indicative of the phenyl ring.  The relevant structures for each peak 

are shown in Figure 5.4.4.  These peak positions have been previously verified by other 

research groups.[57-60]  

Figure 5.4.1 NMR spectra of PS. 
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Polymer
PS - - 0.166 ± 0.002 31,230 ± 503 1.02 ± 0.01 103.8 ± 1.0

b-(PS-co-PBrS) 72.0% ± 1.0% 0.137 ± 0.003 50,155 ± 576 1.02 ± 0.01 123.7 ± 1.0
r-(PS-co-PBrS) 71.2% ± 1.0% 0.132 ± 0.003 48,800 ± 542 1.02 ± 0.01 125.4 ± 1.0

Tg (°C)% (w/w) PBrS PolydispersityMw (g/mol)dn/dc (mL/g)
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Figure 5.4.2 NMR spectra of b-(PS-co-PBrS). 

Figure 5.4.3 NMR spectra of r-(PS-co-PBrS). 

 

Figure 5.4.4 Structures corresponding to peaks labeled in Figure 5.4.1, Figure 5.4.2, and 
Figure 5.4.3. 
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The significance of the NMR spectra is that they verify that bromine substitution occurs 

exclusively in the para position of the phenyl ring of PS.  Prior to performing the interfacial 

experiments it was necessary to determine the Tg of PS, b-(PS-co-PBrS) and r-(PS-co-PBrS).  

These measurements were carried out using DSC, and the results are given in Table 5.4.1.  

The DSC results not only provide the Tg of each material, but it also serve as further evidence 

that the bromination reaction takes place on all PS chains present in the reaction vessel.  One 

could argue that even though the reactions are carried out well below the overlap 

concentration of the PS, there is the possibility that aggregation occurs during the 

bromination reaction such that a mixture of highly brominated and non-brominated PS chains 

result rather than copolymer chains that are on average brominated equally.  In Figure 5.4.5, 

we show DSC heating curves for PS, PBrS, b-(PS-co-PBrS), r-(PS-co-PBrS), and a blend of 

PS (Mw ≈ 30K) and PBrS (Mw ≈ 65K) homopolymers with the same ratio of PS and PBrS 

segments as the PS-co-PBrS copolymers.  Note that the blend clearly shows two inflection 

points signifying the onset of the PS Tg and the PBrS Tg, while the b-(PS-co-PBrS) and the r-

(PS-co-PBrS) show only a single inflection point showing that there is only a single Tg.  This 

result verifies that the modification occurs, on average, with equal probability on all PS 

chains present in the reaction vessel. 
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Figure 5.4.5 DSC curves for PS, PBrS, b-(PS-co-PBrS), r-(PS-co-PBrS), and a blend of 
PS/PBrS in a 28/72 wt-% ratio. 

 
The next step in characterizing the PS-co-PBrS copolymers was to confirm that a 
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and PBrS homopolymers.  Therefore, for b-(PS-co-PBrS) and r-(PS-co-PBrS) we would 

expect that the copolymer with the more blocky character would exhibit a lower Kerr 

constant than one with a random distribution.  As can be seen in Figure 5.4.6 this is indeed 

the case.  

Figure 5.4.6 Kerr constant for PS, b-(PS-co-PBrS), and r-(PS-co-PBrS). 
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distribution of the b-(PS-co-PBrS) and r-(PS-co-PBrS) would broaden relative to the PS 

distribution.  Also note that the b-(PS-co-PBrS) and r-(PS-co-PBrS) peaks are slightly shifted 

to smaller elution times.  The latter phenomenon is a consequence of an increase in the 

molecular weight of the PS-co-PBrS copolymer relative to that of the parent PS.  The SEC 

data show that the molecular weight distributions of the b-(PS-co-PBrS) and r-(PS-co-PBrS) 

are the same and larger than that of PS.  The molecular weight calculated for b-(PS-co-PBrS) 

and r-(PS-co-PBrS) from these distributions is given in Table 5.4.1.  We note that the 

molecular weights obtained by SEC agree with the calculated molecular weight values based 

on the results from elemental analysis.  Hence there is good agreement between the two 

techniques. 

Figure 5.4.7 Molecular weight and concentration distribution of PS, b-(PS-co-PBrS), 
and r-(PS-co-PBrS). 
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The triple detector SEC system also provides us with information about the intrinsic 

viscosity distributions of the PS, b-(PS-co-PBrS), and r-(PS-co-PBrS).  These are plotted in 

Figure 5.4.8. 

Figure 5.4.8 Intrinsic viscosity and concentration distribution of PS, b-(PS-co-PBrS), 
and r-(PS-co-PBrS). 
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suggests that the sequence distribution can affect the structure of the copolymer in solution.  

