
ABSTRACT 

JHON, YOUNG KUK. Formation and Thermodynamics of Heteropolymers with Adjustable 
Monomer Sequence Distribution. (Under the direction of Dr. Jan Genzer). 

 
Over the past few decades, multiple experimental and theoretical studies have 

reported on the formation and thermodynamics of copolymers with ordered sequences. 

Because of challenges associated with synthesizing random copolymers (RCPs) with tunable 

co-monomer sequences and analyzing their co-monomer sequence distribution, only a few 

computer simulations and sophisticated theoretical approaches have been employed that 

provided insight in the thermodynamical behavior of such RCPs.  Recently, we developed a 

methodology facilitating the formation of RCPs with tunable co-monomer sequence 

distributions by invoking the “coloring scheme” suggested Khokhlov and coworkers in their 

computer simulations.  The RCPs considered in this work are prepared by bromination of 

polystyrene (PS) with bromine leading to poly(styrene-co-4-bromostyrene) (PBrxS) RCPs, 

where x is the mole fraction of the 4-bromostyrene (4-BrS) segments in PBrxS. 

In this Thesis, we demonstrate that the co-monomer sequence distribution in PBrxS 

can be adjusted by carrying out the bromination reaction in solutions of various solvent 

quality and reaction geometry.  By adjusting the solvent quality during the bromination 

reaction, either random or random blocky PBrxS, (r-PBrxS or b-PBrxS, respectively), are 

synthesized.  We find that: 1) the bulk bromination of PS follows the second-order kinetic in 

bromine, 2) the reaction rate increases with increasing the solvent dielectric constant, and 3) 

decreasing the solvent quality decreases the bromination reaction rate.  In addition, we report 

that the reaction rates for brominating PS brushes are much smaller than those of free PS 

chains in solution.  We attribute this latter behavior to steric hindrance due to PS confinement 

on the substrate. 



We also report on the effect of chemical composition, co-monomer distribution, and 

H/D isotopic substitution in the RCP and the solvent on the phase behavior of PBrxS in 

cyclohexane (CH).  We use turbidity and small angle neutron scattering measurements to 

assess the temperature-dependence of phase behavior of PBrxS with various x as a function 

of polymer concentration in CH.  Our results reveal that while r-PBrxS chains collapse as 

individual coils during the coil-to-globule transition, the 1-phase to 2-phase transition in 

b-PBrxS is very complex.  Specifically, we report that larger macromolecular aggregates 

comprising multiple b-PBrxS chains form in solution well above the coil-to-globule transition 

observed in r-PBrxS having the same x, and that this assembly acts as a precursor to the “true 

phase transition”.  This complex phase behavior of b-PBrxS is associated with the existence 

of inter- and intra-chain contacts acting among styrene and 4-BrS units (“pattern 

recognition”) leading possibly to “flower-like” micelle formation.   

Finally, we report on the adsorption kinetics of PBrxS on flat substrates by monitoring 

the adsorption of PBrxS from various solvents on flat silica surfaces.  The PBrxS adsorption is 

driven by the strong affinity of the 4-BrS units towards silica while the interaction between 

styrene and the surface is nearly athermal.  For a given solvent the amount of PBrxS adsorbed 

onto the surface increases with increasing the 4-BrS content and the blockiness in the 

monomer distribution in the RCP.  Concurrently, the amount of PBrxS on the substrate also 

increases with decreasing the quality of the solvent, from which the copolymer is adsorbed.  

We provide theoretical insight into the various molecular phenomena that govern both the 

kinetics and the equilibrium amount of the RCPs on the surface as a function of the 

co-monomer distribution in the RCPs. 
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1.1 Introduction 

The 21st century may one day be called the era when ‘The century of 

nanotechnology’ and ‘The age of biotechnology’ merge.  The term ‘The age of the 

molecule’ has neatly encapsulated the philosophy that molecular understanding constitutes 

the basis for optimal exploitation of new substances or materials provided by chemistry.1  It 

has to be understood that ‘The age of the molecule’ encompasses studies pertaining not only 

to small molecules, which have been exploited for more than two centuries, but also to 

macromolecules, whose synthesis had been practiced for only about the past one hundred 

years.  Ever since their introduction, macromolecules have played a pivotal role in 

generating new materials with tailored properties and as such in some applications, polymers 

have slowly replaced conventional materials, including metals and wood.   

Currently, macromolecules represent one of the corner-stone materials utilized in 

structures, which require precise control of properties on a variety of length scales, ranging 

from nanometer to micrometer.1  Application of synthetic macromolecules has also fueled 

important developments pertaining to some biological processes, such as pattern recognition 

or bioadhesion.  There is no doubt that these extensions can help improve medical devices, 

controlled drug delivery systems, and cell signaling methods for imaging study.  The 

integration of nanotechnology and biotechnology is expected to accelerate in the next several 

years thus leading to “nanobiotechnology”, a field that can broadly be defined as a discipline 

that applies the nanoscale principles and techniques to understand and transform biosystems 

(living or non-living) and biological principles and materials to create novel devices and 

systems integrated at the nanoscale (cf. Figure 1.1).2   This field also encompasses the study, 
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creation, and illumination of the connections between structural molecular biology and 

nanotechnology.   

 

Figure 1.1 Key interactions between fields of biology and nanotechnology.2 

 

Random copolymers (RCPs) represent a special class of polymeric materials that 

exhibit a statistical distribution of the monomer units made of two or more chemically-

distinct monomers.  Because of this co-monomer distribution, RCPs are often compared to 

synthetic mimics of some biomacromolecules, i.e., nucleic acids and proteins.3.  There are 

clearly several resemblances between artificial and natural RCPs.  First, protein 

folding/unfolding follows pathways that are similar to those associated with collapsing and 

expanding of synthetic RCP coils.  Owing to this connection , molecular theories originally 

developed to describe the conformational changes associated with the coil-to-globule 
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transition of synthetic RCPs have often been employed in characterizing protein folding and 

aggregation.4, 5  For instance, in dilute protein solutions, the conformational fluctuations of 

individual protein molecules into non-native structures generally result in a net increase in 

the exposure of hydrophobic residues to the solvent and thus an increase in the driving force 

for protein self-association.  Consequently, perturbations that destabilize the native fold, i.e., 

modifications to solution formulations or sequence mutations, can also lead to increased 

levels of protein aggregation.  In contrast, when large protein concentration fluctuations are 

present, they create locally concentrated quasi-droplets of proteins that lead to the formation 

of a rich variety of protein phases including crystals, fibers, amorphous aggregates, and gels.6  

Secondly, RCPs are also foreseen to “recognize” and bind selectively to certain surface 

chemical and structural patterns in a manner similar to that of biomolecules.  For example, 

when adsorbing onto chemically heterogeneous surfaces, RCPs with tuned co-monomer 

distribution sequences are predicted to exhibit sharp adsorption transitions that can 

discriminate between various surface chemical motifs.7-9  Natural RCPs, such as enzymes 

and antibodies, utilize this powerful ability in recognizing surface patterns during 

transmembrane signaling, a process that is governed by site-specific adhesion and pattern 

recognition between biopolymers and cell membranes.10  In addition, RCPs can localize at 

an interface between two immiscible solvents if one monomer prefers one solvent, while the 

other monomer prefers the other solvent.  At low temperatures the polymer will cross the 

interface frequently to optimize its energy while at high-temperatures entropic effects will 

dominate and the polymer will delocalize into one of the two solvents. This amphiphilic 

property can improve the biocompatibility of interfaces between immiscible phases.11 
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While Mother Nature developed means of synthesizing natural random copolymers, 

achieving control over monomer sequence distribution in synthetic RCPs is daunting task.  

Over the past several decades, multiple synthetic routes, i.e., free-radical, cationic, anionic, 

and controlled radical polymerizations, have been developed and employed that facilitate the 

generation of copolymers with ordered co-monomer sequence distributions comprising A and 

B units, which include alternating (…ABAB…), diblock (…AABB…), triblock 

(…AABB…BBAA…) and other more complex sequences.12  While copolymers with 

random sequences of A and B units can also be synthesized, precise control of the 

distribution of monomer sequences along the macromolecule still remains a formidable 

challenge.13   

The primary reason is the inability of current conventional polymerization processes 

to achieve monomer-level control of adding a selected monomer into the polymer backbone.  

In typical addition polymerizations, the addition of a new monomer to the growing polymer 

depends on the so-called monomer reactivity ratio (i.e., the preference of the active end of the 

polymer to undergo reaction with monomer A relative to that with monomer B).  Only when 

the two reactivity ratios for polymerization of two types of monomers are exactly equal to 1, 

one ends up with a truly random A-B copolymer.  Any deviation from this condition 

produces variations in copolymer composition and co-monomer sequences.  In addition, in 

the latter case, one of the monomer is being exhausted from the polymerization mixture is a 

higher speed (relative to the other monomer) leading to a RCP whose composition changes as 

a function of the polymerization time.  Post-polymerization, chemical modification of 

homopolymers, (here referred to as “chemical coloring”) offers a new exciting way to 
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produce RCPs with tuned sequences of the original and the “colored” units in the RCP by 

adjusting the conformation of the homopolymer coil by dissolving them in selective solvents 

and “coloring” only those monomers that are sterically available to the post-polymerization 

reaction.  In our previous work we have shown that this “templated chemical coloring” 

produces RCPs with tuned co-monomer sequences.14  When carried out in good solvents, 

where the parent homopolymer coil is expanded and thus fully accessible to the “coloring” 

species, the co-monomer sequence distribution is “truly random”.  In contrast, when the 

parent homopolymer is collapsed the co-monomer sequence distribution becomes 

random-blocky because only those monomers that reside at or close to the periphery of the 

collapse globule undergo “coloring”.  In addition, depending on the degree of collapse, one 

can control the “degree of blockiness” in the co-monomer sequence distribution of the 

“colored” RCP.  In Chapter 2 we will provide detailed discussion about the principles of 

“templated chemical coloring”.  In subsequent four chapters we demonstrate on a few 

selected case studies that tuning co-monomer sequences in RCP has a pronounced effect on 

both bulk and interfacial behavior of RCPs. 