Khokhlov and coworkers have shown in their simulations that copolymers with “protein-

like” (or what we have termed “random-blocky”) sequence distributions exhibit a dense core 

of units less compatible with the solvent surrounded by a loose corona of protruding arms 

consisting of units more compatible with the solvent.[20]  In contrast, copolymers with a 

random distribution exhibit a coil conformation with an approximately constant density of 

segments throughout the entire volume.  Figure 5.4.9 illustrates this idea. 

Figure 5.4.9 Conformational structures suggested by Khokhlov and Khalatur of A-B 
copolymers with "protein-like" (left) and random (right) monomer sequence 
distributions.[20] 

 
Considering that toluene is a good solvent for PS but a poor solvent for PBrS and if we 

entertain the conformational characteristics suggested by MC simulations, we would expect 

that b-(PS-co-PBrS) might have a dense core of PBrS units and a loose layer of PS arms 

protruding into the toluene, while the r-(PS-co-PBrS) will exhibit a coil with a relatively 

constant density.  The experimentally observed difference in intrinsic viscosity this could be 

attributed to the conformational differences suggested by simulations.  If the b-(PS-co-PBrS) 

has a dense core of PBrS units, the viscosity would decrease as long as the outer PS arms are 

loose enough that they do not contribute substantially to the drag forces associated with 

viscosity measurements.  Normally, intrinsic viscosity measurements assume a non-draining 
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model, but this is only valid for long chains since the penetration depth of solvent entering 

the chain is much less than the size of the coil.[63]  In the case of short chains (less ≈1500 

Kuhn segments), the penetration depth can approach the size of the coil, which in turn allows 

solvent to pass through reducing the effective viscosity.[64] 

Table 5.4.2 SANS Results for d8PS, b-(d8PS-co-d7PBrS), and r-(d8PS-co-d7PBrS) 

 
In Table 5.4.2, we present results of SANS experiments carried out on d8PS, b-(d8PS-co-

d7PBrS), and r-(d8PS-co-d7PBrS) in toluene at 25 °C.  The deuterium-labeled copolymers 

were synthesized from the parent d8PS in the same manner as the hydrogenated counterparts 

discussed earlier.  Elemental analysis and DSC results are also given in Table 5.4.2.  The 

SANS data was collected under dilute conditions where chains are individual entities and 

unperturbed by other chains.  The SANS results shows that the d8PS has a smaller Rg than 

both the b-(d8PS-co-d7PBrS) and r-(d8PS-co-d7PBrS), which is expected due to the addition 

of the bromine at the para position in the phenyl ring of the d8PS.  However, the SANS 

results also show that the b-(d8PS-co-d7PBrS) exhibits a larger “effective” Rg than the r-

(d8PS-co-d7PBrS).  This is counterintuitive to what is suggested by intrinsic viscosity 

measurements if a non-draining model is assumed.  In general, it is known that the larger the 

Rg of a polymer coil, the larger the intrinsic viscosity.  If we consider the conformation 

models suggested previously by Khokhlov and coworkers where a “protein-like” copolymer 

has a dense core and long protruding loops and the “truly” random coil has a relatively 

constant density throughout, it is possible for the effective Rg of the b-(d8PS-co-d7PBrS) to 

Polymer
d8PS (29,100 g/mol) - - 102.0 ± 1.0 2.45% ± 0.1% 42.9 ± 0.1
b-(d8PS-co-d7PBrS) 13.2% ± 1.0% 113.9 ± 1.0 2.57% ± 0.1% 54.3 ± 0.1
r-(d8PS-co-d7PBrS) 14.2% ± 1.0% 113.7 ± 1.0 2.53% ± 0.1% 48.7 ± 0.1

Concentration 
(% (v/v))% (w/w) PBrS Tg (°C) Rg (nm)
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appear larger than the r-(d8PS-co-d7PBrS).  We use of the term “effective” Rg because the 

true Rg of the coil may not be reflected in the SANS data due to the difference in scattering 

length densities of d8PS (≈5.4 × 10-6 Å-2) and d7PBrS (≈3.8 × 10-6 Å-2).  If the d8PS of the b-

(d8PS-co-d7PBrS) is located at the corona of the core-shell model as suggested earlier, a 

higher scattering intensity will be observed at the periphery compared to the core.  This will 

skew the SANS results such that the “effective” Rg becomes more of a measure of the corona 

radius rather than the coil radius.  In contrast, the measured intensity from the r-(d8PS-co-

d7PBrS) represents a statistical average of the scattering intensity from the d8PS and the 

d7PBrS since both monomers are evenly distributed through out the coil.  Therefore, the 

“effective” Rg of the r-(d8PS-co-d7PBrS) is closer to a representation of the true Rg of the 

coil. 