Secondly, characterizing the monomer sequence distributions in RCPs is extremely 

challenging because most analytical tools employed in characterizing copolymers with 

ordered monomer sequences (block, alternating, blocky) are not capable of recognizing the 

monomer sequence on a length scale of only a few monomers.  As will be discussed later in 

this Thesis, selected analytical tools exist that provide some knowledge about the 

co-monomer sequences in RCPs.  Specifically, in Chapter 2 we will discuss that monomer 

sequence distribution in RCPs can be determined by using electrical birefringence Kerr effect 
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measurements.  We will demonstrate the power of the Kerr effect measurements in 

determining the co-monomer distribution in RCP over other more conventional 

characterization tools. 

Natural polymers not only possess well-defined molecular weights but also a very 

specific and precise monomer sequence distributions.  In contrast, synthetic RCPs have both 

a broad distributions of molecular weight as well as not very narrow co-monomer sequence 

distributions of chemical compositions including co-monomer sequences.  Over the past 

few years, several research groups have developed creative methodologies leading to the 

formation of synthetic polymers with controlled monomer sequences using genetically 

controlled polymerization of non-biological monomers.  Most of these techniques focused 

on the preparation of genetically engineered protein-based polymers by controlling the 

monomer sequences within the polypeptides.  This control of sequence placement is based 

on the synthesis of the encoding DNA sequences.  While successful, these attempts remain 

largely limited to the repetitive oligomeric chains.  In order to overcome these limitations, 

more powerful techniques have been developed to introduce non-natural amino acids 

containing a wide variety of functional groups into recombination proteins.  To this end, 

Tirrell and coworkers suggested and demonstrated polymerization methods leading to 

macromolecules that possess repetitive amino acid sequences in synthetic materials using a 

replica synthesis involving formation of artificial proteins via microbial expression of 

artificial genes and designed co-polypeptides with multiple repeats of peptide blocks.13, 15  

While Tirrell and coworkers successfully improved the synthetic control of macromolecular 

architecture, chemical composition and co-monomer sequences, the inability to produce 
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sufficient amounts of material via these genetically-controlled polymerization methods limits 

their application for model studies of phase behavior of synthetic RCPs. 

 From the past discussion it is clear that only a limited number of synthetic methods 

is available that enables the formation of macromolecules with precise control of chemical 

sequences and produce sufficient amount of material for further studies.  Fresh impetus to 

examine and design model systems with differing degrees of randomness/blockiness of 

copolymers has emerged from computer simulations and sophisticated theoretical approaches, 

which have recently been employed to provide insight into the control of monomer sequence 

distribution within RCPs.  To this end, by employing computer simulations, Khokhlov, 

Khalatur and coworkers have shown that the monomer sequence distribution in statistically-

disordered copolymers can be tuned to be either completely random or random with 

appreciable blocky character.16-20  Specifically, Khokhlov and coworkers suggested a design 

of “protein-like” copolymers using a simple “coloring” scheme, in which a parent 

homopolymer comprising A monomers collapses into a dense coil and the monomer residing 

at the periphery the A coil are converted via a chemical reaction (“colored”) to B units.21, 22  

An illustration of this process is shown schematically in Figure 1.2.  The distribution of the 

coloring species in the A-B RCPs can be adjusted by varying the solvent quality.  To this 

end, “coloring” of collapsed homopolymer results in random-blocky sequences of A and B 

units along the RPC while coloring of expanded A macromolecules produces A-B RCPs with 

“truly random” sequences of A and B units.  Random-blocky copolymers synthesized using 

the “coloring” reaction performed on collapsed A coils have shown to possess distinct energy 

adsorption properties compared to those of “true” RCPs.21, 23  Furthermore, it has been 
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demonstrated that blocky copolymers have a very different structural conformation within a 

given solvent medium compared with “true random” copolymers.19, 20  Specifically, if the 

A-B copolymer is subjected to a solvent medium that is compatible with the B monomers 

and incompatible with the A monomers present, a globular structure is formed having with a 

dense core of A units surrounded by a loose corona of B units. 

 

 

Figure 1.2 A scheme of the "coloring" process proposed by Khokhlov and Khalatur.  A 
parent homopolymer made of A monomers is collapsed in solution and monomers that reside 
on the outer periphery of the collapsed coil are chemically colored thus converted from A to 
B.  The resulting monomer sequence bears a memory of the original coil conformation.21 

 

The research presented in this Thesis began under the consideration of the realized 

similarities between natural materials and artificial RCPs behaviors.  Our primary focus has 

been on understanding the bulk and interfacial behavior of heteropolymers with adjustable 

monomer sequences (HAMS) to examine their physico-chemical properties.  This research 

is expected to provide novel insights into the intricate parallels between naturally-occurring 

biomaterials and their HAMS analogues.  To this end, we start by outlining a convenient 

route for facile synthesis of macromolecules with tunable functions using a chemical 

“coloring” reaction, as described above.  In Chapter 2, a review of HAMS and their unique 
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interfacial characteristics including adhesion and solution assembly will be discussed.  

Specifically, in Chapter 2 we summarize our previous findings pertaining to the interfacial 

performance of RCPs prepared by the “coloring” method in polymer melt studies and 

summarize methods leading to co-monomer characterization in such “colored” RCPs using 

the Kerr effect measurements.  Furthermore, we demonstrate that both the chemical 

composition and the co-monomer sequence distribution in synthetic RCPs can be determined 

by using adsorption-based liquid chromatography.  This work may have implications on 

using synthetic RCPs for detecting and separating naturally-occurring biomolecular RCPs.   

In Chapter 3, we describe a synthetic mechanism leading to synthesizing RCPs based 

on poly(styrene-co-4-bromostyrene) (PBrxS) with different monomer sequences of styrene 

and 4-bromostyrene (4-BrS) units and concentration of the 4-BrS units (x).  Specifically, we 

study the kinetics of bromination of polystyrene coils under various solvent quality and 

confinement conditions and discuss how varying these experimental conditions affects the 

chemical composition of the copolymer and the distribution of 4-BrS units in PBrxS.  

Depending on the solvent quality, polymers in solution either stay solvated or 

collapse.  The latter phenomenon occurs if the interactions between the monomers on the 

polymer and the solution monomer cannot be compensated by the entropy of mixing.  In 

practice, depending on the type of interactions between the polymer and the solvent, the 

transition from homogeneously mixed (1-phase) to phase-separated (2-phase) state can be 

achieved by either decreasing (so-called upper-critical solution temperature, UCST, systems) 

or increasing (so-called lower-critical solution temperature, LCST, systems) the solution 

temperature below or above a certain critical temperature value, respectively.24  In a good 
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solvent (1 phase), it is energetically favorable for the polymer repeat units to be surrounded 

by solvent molecules; as a result the polymer adopts a random coil conformation.  In a poor 

solvent, there is an energetic disadvantage in having an excess of monomer/solvent contacts.  

Here the polymer collapses into a compact globule in order to maximize the number of 

contacts between monomers of the coil while minimizing the number of monomer/solvent 

contacts.  Thechnically, the collapse occurs below the theta temperature (Tθ) because the 

chain is Gaussian at Tθ.  In Chapter 4, we study the effects of the chemical composition, 

co-monomer sequence distribution in PBrxS, and 1H/2D isotopic substitution on the behavior 

of PBrxS in cyclohexane.  Specifically, we report on cloud point measurements using an 

in-house built turbidity measuring device as well as on phase behavior studies using a small 

angle neutron scattering (SANS) performed at the National Institute of Standards and 

Technology Center for Neutron Research (NIST CNR) facility.  These two types of 

measuments show how varying co-monomer sequence distribution in RCPs affects of the 

conformation of single RCP chain as well as multiple RCP chain aggregation.   

Being motivated by the parallels between synthetic and natural RCPs, previous 

computer simulations and various theoretical approaches have been employed that provide 

insight into the adsorption principles of RCPs.  In Chapter 5, we investigate the adsorption 

kinetics of PBrxS RCPs on flat substrates from selected solvents, including toluene and 

cyclohexane.  We demonstrate that both the chemical composition and the co-monomer 

distribution in synthetic RCPs have a pronounced effect on the partitioning of these 

macromolecules at solid impenetrable substrates.  Our experimental findings are further 

supplemented with computer simulation studies carried out in collaboration with the 
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Khokhlov group, which provide molecular-level insight into the effect of co-monomer 

sequence distribution in PBrxS on their adsorption.  Extending our efforts to the adsorption 

of more complex HAMS on flat substrates may offer further insight into the effect of the 

co-monomer sequences of complex macromolecules, such as biomolecules, on their 

adsorption behavior. 

In Chapter 6 we briefly summarize our findings pertaining to the research involving 

the effect of co-monomer sequences on bulk and interfacial behavior in synthetic RCPs 

solutions.  We also provide some suggestions for future experiments that would provide 

more (or complementary) insight into the effect of the co-monomer sequence distributions in 

RCPs on their phase behavior in a polymer matrix. 

In the Appendix, we include a brief account of a study pertaining to examining the 

conformational behavior of thermoresponsive poly(N-isopropylacrylamide) (PNIPAAm) 

polymers grafted onto a solid substrate.  Specifically, we report data from a study utilizing 

quartz crystal microbalance with dissipation monitoring (QCM-D) that address the effect of 

the solution temperature and solution ionic strength on the coil-to-globule transition in 

PNIPAAm..  While not directly related to the effect of co-monomer sequences, this study 

sets the experimental protocols needed for further work using RCPs with variable 

co-monomer sequences. 
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Chapter 2 

Formation of random copolymers with tunable co-monomer 

sequences by chemical coloring of homopolymers in selective 

solvents 
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2.1  Introduction 

In Chapter 1 we described the principle of a methodology leading to the formation of 

random copolymers (RCPs) with tunable co-monomer sequences by following a “chemical 

coloring” scheme suggested by computer simulations carried out by Khokhlov and 

coworkers.  In their computer simulations, a dense globular conformation of a homopolymer 

chain made of A-type units was formed by initializing a strong interaction between A units.  

In practice, this can be achieved by setting a strong repulsion between the polymer and the 

solvent molecules.  Once the chain collapsed, the A units located on the surface of the 

globule were instantaneously “colored” to become another species, called B units.  Finally, 

the strong attraction between monomer units was relieved resulting in RCPs with an average 

B sequence length of 3.173, a value, which was much larger than 1.984 obtained for RCPs 

with completely random monomer sequence distributions.1  The latter species were formed 

by performing the “coloring” reaction on a homopolymer coil that was in its coiled, i.e., fully 

expanded, state.  In this chapter we describe how such a “coloring” scheme can be 

implemented experimentally by utilizing bromination reaction performed on polystyrene 

coils under various solvent conditions.  We also outline a method facilitating the 

determination of the co-monomer sequence distribution in such A-B RCPs.  In addition, 

review a few previous experiments demonstrating that interfacial performance of RCPs in 

melt and in solution depends crucially on the co-monomer sequence distribution.  The 

following three chapters will provide a more detailed account of experiments demonstrating 

that bulk and interfacial characteristics of RCPs depend crucially on the chemical 

composition of as well as co-monomer sequence distribution in RCPs. 



 17

2.2  Coloring PS through chemical conversion of PS 

In this section we discuss how we can exploit the “coloring” scheme to synthesize 

“random-blocky” and random copolymers, according to the synthesis path suggested by 

Khokhlov and coworkers.  As stated earlier, the primary premise of the method stems from 

the assumption that: a) a homopolymer conformation can be adjusted by dissolving the 

parent homopolymer in an appropriate solvent, and b) chemical coloring species added to the 

solution react with those monomers of the homopolymer that are accessible to the reaction.  

To this end, while chemical coloring takes place uniformly in swollen polymer coils, where 

the probability of reaction is approximately equal for all monomers, in collapsed (or partially 

collapsed) coils the coloring reaction takes place predominantly on those monomers that 

reside at or close to the periphery of the parent homopolymer.  To accomplish this procedure 

experimentally, it is necessary that the parent homopolymer is well characterized, 

monodisperse, and capable of being chemically modified.  In addition, the coloring should be 

carried out in a solvent that offers the possibility of adjusting the coil size at experimentally 

accessible temperatures.  Polystyrene (PS) represents a good choice as a model parent 

homopolymer as it can be synthesized in a range of molecular weights with very low 

polydispersities (< 1.05) and can be easily modified by chemical reaction with bromine, 

yielding a RCP poly(styrene-co-4-bromostyrene) (PBrxS), where x represents the mole 

fraction of the 4-bromostyrene (4-BrS) units.  In their original paper, Kambour and 

coworkers showed that, in the absence of light, solvents with a moderate dipole moment, 

such as chloroform or nitrobenzene, are capable of polarizing the Br2 molecule thus enabling 

the electrophilic substitution addition of bromine in the para position of the phenyl ring of 
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PS without using a catalyst.2  The degree of bromination (equivalent to x) can be varied from 

0 (i.e., PS) to 1.0 (i.e., poly(4-bromostyrene)). 
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Figure 2.1 Phase diagram showing the effect of the interplay between the solution 
temperature and solvent type on PS coil size for three selected solvents: 1-chlorodecane (CD), 
1-chloroundecane (CUD), and 1-chlorododecane (CDD).  The red and blue regions denote 
the good and poor solvent conditions, respectively.  The horizontal yellow lines mark the 
position of the Θ-temperature for each solvent. 

 

We utilize a family of alkyl chloride solvents that possess different theta 

temperatures (Tθ) for PS.  Due to their structural resemblance, 1-chlorodecane (CD, 

Tθ = 6.6°C), 1-chloroundecane (CUD, Tθ = 32.8°C), and 1-chlorododecane (CDD, 

Tθ = 58.6°C) have very similar dielectric constants.  Hence, at a given temperature the 
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kinetics of bromination is expected to be similar for all three solvents.  We will address the 

effect of the kinetics of brominaton in all solvents in more detail in Chapter 3 of this PhD 

Thesis.  Depending on the solvent and the solution temperature, the PS coil can either be 

completely expanded (T>θ), Gaussian-like (T=θ), or collapsed (T<θ).  Hence by decreasing 

the solvent quality from good to poor (for a given solvent this can be accomplished by 

decreasing the solution temperature), the macromolecules undergo a coil-to-globule 

transition.  Thus PBrxS with different co-monomer sequences of styrene and 4-BrS are 

produced because of the temperature- and solvent-dependent PS conformational changes (cf. 

Figure 2.1).  For example, at 32.8°C the PS coil is swollen when dissolved in CD, assumes a 

Gaussian conformation in CUD, and collapses in CDD.  Consequently, the RCPs synthesized 

in CD and CUD have a random distribution of the 4-BrS segments (r-PBrxS) whereas the 

those formed in CDD possess a more blocky character (b-PBrxS).3, 4  

The chemical composition of PBrxS can be readily assessed by various experimental 

methods.  Perhaps the easiest one involves elemental analysis (EA).  We have routinely 

analyzed the degree of bromination using EA (Atlantic Microlab Inc., Norcross, GA).  Direct 

structural analysis of the copolymers using nuclear magnetic resonance (NMR) verified that 

bromine substitution occurred exclusively in the para position of the phenyl ring of PS.  

13C-NMR also enabled the determination of the chemical composition of PBrxS, thus 

confirming the results of the EA, but unfortunately did not reveal any key differences in the 

sequencing of the supposed blocky and random copolymers.  This observation is not that 

surprising given the fact that the bromine atoms will have only minor influence on both the 

stereo-sequence and conformational characteristics probed by the 13C- and 1H-NMR.3, 4   
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2.3  Characterization of sequences via Kerr effect measurements 

 In narrow copolymer systems comprising symmetric monomer units, high resolution 

NMR spectroscopy can be used to unravel the sequence distribution of monomer units.5-10   

However, in copolymers made of asymmetric monomer units, stereo-regularity effects are 

superimposed on sequence distributions and often lead to complex NMR spectra with many 

overlapping resonances, which can preclude unambiguous analysis of monomer sequence 

distributions.5, 6, 9  In addition, even in situations where NMR detects differences in 

co-monomer sequence distributions, it is not capable of resolving sequence runs longer than 

approximately 3-4 monomer units.  Because of these limitations, we have turned to a non-

traditional method of obtaining the information about co-monomer sequencing using Kerr 

effect measurements.  In 1977, Tonelli and coworkers demonstrated that the molar Kerr 

constant measurement is very sensitive to the variations in polymer tacticity, chemical 

composition as well as co-monomer sequence distribution.11  Khanarian and Tonelli later 

measured the molar Kerr constant for a PS, PBrS, and a series of r-PBrxS copolymers 

consisting of varying amounts of 4-BrS and found a marked sensitivity of the observed molar 

Kerr constants, mK, to the 4-BrS content.12  Based on their calculations and experimental 

results, we expected the molar Kerr constant of r-PBrxS to be higher than that of b-PBrxS for 

a given degree of bromination.  The maximum difference between the two molar Kerr 

constants was predicted to be around 60% (mol/mol) of the 4-BrS.  The molar Kerr constants 

in selected PBrxS samples having a different chemical composition and prepared under 

varying solution conditions were experimentally measured by Semler and coworkers.3  This 

Kerr effect measurements were carried out using the nulled-pulse method, which utilizes a 
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rectangular-shaped electric pulse to the electrodes of the Kerr cell.  The duration of the pulse 

was adjusted so that it was sufficiently long to obtain an equilibrium orientation of the 

molecules at a given strength of electric field strength, yet it was sufficiently short to prevent 

or minimize any effects due to electrolysis and/or electrode polarization.  Measurements of 

the Kerr effect were made on polymer solutions (1-5% w/w) in 1,4-dioxane (>99% purity) at 

293 K because of low dielectric constant of 1,4-dioxane that did not interfere with those of 

the polymer solution. 

 

Table 2.1 Kerr constants (in 10-14 V-2 m) measured on 1% (w/w) solutions of PBrxS 
in dioxane.  PBrxS with various mole fractions of 4-BrS (given in parenthesis) were 
synthesized by carrying out bromination under a variety of solvent/temperature 
conditions. 

 x=0.24±0.01 b) x=0.34±0.03 b) x=0.60±0.03 b) 

solvent a) 26°C 33°C 40°C 26°C 33°C 40°C 26°C 33°C 40°C

CD          
(θ= 6.6°C ) 

 0.0733 
(0.25) 

     0.129 
(0.58)

0.142 
(0.59)

CUD        
(θ=32.8°C ) 

   0.0444 
(0.37) 

0.119 
(0.35)

0.11 
(0.31)

 0.123 
(0.63)

0.124 
(0.63)

CDD        
(θ=58.6°C ) 

 0.0263 
(0.24) 

     0.098 
(0.59)

 

a) CD=1-chlorodecane, CUD=1-chloroundecane, CDD=1-chlorododecane, θ=Theta temperature 
b)     average mole fraction of 4-BrS in PBrxS measured by elemental analysis (error < 1%) 
 

In Table 2.1 we list the Kerr constant of 1% (w/w) solution in 1,4-dioxane for three 

sets of PBrxS with different chemical compositions.  The data illustrates that for each 

composition, the Kerr constant is much smaller for samples brominated under poor solvent 

conditions relative to the polymers brominated in good solvents.  Moreover, the Kerr 
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constants increase with increasing the 4-BrS content in the copolymer.  These trends, which 

are in qualitative agreement with the predictions of the earlier theoretical work of Tonelli and 

coworkers,11, 12 thus confirm that Kerr effect measurements provide very convenient tool for 

monitoring both the chemical composition and monomer sequence distribution in random 

copolymers. 