5.4.2 Interfacial properties 

We have already shown that the monomer sequence distribution has an affect on the 

copolymer’s bulk solution properties.  The question one may ask is: “Does the sequence 

distribution also have an affect on the partition of the random-blocky copolymers at 

interfaces?”  It has been suggested by Chakraborty that adsorption of macromolecules always 

occurs in conformations similar to those preferred by inter-segment interactions.[6]  This 

suggests that if a polymer prefers an extended conformation it will adsorb in this extended 

conformation.  Similarly, if the polymer prefers a globular conformation, it will adsorb in a 

globular conformation.  Based on this argument, we would expect that the adsorption 

properties of the b-(PS-co-PBrS) and the r-(PS-co-PBrS) copolymers will be different.  This 

idea has been supported by computer simulations carried out by Liu and Chakrabarti who 

have shown that copolymers with different statistically designed sequences possess different 
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spreading rates on chemically homogeneous surfaces.[52]  Although, we are unable to 

examine the spreading rate of a single polymer chain due to instrumental limitations, we can 

still verify the predication of Liu and Chakraborty by examining the chain behavior in a 

process that is reverse to chain spreading.  It has been established that under certain 

circumstances, thin polymer films may rupture and dewet from surfaces.  This happens for 

fairly thin films made of relatively low-molecular weight species that are not strongly bound 

to the underlying substrate.  From Liu and Chakrabarti’s work, we know that the spreading 

rate of statistically designed polymers compared to random copolymers is different.  This 

leads one to believe that the dewetting rate of b-(PS-co-PBrS) would be different than that of 

r-(PS-co-PBrS). 

The dewetting experiments were carried out using the procedure discussed earlier.  

Before presenting the results of these experiments it is necessary to discuss the interactions 

that are relevant for the dewetting process to occur.  The SF monolayer represents a repulsive 

surface to both PS and PBrS, which will cause the polymer to dewet from the surface above 

its Tg.  However, a competing attractive potential also exists between the PBrS and the SiOx 

located beneath the fluorinated monolayer.  Oslanec and Brown have shown previously that 

an attractive potential of ≈-0.07 kT per PBrS unit exists with SiOx.[65]  Since the fluorinated 

monolayer is ≈0.8 nm thick, the PBrS will still “feel” the underlying SiOx.  Therefore, the 

dewetting rate will depend on the balance between the repulsive fluorinated monolayer and 

the attractive underlying layer of SiOx.  For illustrative purposes, we show a typical 

dewetting example in Figure 5.4.10 for hole progression in a thin PS film from a fluorinated 

surface. 
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Figure 5.4.10 Typical example of hole progression for a thin polymer film dewetting 
from a fluorinated monolayer. 
 
In Figure 5.4.11 and Figure 5.4.12, we have plotted the hole diameter as a function of 

annealing time for thin films of PS, b-(PS-co-PBrS), and r-(PS-co-PBrS).  The film 

thicknesses for each sample are ≈55 nm and ≈1200 nm for Figure 5.4.11 and Figure 5.4.12, 

respectively.  The controls for these experiments were PS and PBrS homopolymer films.  

The PS film was found to dewet much faster than either the b-(PS-co-PBrS) or r-(PS-co-

PBrS), while the PBrS film did not dewet at all during a time frame comparable to the other 

films.  The latter fact further elucidates that PBrS does in fact interact with the underlying 

SiOx, and with much greater attraction than PS.  The most interesting result from these 

experiments is the comparison between the dewetting rate of the b-(PS-co-PBrS) and r-(PS-

co-PBrS).  The dewetting rate of any PS-co-PBrS polymer film will depend upon T−Tg, the 

molecular weight, the film thickness, and the amount of PBrS along the chain.  In our case all 

of these parameters are consistent between our b-(PS-co-PBrS) and r-(PS-co-PBrS) samples.  

The only difference is the sequence arrangement of the PBrS units along the backbone.  As 

can be seen in Figure 5.4.11 and Figure 5.4.12, the arrangement of the sequence is sufficient 

to result in a difference in the dewetting rate.  The b-(PS-co-PBrS) dewets slower regardless 

of film thickness compared to the r-(PS-co-PBrS).  These results are qualitatively consistent 

with the simulation results of Liu and Chakrabarti.  To our knowledge, this is the first 

Time
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experimental study with evidence that the monomer sequence distribution directly affects the 

mobility of chains at surfaces.  

Figure 5.4.11 Dewetting growth of thin films of PS, b-(PS-co-PBrS), and r-(PS-co-PBrS) 
with thickness of ~ 55 nm. 
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Figure 5.4.12 Dewetting growth of thin films of PS, b-(PS-co-PBrS), and r-(PS-co-PBrS) 
with thickness of ~ 120 nm. 
 

5.5 Conclusions 
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that the b-(PS-co-PBrS) exhibits more blocky distributions relative to those of r-(PS-co-
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from SANS experiments.  The interfacial behavior of these polymers was probed by looking 

at the dewetting behavior of thin films placed on a fluorinated self-assembled monolayer.  

Both the b-(PS-co-PBrS) and r-(PS-co-PBrS) films dewetted more slowly than a PS film due 

to favorable interaction between PBrS and SiOx through the monolayer.  Importantly, it was 

found that the b-(PS-co-PBrS) dewets slower than the r-(PS-co-PBrS) regardless of film 

thickness.  These results clearly indicated that the monomer sequence distribution along a 

copolymer chain can have a significant affect in both its bulk properties as well as its 

interfacial behavior. 
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Chapter 6: Collapse Transition and Coloring Scheme for 
the Design of Statistically Controlled Monomer Sequence 
Distributions within Copolymers via Monte Carlo 
Simulations 
James J. Semler and Jan Genzer 
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6.1 Abstract 

We present results from Monte Carlo simulations using a single move algorithm in 

conjunction with a simulated annealing scheme to map the collapse transition of 

homopolymers comprising 50, 100, and 150 monomers.  We also study the “chemical 

coloring” of these homopolymers.  An inter-molecular and intra-molecular potential model is 

used to simulate the homopolymer collapse transition such that the use of an explicit solvent 

is unnecessary.  The simulated annealing scheme is preceded by starting the chain at high 

temperature and slowly cooling.  During the course of the transition, snapshots of 

conformations are taken periodically.  These snapshots serve as initialization parameters for 

use in a separate Monte Carlo simulation for the design of copolymers with statistically 

controlled monomer sequence distributions.  The simulations reveal that for all chain lengths 

studied the collapse transition occurs at ≈ε/kBT = 0.225.  Following the transition map, the 

snapshot conformations are subjected to a “coloring” reaction where a reactant is introduced 

and allowed to react with the monomer units along the chain with a probability of 0.5% until 

40% of the monomers along the chain are replaced with the coloring species.  Chains with 

expanded conformations experience an equal probability of “coloring” for each monomer 

unit.  In contrast, the probability of “coloring” monomer units in collapsed chains is widely 

distributed.  While chains in the expanded state exhibit a larger fraction of short “colored” 

blocks (where a block represents a series of successive “colored” monomer units), collapsed 

chains tend to achieve larger fractions of longer “colored” blocks.  Lastly, increasing the 

length of the chain is found to increase the breadth of the distribution along the length of the 

chain as well as increase the fraction of longer “colored” blocks. 
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6.2 Introduction 

Many studies have shown that the solution and interfacial behavior of copolymers 

depends upon the statistical nature of the monomer sequence distribution.[1-32]  Since the 

synthesis of copolymers with statistically controlled monomer sequence distributions is an 

experimental challenge, the majority of the investigations have been carried out using 

computational methods.  These studies have primarily focused on how the monomer 

sequence distribution affects the adsorption properties and collapse transitions. 

The pioneering work has been carried out by Khoklov and coworkers.[9, 14, 17-19, 22, 28, 32, 33]  

They use a simple “coloring” scheme to computationally design copolymers with different 

monomer sequence distributions.  The scheme is performed in the following manner.  First 

the size of a parent homopolymer chain of A units is adjusted between a fully expanded and 

collapsed state by switching on an attraction between all monomeric units.  A snapshot of the 

configuration is taken and a selected number of the A monomers are “colored” with B units.  

These “colored” units are assumed to be hydrophilic and the non-colored units in the core of 

the globule are assumed to be hydrophobic.  The strong attraction between monomeric units 

is then relaxed and appropriate interaction potentials for the A and B units are applied.  

Depending on the collapse of the coil, different sequence distributions of the B species are 

realized.  Thus, while coils that are fully expanded exhibit a random distribution of the 

coloring species, only the monomers that are present on the periphery of a collapsed coil can 

undergo the “coloring”.  The resulting chain is then subjected to different environment 

conditions to examine the effects that the monomer sequence distribution has on the collapse 

transition and adsorption properties. 
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In our work we extend the scheme developed by Khoklov and coworkers.  In their 

simulations they use an instantaneous “coloring” of the parent hompolymer.  However, to 

carry this “coloring” scheme out experimentally, a reaction would be used, which is not 

instantaneous, rather it is kinetically controlled.  In this work we simulate monomer chains of 

varying length.  The simulation is carried out in two steps.  In the first step, the chains are 

slowly quenched through a coil-to-globule transition to produce conformations of varying 

degrees of collapse.  The conformations are then subjected to a reaction simulation where the 

“coloring” is carried out.  The reaction uses an explicit reactant with a certain probability of 

reaction with the monomeric units along the length of the chain.  This allows us to carry out 

an experimentally more realistic computational simulation.     