 
Table 2.2 Normalized molar Kerr constants (mK) for monomer sequence 
distributions obtained using rotational isomeric state (RIS) model of Flory11, 12 and 
experimentally measured monomer sequence distributions in PBrxS (exp). 

monomer sequence distribution Method mK/mKrandom 

(PS2-b-PBrS3)60 RIS 0.773±0.14 a) 

(PS4-b-PBrS6)30 RIS 0.621±0.14 a) 

(PS10-b-PBrS15)12 RIS 0.363±0.15 a) 

(PS20-b-PBrS30)6 RIS 0.216±0.15 a) 

PBr0.63S(CUD) b) exp 0.533±0.03 b) 

PBr0.58S(CDD) c) exp 0.304±0.03 c) 
a) Calculated mK for ordered sequence distributions normalized with mK of a random sequence distribution. 
b) Experimental mK of Br0.63S(CUD), brominated in CUD at 33 oC, normalized by the experimentally 

measured mK of PBr0.59S(CD), brominated in CD at 33 oC.  The value corresponds to the ratio of the slopes 
of Kerr constant vs. concentration. 

c) Experimental mK of Br0.58S(CDD), brominated in CDD at 33 oC, normalized by the experimentally 
measured mK of PBr0.59S(CD), brominated in CD at 33 oC.  The value corresponds to the ratio of the slopes 
of Kerr constant vs. concentration. 

 

To gain a more quantitative insight into the results of the electrical birefringence 

measurements, we calculated the Kerr constants using the rotational isomeric state model 

(RIS) and matrix multiplication methods of Flory13 for a few selected periodic sequences 

having the same degree of bromination (≈60%) and degree of polymerization (=300) as the 
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experimental system.  In Table 2.2 we list mK ratios for the periodic sequences relative to 

random monomer sequences.  Table 2.2 also contains the mK value measured for 

PBr0.58S(CDD) and PBr0.63S(CUD) normalized by the experimentally determined mK of 

PBr0.59S(CD).  Note that the absolute mK values for the generated random RIS monomer 

sequences and the PBr0.59S(CD) are the same within the experimental error.  Comparison of 

the mK ratios for the RIS periodic sequences and the experimental sequences provides clear 

evidence that PBr0.58S(CDD) and PBr0.63S(CUD) have a more blocky character relative to 

PBr0.59S(CD); the average block length of the 4-BrS units within PBr0.58S(CDD) and 

PBr0.63S(CUD) is in the range of 19 and 8 monomers, respectively.  These results confirmed 

that PBrxS prepared by bromination in CDD had a more blocky character (smaller molar Kerr 

constant), relative to PBrxS having the same 4-BrS content, which were synthesized in CD.3 

 

2.4  Experimental verification of interfacial activity of PBrxS RCPs 

In this section we provide a brief account of previous experiments documenting the 

unique interfacial behavior of PBrxS prepared uner various solvent-quality conditions.  

Additional experiments that were performed during the course of this PhD work will be 

outlined and discussed in details in Chapters 3-5. 

 

2.4.1  Dewetting rate of PBrxS RCPs films on self-assembled monolayers on flat substrates 

Chakraborty predicted that macromolecules always adsorb in conformations similar 

to those preferred by inter-segment interactions.14  This suggestion implies that a polymer, 
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which prefers an extended conformation, will adsorb in the extended conformation whereas 

the polymer in a globular conformation will adsorb in the globular conformation.  Using 

computer simulations, Liu and Chakrabarti have shown that copolymers with different 

statistically-designed sequences possess different spreading rates on chemically 

homogeneous surfaces.15  In order to test the predictions of those computer simulations, we 

utilized the phenomenon of dewetting of thin films from solid substrates..16  Based on Liu 

and Chakrabarti’s simulations and Reiter’s experiments on dewetting of thin polystyrene 

films, we expected thin films of PBrxS prepared by brominating low molecular weight parent 

PS below the Θ-temperature to dewet more slowly relative to thin PBrxS films of a 

comparable thickness and 4-BrS content, brominated above the Θ-temperature. 

 Experiments performed by Semler and coworkers revealed that PS films (thicknesses 

ranging from 68 to 117 nm) dewetted completely from semifluorinated 1H,1H,2H,2H-

perfluorodecyltrichlorosilane (SF)17 self-assembled monolayer (SAM) substrates and much 

faster than either the b-PBr0.58S or r-PBr0.59S.3, 4  Concurrently, thin films of fully brominated 

PBrS did not dewet at all during comparable annealing times.3  The SF monolayer represents 

a repulsive surface to both PS and 4-BrS, which will cause the polymer to dewet from the 

surface.  However, a competing attractive potential exists between the 4-BrS units in the RCP 

and the SiOx located beneath the SF monolayer.  Oslanec and Brown have shown previously 

that 4-BrS exhibits an attractive potential towards SiOx (≈-0.07 kT/monomer unit).18  

Therefore, the dewetting rate of PBrxS will depend on the balance between the repulsion 

from the SF monolayer and the attraction of 4-BrS to the underlying SiOx substrate.  The 

results presented in Figure 2.2 reveal that the dewetting rate of b-PBr0.58S is consistently 
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slower than that of r-PBr0.59S.3, 19  These results suggest that b-PBr0.58S has a higher number 

of 4-BrS segments at the film/interface interface relative to r-PBr0.59S and are qualitatively 

consistent with the simulation results of Liu and Chakrabarti.15  

 

 
Figure 2.2 Samples for dewetting studies are formed by casting thin polymer films 
(thickness t) onto semi-fluorinated self-assembled monolayer (SF-SAM) on silica substrates 
(a), heated to temperature T such that T-Tg = 35oC, where Tg is the bulk glass transition 
temperature of the polymer.  Upon annealing, holes (diameter D) develop in the films and 
grow with increasing time (b).  Time dependence of the hole diameter for PS (squares), 
r-PBr0.59S (circles) and b-PBr0.58S (triangles) measured on films having a thickness of t = 53-
67 nm (c) and t = 117-118 nm (d).  The lines are meant to guide the eye.  Part (e) depicts a 
schematic of chain conformations adopted by the r-PBrxS (left) and b-PBrxS (right) 
copolymers. 
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2.4.2  Detecting composition and monomer sequence distribution in PBrxS RCPs using 
interaction chromatography 

T=
T θ

T=
T θ

 
Figure 2.3 Mole fraction of 4-BrS in PBrxS prepared by brominating parent PS 
(Mw=30 kDa) in 1-chloroundecane at various temperatures.  Bromination of PS above 32.8°C 
produces PBrxS copolymers with a random distribution of the 4-BrS segments (r-PBrxS).  
Bromination of PS below 32.8°C leads to PBrxS copolymers with a blocky distribution of the 
4-BrS segments (b-PBrxS).  The content of 4-BrS in PBrxS was established using elemental 
analysis and conformed with 13C-NMR.  The error bars on the ordinate correspond to the 
uncertainty of determining the content of Br in the sample.  The error bars on the abscissa are 
smaller than the symbol size.  The line is meant to guide the eye.  

 

Previously, we have elucidated the differences in the monomer sequence distributions 

between b-PBrxS and r-PBrxS using molar Kerr effect measurements.  The dewetting rates of 

thin PBrxS films on solid substrates also reveal that these differences in blockiness in PBrxS 

affect the copolymer interfacial behavior.  In order to further verify the effect of solvent 

conditions during the bromination on the distribution of 4-BrS in PBrxS and their impact on 
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the interfacial partitioning of these RCPs at solid substrates, we have resorted to utilizing 

interaction chromatography (IC).  For these experiments, PBrxS samples were prepared by 

carrying out bromination on PS in 1-chloroundecane (CUD) (cf. section 2.2).  CUD has a 

small permanent dipole moment, which is capable of polarizing the Br2 molecule, thus 

enabling the electrophilic substitution/addition of bromine in the para position of the phenyl 

ring of PS without the use of a catalyst.  The Tθ for PS in CUD has been established 

previously to be 32.8˚C.20-22  Hence, while bromination of PS at temperatures above 32.8˚C 

should lead to the PBrxS copolymers with a random distribution of the 4-BrS segments 

(r-PBrxS), PBrxS copolymers formed at temperatures below 32.8˚C are expected to have 

more blocky distribution of 4-BrS (b-PBrxS).  A series of PS homopolymers (Mw = 30 kDa) 

was brominated at temperatures ranging from 22 to 43.6˚C producing PBrxS whose 

composition ranged from 28 to 38.5 mole % of 4-BrS segments.  Trial and error experiments 

established the bromination times needed to generate PBrxS, whose 4-BrS content increased 

linearly with decreasing bromination temperature (cf. Figure 2.3).  This composition map 

was chosen to promote the effect of 4-BrS blockiness (high 4-BrS content, bromination 

temperatures < Tθ) and simultaneously enhance the effect of randomness (low 4-BrS content, 

bromination temperature > Tθ), while at the same time varying the copolymer composition.  

Two series of IC experiments were carried out with different solvents and different 

column stationary phases.  In the first set of IC experiments (series I), the PBrxS samples 

were dissolved in tetrahydrofuran/isooctane mixture (THF/IO) (38/62 v/v) and injected into 

the column filled with porous silica beads.  For the second set of experiments (series II), we 

dissolved PBrxS in methylene chloride/acetonitrile mixture (MC/AN) (60/40 v/v) and 
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performed the IC experiments in a column, whose stationary phase comprising porous silica 

spheres was covered with a -(CH2)17CH3 (C18) SAM.  In Figure 2.4 we plot the IC 

eluograms from series I (a) and series II (b) specimens.  The data collected from series I (cf. 

Figure 2.4a) reveal that the elution time decreases with increasing 4-BrS content in the 

sample.  In contrast, samples in series II (cf. Figure 2.4b) exhibit the opposite trend; namely, 

an increase in the 4-BrS concentration in PBrxS results in increasing elution times. 