6.3 The MC Model  

To conduct our simulations we use the Monte Carlo bond fluctuation model (BFM).  In 

the BFM, polymers are represented as connected repeat units residing on a three dimensional 

cubic lattice.  One monomer unit is allowed to occupy a single cube, and successive 

monomers along the chain are connected via a predetermined set of bond vectors.  The bond 

vectors are built through all possible permutations and sign inversions of the following vector 

families: P(2,0,0)∪P(2,1,0)∪P(2,1,1)∪P(2,2,1)∪P(3,0,0)∪P(3,1,0).  These vector sets 

prevent any bond vector from crossing and monomers from overlapping.  A complete 

description of the model can be found in the original work done by Carmesin and Kremer.[34]  

The benefit to using the BFM is that its high coordination number allows one to closely 

approximate continuum behavior while retaining the advantages of lattice models, such as 

integer arithmetic and parallelization. 
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To conduct the simulation moves a single move Monte Carlo algorithm was used.  This 

type of algorithm was necessary to enable a reasonable acceptance rate when the polymer 

approaches a dense globule configuration.  The algorithm was carried out in the following 

manner.  First, a single monomer is chosen at random from a random polymer chain, and its 

energy, E0, is calculated.  The monomer is then translated in a random direction by one 

lattice spacing.  A check is made to see if the resulting move retains the constraints set forth 

by the BFM.  If the restrictions are violated the move is rejected.  If the constraints are 

satisfied, then the new energy is calculated, EN, and the move is accepted with a probability 

equal to min[1, exp{-β(EN-E0)}]. 

6.4 Molecular parameters 

A series of simulations were conducted for three chains lengths having 50, 100, and 150 

monomers.  The simulation cell sizes were kept constant at 25×25×25, 50×50×50, and 

50×50×50 for the 50, 100, and 150 length chains, respectively.  To simulate the collapse 

transition we used the potential model developed by Wittkop and coworkers.[35]   By using a 

truncated Leonard-Jones potential, V(r), within a range of three lattice units and a bond 

length potential, V(l),  which describes the increasing backbone stiffness with decreasing 

temperature the collapse can be simulated without an explicit solvent present.  These 

potentials are expressed as: 
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where kB is Boltzmann’s constant, T is temperature, ε is an energy unit, d is the 

dimensionality of the simulation cell, a is a lattice spacing, r is the distance between 

monomer units, and l is the bond length.  The parameters c0 = -207.12, c1 = 342.88, c2 = 

−163.52 and c3 = 24.32 were taken directly from Wittkop and coworker’s report. 

The simulations were started by growing the chain within the simulation box in an 

ordered fashion.  The system was then equilibrated at high temperature for 50 million MC 

steps.  The temperature was then slowly decreased at a rate of 4.0 × 10-7 ε/kBT per MC step 

and then re-equilibrated for 50 million MC steps every 62,500 MC steps.  During this re-

equilibration the radius of gyration and system energy were calculated every 100 MC steps in 

order to calculate the ensemble averages at the respective temperatures.  At the end of each 

re-equilibration, the chain’s conformation was saved.  These saved conformations were used 

as input parameters for the reaction simulations. 

The Monte Carlo procedure used to simulate the “coloring” reaction was similar to the 

one used for the coil-to-globule transition.  The cell sizes were kept consistent with the 

collapse simulations.  The simulations were initialized using the end configurations of the 

collapse simulation.  Once the chain was placed on the lattice a three-fold excess of reactant 

was added to the simulation box at random.  Chain monomers and reactants were chosen at 

random with equal probability and were subjected to single move MC steps.  The chain 

monomers were still governed by the previously described inter-molecular and intra-

molecular potentials.  The reactants were assumed to be neutral to all species within the 

simulation box.  Reactions were allowed to occur with a probability of 0.50% if the distance 

between the reactant and monomer along the chain was less than √6.  The simulation was 
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allowed to proceed until 40% of the chain was “colored”.  For each discrete position along 

the collapse transition 100 separate reactions were conducted in order to generate statistical 

averages. 

6.5 Results and Discussion 

In order to perform “coloring” reactions on chains at various degrees of collapse it was 

first necessary to map out the collapse transition.  In Figure 6.5.1, we show the collapse 

transition by plotting the radius of gyration as a function of unit less interaction strength. 

Figure 6.5.1 Collapse transition of a single chain of 50 (squares), 100 (circles), and 150 
(triangles) monomer units in length. 
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ε/kBT) the coil collapses into a globule.  Therefore, using Wittkop and coworker’s model we 

can simulate the collapse transition of a single chain.  The configurations generated through 

the collapse transition can then be used in the “coloring” reaction simulation.  For these 

simulations we have limited ourselves to a completely expanded state (ε/kBT = 0.0), the 

transition or theta state (ε/kBT = 0.225), and the collapsed state (ε/kBT = 0.5). 

As mentioned previously, the final configurations for the expanded, theta, and collapsed 

states were used as input parameters for simulating the “coloring” reaction.  The “coloring” 

was carried out for each chain length.  For each chain length we examined two parameters.  

The first is the relative frequency in which a certain monomeric unit along the length of the 

chain gets “colored”.  This provides us with information as to the accessibility of the 

monomeric units to the reactants.  In Figure 6.5.2, Figure 6.5.3, and Figure 6.5.4, we give the 

relative frequency of coloring for each chain length for the expanded (left), theta (center), 

and collapsed (right) states. 

Figure 6.5.2 Frequency of "coloring" of a 50 unit chain for expanded (left), theta 
(middle), and collapsed (right) states with a 40% “coloring” extent. 
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Figure 6.5.3 Frequency of "coloring" of a 100 unit chain for expanded (left), theta 
(middle), and collapsed (right) states with a 40% “coloring” extent. 

Figure 6.5.4 Frequency of "coloring" of a 150 unit chain for expanded (left), theta 
(middle), and collapsed (right) states with a 40% “coloring” extent. 
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random distribution of the “colored” species.  The units at the chain ends tend to have a 

slightly higher probability of “coloring” than those in the middle.  The higher frequency of 

“coloring” at the ends shows that the collapse of the chain initiates at the middle of the chain 

and leaves the chain ends at the periphery of the coil, where they can be easily “colored”.  

Any “coloring” reaction initiated while the chain is in a collapsed state results in a large 

deviation in the frequency of “coloring” along the length of the chain.  Since the chain is now 

completely collapsed, the “coloring” agents are unable to access the monomer units located 

at the center of the globule.  Only the units located at the periphery of the globule are 

accessible, and therefore can undergo “coloring”.  The latter would suggest that the resulting 

distribution of the coloring species in copolymers prepared from the collapsed state is blocky 

in nature.  It is also interesting to note that as the length of the chain is increased larger 

deviations in “coloring” frequency are experienced.  This is not too surprising if we consider 

the formation of the collapsed coil.  In the collapsed state, the monomer units are tightly 

packed.  This makes the monomer units located at the center of the globule less accessible 

than those at the exterior of the globule.  Furthermore, increasing the number of monomer 

units also increases the size of the globule, which in turn decreases the surface area to 

volume ratio of the globule.  This results in a smaller fraction of monomer units that can be 

accessed at the exterior surface of the globule relative to the volume of the core. 

Intuitively, we can reason that if the frequency of “coloring” is unevenly distributed, 

then the chain will develop a blocky nature.  However, proof of blockiness can be found by 

examining the fraction of “colored” blocks within the chain.  On average, what is the length 

of successive “colored” blocks along the length of the chain?  In Figure 6.5.5, Figure 6.5.6, 
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and Figure 6.5.7, we show the average fraction of “colored” blocks as a function of the block 

length. 

Figure 6.5.5 Average fraction of "colored" blocks as a function of block length for a 
chain of length 50 carried out under expanded, theta, and collapsed conditions. 

Figure 6.5.6 Average fraction of "colored" blocks as a function of block length for a 
chain of length 100 carried out under expanded, theta, and collapsed conditions. 
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Figure 6.5.7 Average fraction of "colored" blocks as a function of block length for a 
chain of length 150 carried out under expanded, theta, and collapsed conditions. 
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in the 100 and 150 length chains the maximum block lengths are greater than 15 monomer 

units.  Therefore, one would expect to see a larger degree of blockiness in chains with long 

lengths. 

6.6 Conclusions 

We used Monte Carlo simulations with a single move algorithm and simulated annealing 

scheme to map the collapse transition of a single chain of monomer length 50, 100, and 150.  

Inter-molecular and intra-molecular potentials were used to simulate the transition without 

the use of an explicit solvent.  By starting at high temperature and slowly cooling, the 

transition map showed that the coil-to-globule transition occurs at ≈ε/kBT = 0.225.  

Snapshots along the transition were used as initialization parameters to carry out a “coloring” 

reaction of the chain under expanded, theta, and collapsed conformation states.  In this 

scheme, the parent homopolymer with an adjusted conformation was subjected to a three-

fold excess of reactant until a 40% chain “coloring” was achieved.  The simulations show 

that regardless of length the monomer units along the chain have an equal probability of 

“coloring” in an expanded state.  In contrast, the probability of “coloring” monomer units in 

collapsed chains is widely distributed.  Increasing the length of the chains resulted in 

monomer sequences with broader distributions of “colored” units.  Furthermore, it was found 

that expanded coils experienced an upsurge in the frequency of occurrence of short 

sequential lengths of “colored” units, while collapsed coils achieved larger fractions of long 

sequential lengths.  A higher frequency of long “colored” blocks was also experienced when 

the length of the chain was increased. 
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Chapter 7: Summary and Outlook 
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7.1 Summary 

The research presented in this Thesis has focused on using Monte Carlo simulations for 

probing adsorption adsorption of A-B diblock and alternating copolymers at flat, chemically 

heterogeneous surfaces, and on the experimental/computational design and evaluation of 

bulk and interfacial behavior of A-B random copolymers with statistically controlled 

monomer sequence distributions. 