 
Figure 2.4 Elution curves, measured as UV signal intensity at 260 nm (I) as a function of 
the retention t ime (t) ,  for PBrxS samples measured in a) series I  (solvent: 
tetrahydrofuran/isooctane mixture: 38/62 (v/v), substrate: silica) and b) series II (solvent: 
methylene chloride/acetonitrile mixture: 60/40 (v/v), substrate: silica covered with 
–(CH2)17CH3 monolayer).  The insets depict the eluograms in a reduced form: I/I(tmax) vs. 
t/tmax, where tmax is the retention time corresponding to the maximum signal intensity, I(tmax). 
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In the insets to Figure 2.4 we plot the eluograms in their reduced form: I/I(tmax) vs. t/tmax, 

where I is the intensity measured by the ultraviolet detector (at 260 nm), tmax is the retention 

time (t) corresponding to the maximum signal intensity, I(tmax).  While reducing the 

eluograms from sample II collapses all curves onto a single master plot, the reduced elution 

curves from samples in series I split into two different groups, depending on whether the 

bromination was conducted either above (r-PBrxS) or below (b-PBrxS) Tθ. 

 

 

Figure 2.5 Mole fraction of 4-BrS in PBrxS as a function of the peak of the retention time, 
tmax, measured for samples in a) series I (solvent: THF/IO mixture: 38/62 (v/v), substrate: 
silica) and b) series II (solvent: MC/AN mixture: 60/40 (v/v), substrate: silica covered with 
–(CH2)17CH3 monolayer).  The error bars on the ordinate correspond to the uncertainty of 
determining the content of Br in the sample.  The error bars on the abscissa are smaller than 
the symbol size.  The lines are meant to guide the eye.  The cartoons depict pictorially PBrxS 
conformations at the solution/column interface. 
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In Figure 2.5 we plot the 4-BrS content in PBrxS (x) as a function of the retention times at the 

maximum of intensity, tmax.  For series I, x decreases linearly with increasing tmax, indicating 

that IC can detect the different compositions in the PBrxS copolymers, but is not capable of 

resolving the differences in the monomer sequence distribution.  For series II, the 

dependence of x on tmax is more complex.  While in this case, x generally increases with tmax, 

two regimes in the plot can be identified with the rate of the x vs. tmax decreasing about three-

fold for samples containing higher content of 4-BrS relative to those with a lower amount of 

4-BrS.  The division occurs at about the Tθ point. 

The results of the IC experiments can be interpreted as follows.  While the 4-BrS 

segments are attracted towards silica (interaction energy ≈-0.07 kT/monomer18), at the same 

time they experience unfavorable interactions with non-polar isooctane.23  The interplay 

between the two effects governs partitioning of PBrxS at the solution/silica column interface.  

When dissolved in THF/IO solvent, b-PBrxS polymers tend to minimize the number of 

unfavourable 4-BrS/isooctane contacts by adopting a collapsed coil conformation with a 

majority of the 4-BrS blocks hidden inside the coil.  Hence, as b-PBrxS chains enter the 

chromatography column, they only have a few unshielded 4-BrS segments available for 

adsorption.  r-PBrxS coils, which are not as efficient in screening the repulsive interactions 

between 4-BrS and isooctane as b-PBrxS, adopt a more loosely packed chain conformation.  

As a result, upon entering the column, r-PBrxS are being attracted towards the silica substrate 

through favourable 4-BrS/silica contacts.  The picture that emerges is that r-PBrxS adopts a 

conventional coil conformation at the solution/substrate interface with multiple contact points 

(“trains”)24; the number of contact points increases upon decreasing the degree of blockiness 
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because those chains possess the most expanded coil conformation due to the least number of 

unfavourable 4-BrS/isooctane contacts.  In contrast to r-PBrxS, the b-PBrxS globulae possess 

only a few unshielded 4-BrS segments available for adsorption and hence elute at shorter 

times from the column.  The differences between the r-PBrxS and b-PBrxS conformations in 

system I become obvious when we explore the reduced eluograms shown in the inset to 

Figure 2.4a.  The elution peaks in the reduced spectra clearly split into two groups.  r-PBrxS 

samples prepared by bromination carried out under good solvent conditions for PS (samples 

PBr0.28S and PBr0.32S) exhibit a broader elution peak relative to the specimens brominated 

under poor solvent conditions for PS (b-PBrxS).  The broadness of the elution peak provides 

a measure of the polymer conformation at the solution/substrate interface; the breath of the 

elution peak is directly proportional to the number of adhesion contacts (“trains”) of polymer 

at the substrate. 

The combination of solvent and the stationary phase in system II has been chosen 

such that they represent so-called critical point of adsorption for styrene segments.25  Under 

these conditions, the entropic forces and enthalpic interactions acting upon styrene monomers 

cancel out and styrene becomes “invisible” in the system.  Hence, it is the number and spatial 

distribution of the 4-BrS units along the macromolecule that dictate the partitioning of PBrxS 

at the solution/column interface.  Because styrene and 4-BrS are both solvated in MC/AN 

solutions, PBrxS chains are expanded upon entering the column before adsorbing onto the 

substrate.  This is further justified by the fact that the reduced eluograms presented in the 

inset to Figure 2.4b all collapse onto a single master curve.  The increase in the retention time 

with increasing 4-BrS content in PBrxS reveals that 4-BrS interacts with the stationary phase 
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presumably by attraction towards the silica substrate across the thin C18 monolayer.  Such 

behavior has already been seen previously.4  As mentioned earlier, the increase in the 

retention time with increasing degree of bromination in PBrxS follows two distinct trends.  

Specifically, there is a dramatic decrease in the x vs. tmax slopes when transitioning from 

r-PBrxS to b-PBrxS samples.  This behavior indicates that PBrxS with a higher degree of 

4-BrS blockiness adsorbs to the substrate more strongly than PBrxS with a completely 

random distribution of 4-BrS monomers because of the longer trains (i.e., monomer sequence 

that is in contact with the substrate) of adsorbing 4-BrS segments at the polymer/substrate 

interface.24  The observation that b-PBrxS copolymers possess higher affinity towards 

substrates with attractive interactions with the “colored” (in our case 4-BrS) monomers, is in 

accord with the simulation results or Khokhlov and coworkers1, 26, 27 and also with molecular 

dynamics simulations of Lui and Chakrabarti who showed that RCPs with a blocky character 

spread at slower rates relative to those with “true” random sequence distribution.15  The 

findings reported here are further supported by recent dewetting experiments on PBrxS thin 

films, which demonstrated that the specimens made of b-PBrxS dewetted more slowly than 

those made of r-PBrxS with the same content of 4-BrS.4 

 

2.5  Conclusions 

In this Chapter we demonstrated that the randomness in the co-monomer sequence 

distribution in RCPs of poly(styrene-co-4-bromostyrene) (PBrxS) can be adjusted by 

“chemically coloring” polystyrene coils with bromine in selective solvents.  Specifically, 



 33

while the distribution of 4-bromostyrene (4-BrS) in PBrxS is random when the bromination 

reaction is performed in good solvents, the bromination reaction results in blocky 4-BrS 

sequences when carried out in poor solvents for PS.  Semler and coworkers demonstrated 

that the Kerr constant, as determined in an electrical birefringence experiment, may hold 

great promise in determining monomer sequences in RCPs even in situations, where other 

conventionally applied techniques (e.g., NMR) fail.  Dewetting experiments using thin films 

of PBrxS reveal that the monomer sequence distribution greatly affects partitioning of 

random copolymers at interfaces.  In addition, the findings reported in this Chapter are 

significant in that they demonstrate the power of interaction chromatography as a beneficial 

technique for probing both chemical composition and monomer sequence distribution in 

RCPs.  Specifically, our study demonstrates that the retention of chemically heterogeneous 

macromolecules in interaction chromatography depends not only upon the average number of 

adsorbed segments, but also on their sequence distribution.  Because RCPs with random-

blocky co-monomer sequences may be considered as the simplest mimics of proteins,1, 26, 27 

our findings regarding correlations between the co-monomer sequence distribution and liquid 

chromatographic retention are expected to offer fundamental insights into separation of 

complex biomacromolecules.28 
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3.1  Abstract 

We report on the kinetics of the bromination of free polystyrene (PS) chains in bulk 

solution and those anchored on flat solid substrates by performing the bromination reaction in 

different solvents, including nitrobenzene (NB), 1-chlorodecane (CD), 1-chloroundecane 

(CUD), and 1-chlorododecane (CDD), at various temperatures.  We find that bulk 

bromination of PS follows the second order kinetic in bromine and the reaction rate increases 

with increasing dielectric constant of the solvent (ε).  In spite of εCDD >  εCD, the bulk 

bromination kinetics of PS in CDD is slower than that in CD because of lower solubility of 

PS in CDD than in CD.  In addition, we demonstrate that the reaction rates for brominating 

PS brushes anchored to flat solid substrates are much slower than those for brominating free 

PS chains in bulk solution.  We attribute this behavior to steric hindrance due to PS 

confinement on the substrate.  
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3.2  Introduction 

Over the past few decades numerous researchers reported on the formation and 

physicochemical properties of poly(4-bromostyrene) (PBrS) and its copolymers.  These 

studies have been motivated by excellent flame-retarding properties1-4 and unique phase 

behavior of PBrS.5-16  A variety of synthetic methodologies for obtaining homopolymers and 

copolymers of 4-bromostyrene (4-BrS) have been described, including free radical,17, 18 

cationic,19, 20 anionic,21 and controlled radical polymerization.22  In addition, the synthesis of 

random copolymers, poly(styrene-co-4-bromostyrene) (PBrxS), comprising styrene and 

4-BrS units, has been reported that utilized bromination reaction performed on parent 

polystyrene (PS) coils.23-26  The latter reaction has several advantages.  First, the mole 

fraction of 4-BrS in PBrxS can be fine-tuned to range from 0 to 100% by adjusting the 

reaction conditions.  Second, the degree of polymerization and polydispersity index (PDI) of 

the resultant PBrxS match those of the parent PS.  Third, as pointed out below, by judiciously 

choosing the reaction conditions, one may achieve control over the degree of “blockiness” in 

co-monomer sequence in PBrxS. 