In Chapters 3 and 4, we presented results of Monte Carlo simulation studies utilizing the 

bond fluctuation model in conjunction with single and configurational biased Monte Carlo 

moves to investigate the adsorption of diblock (A-b-B) and alternating (A-alt-B) copolymers 

at physically flat surfaces made of an equal number of two chemically different sites, C and 

D.  The adsorption process was driven by the repulsion between the A and B segments along 

copolymer and the attraction between the copolymer’s B segments and the D sites on the 

surface.  We addressed the effect of the attraction between B segments and D surface sites, 

the monomer sequence distribution along the copolymer chain, and the size and spatial 

distribution of the adsorbing D sites on the ability of the A-B copolymers to recognize a 

particular surface pattern.   

The results of our simulations showed that both A-b-B and A-alt-B copolymers have the 

ability to recognize the chemical pattern on the surface and that increasing the attraction 

between B segments and D domains enhanced the partitioning of the A and B segments at the 

surface.  A change in conformational behavior was also found to exist when the strength of 

the B-D attraction was increased in the case of the A-alt-B copolymer, but not for the A-b-B 

copolymer.  An increase in the B-D attraction strength resulted in a tendency of the A-alt-B 
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copolymer to “zip” to the surface.  This “flat conformation” induced an entropic penalty that 

was found to be alleviated through the formation of loop conformations. 

The commensurability between the copolymer’s monomer sequence distribution and the 

heterogeneous size and spatial distribution was also found to affect the ability of both the 

A-b-B and A-alt-B copolymers to recognize the chemical pattern on the surface.  When the 

size of the adsorbing domains matched the parallel component of the radius of gyration the 

diblock copolymer transferred the surface pattern into the bulk with high fidelity.  Below this 

length scale the diblock was unable to partition between domains since the block of 

adsorbing segments were able to bridge across non-adsorbing surface domains.  When the 

surface domains were small, the alternating copolymer also had the ability to replicate the 

surface pattern into the bulk material.  This behavior resulted since the length of the 

adsorbing blocks on the alternating copolymer was commensurate with the dimensions of the 

adsorbing domains on the surface.  

In Chapter 5, we focused on the experimental design and synthesis of polystyrene-

polybromostyrene (PS-co-PBrS) random copolymers with statistically controlled monomer 

sequence distributions using a novel, yet simple, reaction scheme.  We used a simple 

bromination reaction to create PS-co-PBrS copolymers from a parent PS homopolymer.  The 

reactions were carried out under good and poor solvent conditions for PS.  Above the theta 

temperature the solvent acted as a good solvent and the PS coil was in an expanded state.  

Below the theta temperature the solvent was poor for PS causing the PS to collapse into a 

dense globule.  Performing the bromination reaction on the PS under good and poor solvent 

conditions led to PS-co-PBrS copolymers with random (r-(PS-co-PBrS)) and random-blocky 

(b-(PS-co-PBrS)) distributions, respectively. 
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PS-co-PBrS copolymers with the same amount of PBrS but different monomer sequence 

distributions possessed distinct bulk and interfacial activities.  Addition of bromine to PS 

resulted in a heavier, more compact monomer unit with little change to its size.  This led to a 

decrease in the intrinsic viscosity with a slight increase in the radius of gyration of both 

copolymers compared to PS.  When r-(PS-co-PBrS) and b-(PS-co-PBrS) were placed in a 

solvent with preferential affinity towards the PS segments, the r-(PS-co-PBrS) exhibited a 

slightly larger intrinsic viscosity and a smaller “effective” radius of gyration than b-(PS-co-

PBrS).  It is counterintuitive to think that a smaller diameter copolymer possesses a larger 

intrinsic viscosity considering that both copolymers bear the same amount of bromine.  

However, since the b-(PS-co-PBrS) was synthesized from a collapsed state it would 

remember its conformation prior to “coloring”.  This allowed the b-(PS-co-PBrS) to hide the 

PBrS segments by forming a dense core of PBrS segments surrounded by a loose PS corona.  

This dense core is what endowed the b-(PS-co-PBrS) with a lower intrinsic viscosity relative 

to the r-(PS-co-PBrS).  The r-(PS-co-PBrS) was incapable of forming such a structure since 

the PBrS segments were evenly distributed along the entire length of the chain.  The larger 

radius of gyration of the b-(PS-co-PBrS) was attributed to the formation of extended PS 

loops projected from the dense PBrS core.  Since the average block length of PS segments in 

b-(PS-co-PBrS) was larger than the average block length of PS segments in r-(PS-co-PBrS) 

larger loops were capable of forming.  We speculated that as long as the PS corona was 

sparse, the size contribution to the intrinsic viscosity would negligible compared to the dense 

core due to draining effects. 

The interfacial behavior of the r-(PS-co-PBrS) and b-(PS-co-PBrS) copolymers was also 

studied.  Thin films of these two copolymers deposited onto fluorinated self-assembled 
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monolayers and heated to the same T−Tg, where Tg is the bulk glass transition temperature, 

exhibited different wetting behavior.  At the same thickness, the r-(PS-co-PBrS) was found to 

dewet at a faster rate relative to that of the b-(PS-co-PBrS).  Since the PBrS units interacted 

through the self-assembled monolayer with the underlying SiOx the blocky nature of the b-

(PS-co-PBrS) helped to pin the copolymer to the surface and lower its mobility rate.  To our 

knowledge, this is the first experimental study of the effect that the monomer sequence 

distribution has on the mobility of random copolymers at interfaces. 