Diverse catalysts, including AlCl3, FeCl3, SnCl4, SbCl5, TiCl4, ZnO, ZnCl2, and ZnBr2, 

have been reported to increase the rate of bromination of PS leading to PBrxS.27-35  While 

catalyzed bromination typically results in relatively high reaction rates, non-recyclable 

catalyst waste and the purification of catalyst represent certain drawbacks for such 

reactions.36-38  In their original papers, Kambour and co-workers showed that in the absence 

of light solvents with a moderate dipole moment, i.e., chloroform or nitrobenzene, are 

capable of polarizing the Br2 molecule, thus enabling electrophilic substitution addition of 
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bromine in the para position of the phenyl ring of PS without using a catalyst.25, 26  While the 

reaction rates have been considerably slower than those reported for catalyzed brominations, 

the absence of catalysts and thus ease of purification are great benefits of such “solvent-

catalyzed” bromination reactions.   

All bromination reactions mentioned above have been carried out under good solvent 

conditions.  It was assumed that under such circumstances the distribution or styrene and 

4-BrS units along PBrxS was relatively random.  This approximation was earlier utilized in 

determining the tacticity of the parent polystyrene homopolymers.39  We have recently 

reported that bromination of polystyrene in short chlorinated alkane solvents produces PBrxS 

that can generally be termed as “random-blocky” copolymers.40  Specifically, we utilized 

1-chlorodecane (CD), 1-chloroundecane (CUD), and 1-chlorododecane (CDD), whose theta 

temperatures (Tθ) were 6.6, 32.8, and 58.6 °C, respectively.41-43  Depending on the solvent 

and the solution temperature, the PS coil can either be completely expanded (T > Tθ), 

Gaussian-like (T = Tθ), or collapsed (T < Tθ).  Due to the temperature- and solvent-dependent 

conformational changes of PS, bromination was expected to produce PBrxS with different 

sequence distributions of 4-BrS.  For example, at 32.8 °C PS was expected to adopt a swollen 

coil conformation in CD, Gaussian coil in CUD, and a collapsed conformation when 

dissolved in CDD.  These assumptions were verified in experiments using electro-optical 

Kerr effect measurements, which confirmed that PBrxS having the same chemical 

composition had more “random-blocky” character when synthesized in CDD, relative to 

those prepared in CD.40 

Let us briefly compare the two extreme cases involving the bromination in good and 
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poor solvents.  In a good solvent, the parent homopolymer coil is swollen and the 

concentration of bromine inside the coil is approximately equal everywhere.  Under such 

circumstances, the bromination should lead to “truly” random comonomer sequences in 

PBrxS.  Bromination in poor solvents is much more challenging to understand, however.  

First, one has to assume that there is no coagulation among PS chains during the reaction; 

technically, this translates to working under extremely dilute solution conditions.  In our 

original publication40 we provided a tentative picture of the bromination reaction in CDD.  

Drawing on findings obtained from small-angle neutron scattering experiments,44 we 

hypothesized that as the first few styrene segments are converted into 4-BrS, the latter 

segments concentrated inside the collapsed PS globule because of decreased solubility of 

4-BrS in CDD relative to that of PS in CDD, thus making it more compact and amendable to 

producing longer continuous 4-BrS sequences.  These findings have recently been confirmed 

with computer simulations using discontinuous molecular dynamics (DMD).45  Comparing 

those two extreme cases reveals that in addition to the dipole moment of the solvent, the 

overall rate of bromination depends crucially on the accessibility of styrene segments.  This 

notion is not that surprising.  Several theoretical simulations46-49 and experiments50-52 have 

shown that physical hindrance and catalytic shape have strong influence on reaction rates and 

equilibrium yields in reactions involving monomers.  Adding the extra complexity of steric 

hindrance associated with the monomer connectivity will only enhance those effects.   

In this Chapter, we report on the kinetics of bromination of polystyrene in solvents 

having different quality and different dipole moment.  We show that the rate of bromination 

of styrene depends significantly on the dielectric properties of the solvent, increasing with 
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increasing solvent dielectric constant.  Second, we demonstrate that the overall rate of 

bromination depends on the accessibility of styrene segments to the reacting Br2 molecules.  

We illustrate this effect by 1) varying the solvent quality and 2) performing the bromination 

reaction on free chains in solution as well as those that have been chemically anchored to the 

substrate.  Our results confirm that increased chain confinement resulting from decreasing 

solvent quality or geometric confinement (free vs surface-anchored chains) results in slower 

bromination rates. 

 

3.3 Experimental section 

3.3.1 Materials and supplies 

Monodisperse atactic polystyrene (PS) (Mw = 30 kDa, polydispersity index = 1.06) 

was purchased from Pressure Chemical (Pittsburgh, PA).  Bromine and nitrobenzene (NB) 

were purchased from Aldrich Chemical Co.  1-chlorodecane (CD), 1-chloroundecane (CUD), 

and 1-chlorododecane (CUD) were purchased from TCI America.  Table 3.1 lists important 

physicochemical characteristics of the solvents used in this study.  The polymerization 

initiator used in this work was (11-(2-bromo-2-methyl)propionyloxy)undecyl-trichlorosilane, 

Br(CH3)2CCOO(CH2)11SiCl3 (BMPUS); it was synthesized following a two-step procedure 

described by Matyjazsewski and co-workers.53  N,N,N’,N’,N’’-Pentamethyldiethylene-

triamine (PMDETA), copper bromide (CuBr), copper(II) bromide (CuBr2), anisole, and 

styrene were purchased from Aldrich Chemical Co.  Silicon wafers [100] were supplied by 

Silicon Valley Microelectronics, Inc.; the small resistivity of the wafers (1-5 Ω·cm) facilitated 
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infrared measurement in transmission mode (see below). 

 

3.3.2 Formation of poly(styrene-co-4-bromostyrene) in bulk solution 

The reactions involving bulk solution bromination of PS were carried out in the 

following manner.  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 Tθ of all solvents) and maintained for 60 min.  Afterwards the cell 

temperature was lowered to the desired temperature at a rate of 0.3 °C/min and maintained 

for 60 min.  After completing the equilibration, a 3-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 to the reaction mixture.  The samples were 

then purified by dissolution into toluene and subsequent precipitation into methanol.  The 

purification step was repeated 3 – 5 times in order to eliminate any residual reactants and/or 

solvent.  The polymer was then dried at 60 °C under 30 in. of vacuum in order to remove the 

final traces of methanol.   

 

3.3.3 Formation of polystyrene brushes on a flat silicon substrate 

Silicon wafers were cut into 1 × 7 cm2 pieces and subjected to ultraviolet/ozone 

treatment for 15 min. in order to generate a large number of surface-bound hydroxyl groups.  

The surfaces of the silicon wafers were functionalized with the BMPUS polymerization 
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initiator using the method described previously54 and were subsequently rinsed with toluene 

in order to remove any physically absorbed BMPUS molecules.  Styrene monomer was 

filtered thorough alumina filled column before polymerization.55  Polystyrene brushes were 

grown via a “grafting from” method from the substrate-bound BMPUS centers by following 

the atom transfer radical polymerization (ATRP) mechanism.53, 56, 57  Specifically, PMDETA 

(0.19 mg, 1.116 mmol), CuBr (0.12 g, 0.837 mmol), CuBr2 (1.5 mg, 6.715 µmol), anisole 

(34.8 g, 0.322 mol), and styrene (31.8 g, 0.305 mol), were charged to a 100 mL Schlenk flask 

equipped with a magnetic stirrer bar, sealed with a rubber septum, and degassed by 

sonicating and purging with nitrogen for 1 h.  The polymerization of styrene was allowed to 

proceed at 90 °C for 24 h, after which the silicon wafer was removed and sonicated in 

toluene.58  The molecular weight of PS brushes (Mn) is linearly related to the dry thickness of 

PS brushes on silicon wafer (h): h = σ·Mn/(NA·ρ), where σ is the grafting density (estimated 

to be ≈ 0.45 nm2, see below), NA is the Avogadro’s number, and ρ is the density of 

polystyrene (1.05 g/cm3).59  After polymerization, the resulting PS brushes were subjected to 

bromination in order to create surface-anchored PBrxS brushes, as described next. 

 

3.3.4 Formation of poly(styrene-co-bromostyrene) brushes on a flat silicon substrate 

We utilized a gradient sample geometry in order to monitor the bromination kinetics 

of surface-anchored PS on a single specimen.  As shown in Figure 3.1, a silicon wafer 

covered with PS brushes was placed vertically into a custom-designed reaction chamber that 

was kept at 25 °C.  A syringe pump was used to deliver Br2 solution of a given concentration 
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(specified in Table 3.2) to the bottom of the reaction chamber at a fixed flow rate (0.4 mL/h).  

These experiments were executed in the absence of light to prevent any photolysis of 

bromine.  After bromination, the surface of the silicon wafer was washed with 1-pentene and 

sonicated in toluene in order to remove any unreacted Br2 and impurities.  PBrxS brush 

samples were prepared by carrying out the bromination reaction in different solvents, 

including NB, CD, and CDD. 

 

 

 

Figure 3.1 Schematic of the apparatus used to prepare surface-bound PBrxS brushes with 
variable degree of bromination. 

 

3.3.5 Ellipsometry 

The thickness of polystyrene brushes was measured at various points on the silicon 

specimen (in a grid of 5.0 mm for longer direction) using a variable angle spectroscopic 
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ellipsometry (VASE; J.A. Woollam, Inc.).  The thickness was evaluated from the 

experimentally measured ellipsometric angles Ψ and ∆ collected at 400 – 1100 nm and 70° 

(angle between the direction of the beam and the sample normal) using the J.A. Woollam 

commercial software (WVASE32).  The following refractive indices were used for various 

material: 1.45 for BMPUS and 1.591 for polystyrene59 at 633 nm.  Table 3.2 lists mean 

thickness values collected from each sample (error less than 10%). 

 

3.3.6 Fourier transform infrared (FT-IR) spectroscopy  

All IR spectra were acquired on a Nicolet 6700 FT-IR spectrometer with OMNIC 

software version 6.0 (Thermo Fisher Scientific, Inc.).  The spectra of bulk PBrxS were 

recorded on a thin sample film prepared on a KBr crystal.  The spectra of PBrxS brush 

samples on silicon wafer were obtained directly in the transmission mode.  In each 

measurement, 2048 scans were collected with resolution 4 cm-1. 

 

3.3.7 Nuclear magnetic resonance (NMR) 

Pulsed field NMR experiments were performed on a Bruker AVANCE 500 MHz 

spectrometer equipped with an Oxford Narrow Bore Magnet, SGI INDY host workstation, 

and XWINNMR software version 2.5.  The NMR probe was tuned to the 13C frequency, 

which is at 125.75 MHz for the 500 MHz spectrometer.  All quantitative measurements were 

carried out using a single frequency 5 mm carbon 13C dedicated probe (Ge NMR adopted for 

Bruker shims).  NMR experiments revealed that the bromination occurred exclusively in the 
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para position of the phenyl ring of PS and confirmed the results of the elemental analysis 

concerning the molar content of 4-BrS in the sample.40 

 

3.3.8 Elemental analysis (EA) 

The concentration of bromine in each PBrxS sample was established by elemental 

analysis (Atlantic Microlabs, Norcross, GA). 

 

3.3.9 Other characterization techniques 

Size exclusion chromatography experiments on polymers before and after 

bromination established that bromination increased the molecular weight of the parent PS, 

but did not affect the distribution of the molecular weight (i.e., no chain scission or branching 

took place).  Differential scanning calorimetry established the presence of a single glass 

transition temperature revealing that, on average, all PS chains underwent bromination.40  

The same conclusions were reached from independent experiments using interaction 

chromatography, which revealed that no unbrominated PS was present in the solution.60  

 

3.4 Results and discussion 

3.4.1 IR spectra analysis 

We utilized FT-IR spectroscopy to determine the mole fraction of 4-BrS in PBrxS, in 

addition to using 13C NMR and IR analysis.  Application of FT-IR was motivated by our 
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needs to measure the content of 4-BrS in PBrxS brushes; neither 13C NMR nor IR analysis 

could be applied there because of our inability to produce a sufficient amount of material.  

Because IR provides concentration information on a relative basis, we used bulk-synthesized 

PBrxS as standards.61   
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Figure 3.2 Infrared absorption spectra for PS and PBrxS, where x denotes the mole 
fraction of 4-bromostyrene (4-BrS).  In the figure we mark the following characteristic peaks: 
monosubstituted phenyl ring (≈698 cm-1), 1,4-substituted phenyl ring with in PBrxS (≈821 
cm-1), and bromine-containing phenyl ring (≈1010 and ≈1408 cm-1).  The methylene –CH2– 
stretching vibration at ≈2925 cm-1 serves as a reference for signal as the –CH2– groups are 
unaffected by the bromination reaction. 

 

The monosubstituted phenyl ring exhibits a characteristic absorption peak at ≈698 cm-1.  

4-BrS is characterized by the 1,4-disubstituted phenyl ring with its absorption peak at ≈821 
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cm-1 and the bromine compound ring with absorption peaks at  ≈1010 and ≈1408 cm-1.62  The 

methylene –CH2– stretching vibration at ≈2925 cm-1 served as a reference signal as the 

–CH2– groups were unaffected by the bromination reaction.  In Figure 3.2 we plot IR spectra 

for PS for several selected bulk PBrxS samples with various degrees of bromination ranging 

from 0% (pure PS) to 100% (PBr1.0S).   
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Figure 3.3 Intensities of IR absorbances for 4 characteristic peaks indicated in Figure 2 
(cf. legend to Figure 2) as a function of the mole fractions of 4-BrS in PBrxS.  The lines are 
best fits to the data.  With increasing degree of bromination, the absorbance intensity 
corresponding to pure PS (≈698 cm-1) while those referring to the presence of the Br-phenyl 
signal (≈821, ≈1010, and ≈1408 cm-1) increase. 

 

In Figure 3.3 we plot the normalized IR intensities for the aforementioned characteristic 
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wavenumbers as a function of the mole fraction of 4-BrS, which was determined via 

elemental analysis.  As apparent from the plot, increasing the degree of bromination leads to 

a decrease in the ≈698 cm-1 frequency intensity, indicating decreasing number of 

unbrominated styrene units, and an increased intensity at the wavenumbers, indicating the 

presence of 4-BrS.  We use these correlations to quantify the degree of bromination in PBrxS 

brushes on solid substrates. 

 

3.4.2 Bromination of PS coils in different solvents and at different temperatures 

We monitored the rate of bromination in four solvents: NB, CD, CUD, and CDD at 

temperatures ranging from 20 to 60 °C.  NB is a good solvent for PS and PBrxS at all reaction 

temperatures.  As already mentioned, the Tθ of CD, CUD, and CDD are 6.6, 32.8, and 58.6 

°C, respectively.  In parts a) of Figures 3.4 – 3.6 we plot the degree of bromination (i.e., the 

content of 4-BrS in PBrxS), determined by FT-IR (triangles), NMR (squares), and EA 

(circles), as a function of the bromination time.  The data shown correspond to the 

bromination in NB at 25 °C (cf. Figure 3.4), CD at 32 °C (cf. Figure 3.5), and CDD at 32 °C 

(cf. Figure 3.6).  From the data it becomes apparent that bromination of PS in NB (cf. Figure 

3.4) is the fastest among the three reactions, reaching a 100% degree of bromination in less 

than 400 min under the conditions of the experiment.  This finding is not that surprising if 

one considers that the reaction rate depends on the dielectric constant of the solvent, ε, 

(bromination reaction rate increasing with increasing ε) and solvent quality.  Recall that NB 

is a good solvent for both PS and PBrxS and possesses the highest dielectric constant among 



 50

all solvents considered here.  
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Figure 3.4 (a) Degree of bromination (x) determined by elemental analysis (EA, circles) 
and infrared spectroscopy (IR, triangles), and the corresponding values of (b) R1, (c) R2, and 
(d) R3, calculated using eqs 3.4–3.6, as a function of bromination time for bromination of PS 
(30 kDa) in nitrobenzene (NB) at 25 °C.  The lines are best fits to the data for x < 1.  The 
equations corresponding to the best fits are given in the respective figures. 
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Figure 3.5 (a) Degree of bromination (x) determined by nuclear magnetic resonance 
(NMR, squares) and elemental analysis (EA, circles) and the corresponding values of (b) R1, 
(c) R2, and (d) R3, calculated using eqs 3.4–3.6, as a function of bromination time for 
bromination of PS (30 kDa) in 1-chlorodecane (CD) at 32 °C.  The lines are best fits to the 
data for x < 1.  The equations corresponding to the best fits are given in the respective figures. 
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Figure 3.6 (a) Degree of bromination (x) determined by nuclear magnetic resonance 
(NMR, squares) and elemental analysis (EA, circles) and the corresponding values of (b) R1, 
(c) R2, and (d) R3, calculated using eqs 3.4–3.6, as a function of bromination time for 
bromination of PS (30 kDa) in 1-chlorododecane (CDD) at 32 °C.  The lines are best fits to 
the data for x < 1.  The equations corresponding to the best fits are given in the respective 
figures. 
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Even after more than 1000 min, bromination of PS in CD and CDD does not reach the full 

level of bromination; instead, the maximum levels of bromination in CD and CDD are ≈80 

and ≈60%, respectively.  Considering that CD and CDD are good and poor solvents, 

respectively, for PS under the conditions of the experiments, these results indicate that the 

conformation of PS in the solvent determines the maximum level of bromination due to 

accessibility of styrene segments during the “coloring” reaction.63, 64  We now turn to a more 

quantitative analysis of the bromination kinetics.  In the past, several research groups studied 

the bromination of styrene (or styrene-like monomers) as well as polystyrene under various 

conditions.27-30, 32-34, 65-71  For instance, Robertson et al. reported that the bromination of 

mesitylene in acetic acid follows a second-order kinetics at low bromine concentrations 

(10-2 – 10-3 M).72-74  Andrews75, 76 and Wright groups31 argued that bromination substitution 

follows a combined first-order (in bromine) and second-order (in bromine) reaction kinetics.   

 

2
2221

2 ][Br[ArH]][Br[ArH]
d

]d[Br
⋅+⋅=−= kk

t
R      (3.1) 

 

Specifically, Andrews et al. studied the kinetics of bromination of mesitylene in acetic 

acid, and Wright et al. investigated the kinetics of bromination of six substituted styrenes 

(3-fluoro-, 3-chloro-, 3-bromo-, 3,4-dichloro-, 3-nitro, and 4-nitro-) in anhydrous acetic acid 

at temperatures between 17 and 45 °C.  From their data it appears that, the second-order 

kinetics in bromine is most dominant because k1/k2 << 1.31, 75, 76  Jungers et al. described the 

bromine substitution on the para position of toluenes and xylenes using a third-order kinetics 
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in bromine.65, 66, 77, 78  Camps et al. showed that bromination of polystyrene in the presence of 

Lewis acid catalysts, i.e., SnCl4, SbCl5, and TiCl4, is of fourth-order (third-order in 

bromine).27 

 

Scheme 3.1 Overall reaction scheme of depicting the bromination of polystyrene with 
bromine 

 

 

In our work, we examine three possible reaction orders.  Based on the reaction 

scheme shown in Scheme 3.1, we write down a general kinetic balance for the bromination 

reaction as: 
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−      (3.2) 

 

In eq 3.2, S and B represent the molar concentrations of styrene and bromine, respectively, X 

is the molar concentration of 4-bromostyrene, kexp is the rate constant for bromination, and Z 

is the reaction order.  Eq 3.2 has a general solution given by: 
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The solutions to eq 3.3 for Z = 1, 2, and 3 can be obtained after some algebra.  Those read as 

follows; 

 

For Z=1 
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and for Z=3 
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R1, R2, and R3 are represented by the second-order (first-order in bromine), third-order 

(second-order in bromine), and fourth-order (third-order in bromine) reaction rates, 

respectively.  We used the experimentally measured values of x for four different solvents 

and bromination temperatures ranging from 20 to 60 °C to determine the rate constants, kexp, 
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using eqs 3.4–3.6.  The rate constants, kexp, were extracted from the best fits to the slopes.  