Lastly, in Chapter 6 we presented results of Monte Carlo simulations aiming at 

providing molecular level insight into the “coloring” reactions and the ability to form 

copolymers with statistically controlled monomer sequence distributions.  We used a single 

move algorithm combined with a simulated annealing scheme to map the collapse transition 

of a single chain.  Specific inter-molecular and intra-molecular potentials were used to carry 

out the collapse without the use of an explicit solvent.  Snapshots of the collapse transition 

were then used in a reaction simulation where a three-fold excess of reactant was added to 

the simulation box and allowed to react with the monomers along the chain with a 0.5% 

probability.  When the simulations were carried out on chains with an extended conformation 

the probability of each monomer being modified by the reactant was equal.  For the 

simulated reactions carried out on a chain in a collapsed conformation, the probability of 

modifying the monomers that reside on the periphery were statistically different than those 

found in the globule’s center.  We found that the simulated reactions carried out under 

collapsed conditions resulted in a higher frequency of modified units in succession, thus 

producing copolymers with a large degree of blockiness.  We also investigated the effect of 

molecular weight on the parent homopolymer on the formation of statistical sequences.  We 
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found that while the general trends were the same for all chain lengths, increasing the length 

of the homopolymer produced broader length distributions relative to shorter homopolymers   

7.2 Recommendations and outlook 

This dissertation has reported on the role of monomer sequence distributions on bulk and 

interfacial assembly of A-B copolymers.  While our efforts have provided basic proof that 

the monomer sequence distribution can affect the conformations that copolymers adopt in 

solution as well as at an interface, more work is necessary if we wish to unravel all of the 

mysteries associated with interfacial and bulk behavior of copolymers.  Extensions to the 

Monte Carlo simulations pertaining to pattern recognition should be carried out.  The 

incorporation of more interaction potentials and the use of random copolymers and 

disordered substrates would bring the simulations closer to reality.  Coupling of the 

“coloring” simulations with the pattern recognition simulations could provide for some 

interesting results.  Comparisons could potentially be made to the experimental dewetting 

experiments. 

Further SANS studies with more dilute solutions can help to decouple the convolution 

between the radius of gyration and the polymer-solvent interaction.  Small angle x-ray 

scattering could also be used to support ideas associated with the notion that the random-

blocky copolymers are capable of forming core-shell structures.  Since the bromine scatters 

x-rays much more effectively than carbon and deuterium, we would expect that the b-(PS-co-

PBrS) to exhibit a smaller effective radius of gyration than r-(PS-co-PBrS). 

Neutron and x-ray scattering studies can be supported further by slightly modifying the 

Monte Carlo algorithm used to map the coil-to-globule transition of a single homopolymer 

chain.  We could use the results form the “coloring” simulations and use the generated 
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sequence distributions to model a single copolymer chain in solution.  By applying 

interactions qualitatively similar to those found in the experimental b-(PS-co-PBrS)-toluene 

and r-(PS-co-PBrS)-toluene systems, more insight into the adopted conformations can be 

made and compared to the SANS data. 

Lastly, we suggest that a more in depth study of the effect that the sequence distribution 

has on the Kerr measurements in PS-co-PBrS systems.  More specifically, a wider range of 

concentrations should be carried out such that the molar Kerr constant can be calculated and 

a direct comparison with the work of Tonelli and coworkers can be made.  Simulation studies 

on the how the distribution effects the molar Kerr constant are already underway.  These 

results can help to provide a quantitative evaluation of the Kerr measurements already carried 

out and perhaps an effective block length of “colored” segments can be calculated. 

Furthermore, copolymers with random and random-blocky monomer sequence 

distributions can be used experimentally to verify the findings of computer simulations.  

These types of copolymers could be used to examine pattern recognition experimentally, and 

to explore the collapse transitions in proteins..  Since the random and random-blocky 

copolymers are created from a naturally hydrophobic copolymer we can modify the PBrS 

units using a Grinard reagent pathway to create more hydrophilic and reactive groups, such 

as thiol or amine-based moieties.  By doing so one could potentially look at specific 

interactions (i.e. hydrogen bonding, disulfide bonding, van der Walls forces, electrostatics, 

etc.) individually and explore their effect on the formation of secondary structures in 

proteins, bulk polymer conformations, and interfacial activity of random copolymers, 

including mobility, surface glass transitions, etc.   
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There is a whole plethora of directions this work could be taken into.  However, the 

actual path will ultimately depend on the imagination of the graduate student who will 

succeed me and the great minds that exist in the research community. 

 