Typical plots pertaining to the bromination of PS in NB, CD, and CDD are shown in parts 

b-d of Figures 3.4–3.6.  In Figure 3.7 we plot kexp (in a semilogarithmic plot) as a function of 

the inverse temperature for PS brominated in NB (diamonds), CD (squares), CUD (circles), 

and CDD (triangles) for the third-order bromination reaction (second-order in bromine). 
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Figure 3.7 Bromination rate constants corresponding to the third-order bromination 
reaction of PS (second-order in bromine) in nitrobenzene (NB, diamonds), 1-chlorodecane 
(CD, squares), 1-chloroundecane (CUD, circles), and 1-chlorododecane (CDD, triangles) as a 
function of reciprocal temperature for temperature ranging from 20 to 60 °C. 
 
These data can be used to determine the activation energy for bromination (EA) from 
 

RTEAAk /
exp e−⋅=          (3.7) 
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In eq 3.7, A is a (frequency) prefactor, R is the universal gas constant (8.314 J/(mol/K)) and T 

is the absolute temperature.  The EA value can be readily extracted from the slope in a plot of 

ln(kexp) against 1/T (i.e., slope = -EA/R).  These activation energies determined for the first 

(squares), second (circles) and third (triangles) reaction in bromine in NB, CD, CUD, and 

CDD are shown in Figure 3.8a. 
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Figure 3.8 (a) Activation energies (closed symbols, left ordinate) obtained from first 
(squares), second (circles) and third (triangles) order (in bromine) reaction analysis for 
bromination of PS (30 kDa) in nitrobenzene (NB), 1-chlorodecane (CD), 1-chloroundecane 
(CUD), and 1-chlorododecane (CDD).  (b) (left ordinate) Activation energies the second-
order (in bromine) reaction analysis for bromination of PS (30 kDa) and (right ordinate) 
dielectric constant (open diamonds, right ordinate) at 25 °C in NB, CD, CUD, and CDD. 
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It is challenging to make conclusions about the actual rate of bromination from the 

fits, whose representative examples are shown in portions b–d in Figures 3.4–3.6.  However, 

examining the results in Figure 3.8a does provide evidence that the reaction is first-order in 

styrene and second-order in bromine.  First, one can rule out the first-order reaction in 

bromine because EA for CD should not be higher than that in CDD; brominating PS in CD is 

easier than that in CDD due to conformational constraints associated with the PS chain.  Also, 

the fits to the experimental data using the first-order reaction in bromine are consistently 

worse than those obtained using the second- and third-order reaction mechanism (cf. Figure 

3.5 and 3.6).  Second, considering that the rate of bromination increases with increasing the 

dielectric constant of the solvent, the results obtained for the third-order reaction in bromine 

do not seem feasible as εNB>> εCD.  In the presence of solvent with a high dielectric constant, 

two bromine molecules separate to tribromide anion and bromide cation.  The bromination 

reaction then follows electrophilic aromatic substitution by a linear Br3
- ,37, 79, 80 as shown in 

Scheme 3.2.  This chemical route is in accord with our 13C NMR analysis, which confirmed 

that the substitution of hydrogen for bromine occurred only in the para position of the phenyl 

ring of PS.40   

 

Scheme 3.2 Scheme of bromination mechanism of polystyrene with bromine 

 

 

In Figure 3.8b we plot the activation energy for bromination assuming the second-
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order in bromine (left ordinate, circles) and the dielectric constant of the solvent (right 

ordinate, open diamonds) for NB, CD, CUD, and CDD.  The data indicate that there is 

inverse relationship between EA and ε, as expected.  While ε for NB is 10–20 times higher 

than that in CD, CUD, and CDD for temperatures ranging from 20 to 60°C, EA in NB is ≈10 

times lower than those in CD, CUD, and CDD.  Due to the higher ε, tribromide in NB may 

more strongly attack the aromatic rings in PS with highly oriented electrophiles compared 

with tribromides in CD, CUD, and CDD.  Activation of bromide substituents stabilizes the 

intermediate formed during the substitution by donating electrons into the phenyl ring by 

resonance and stronger inductive effects (cf. Scheme 3.2).  The data in Figure 3.8 reveal 

another interesting fact.  Namely, while ε for CDD is higher than that in CD (cf. Table 3.1) 

the value of EA in CDD is higher than that in CD.  One may reconcile this observation by 

invoking the effect of solvent quality, which affects the conformation of PS, as discussed 

earlier.  To this end, substitution of the hydrogen atom in the para position of the phenyl ring 

in PS should be easier when performed in CD, relative to CDD, because PS adopts “open 

chain” conformations in CD relative to CDD.  Because of the steric hindrance associated 

with collapsed conformations in CDD, the accessibility of unsubstituted styrene units in PS 

to bromine atoms is limited.  It thus appears that the rate of bromination depends not only on 

the chemical reaction environment but also on the degree of the physical accessibility of 

bromine to phenyl ring in PS.  We provide further evidence about this in the next section 

where we discuss the bromination of polystyrene chains anchored chemically to flat solid 

substrates. 
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Table 3.1 Physico-chemical properties of used solvents 

Solvent a) 
 

Density b) 
(g/cm3) 

Tθ for PS 
(°C) 

Dielectric constant b) 
 

NB 1.196 c) 34.8 

CD 0.868   6.6   2.8 

CUD 0.868 32.8   3.4 

CDD 0.867 58.6   4.2 
a) NB = nitrobenzene, CD = 1-chlorodecane, CUD = 1-chloroundecane, and CDD = 1-chlorododecane. 
b) At 25 °C. 
c) Liquid nitrobenzene is a good solvent for PS and PBr1.0S. 

 

3.4.3 Bromination of surface-anchored PS brushes in different solvents 

The two-step method leading to the formation of surface-tethered PBrxS, which 

facilitated monitoring the bromination kinetics in surface confined PS chains on a single 

specimen, has been described earlier in the Experimental section.  Recall, in the first step we 

prepared PS brushes anchored to a flat silica substrate via surface-initiated ATRP of styrene.  

In the following step, we have carried out the bromination reaction using the setup illustrated 

in Figure 3.1.  Specifically, the silicon wafer decorated with surface-bound PS brushes was 

placed vertically into a reaction chamber and Br2 solution was delivered via a syringe pump 

to the bottom of the reaction chamber at a fixed flow rate.  The bromination of PS brushes 

was carried out in NB, CD, and CDD at 25 °C.  The degree of bromination of surface-

anchored PBrxS brushes was monitored via FT-IR.  In order to convert the IR intensities into 

the mole fraction of 4-BrS we used the calibration plot relating the IR intensities of selected 

frequencies to the mole fraction of 4-BrS in bulk-synthesized PBrxS determined by EA (cf. 

Figure 3.2).   

In order to calculate the amount of styrene present in PS brushes, we had to make an 



 61

assumption about the overall grafting density of PS brushes on the substrate (σPS).  On the 

basis of our previous work,81, 82 we estimate σPS  ≈ 0.45 chains/nm2.  Using this 

approximation, we can relate the dry thickness of PS brushes (hPS) to the molecular weight 

(MPS) via: 

 

PSPS 1200 hM ⋅=  ,        (3.7) 

 

where h is in nanometers and MPS is in Daltons.  Considering that the width of the substrate is 

w (recall, we typically used w ≈ 1 cm) and the immersion depth in the bromination solution 

is y, the number of chains immersed in solution is: 

 

ywc ⋅⋅σ= PSPS   ,         (3.8) 

and the total PS mass is 

 

A

PS
PSPS N

M
ywm ⋅⋅⋅σ=   ,        (3.9) 

 

where NA is Avogadro’s number.  At any given time, the height of the bromination solution in 

the reactor is the same as the immersion depth of the sample, y.  Considering the total volume 

of the liquid to be given by πd2y/4, where d is the inner diameter of the reactor vessel, the 

molar concentration of styrene units, S, (in mol/L) can be estimated from: 
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In eq 3.10, MS is the molecular weight of styrene (= 104.15 Da).   

0

1

2

3
R1 = 0.0037 t

b)

R
1  

 

 

0

5

10

15

c)

R
2

 

 

0 200 400 600 800 1000
0

20

40

60

d)

R
3

 

 Bromination time   (min)

0.0
0.2
0.4
0.6
0.8
1.0

a)

x

 

 

 

 
Figure 3.9 (a) Degree of bromination (x) determined by infrared spectroscopy, and the 
corresponding values of (b) R1, (c) R2, and (d) R3, calculated using eqs 3.4–3.6, as a 
function of bromination time for bromination of PS brushes in nitrobenzene (NB) at 25 °C.  
The symbols denote various experimental conditions corresponding to samples SA-NB1 
(black squares), SA-NB2 (red circles), and SA-NB3 (green triangles).  See Table 3.2 for 
sample description. 
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Figure 3.10 (a) Degree of bromination (x) determined by infrared spectroscopy, and the 
corresponding values of (b) R1, (c) R2, and (d) R3, calculated using eqs 3.4–3.6, as a 
function of bromination time for bromination of PS brushes in 1-chlorodecane (CD) at 25 °C.  
The symbols denote various experimental conditions corresponding to samples SA-CD1 
(black squares), SA-CD2 (red circles), and SA-CD3 (green triangles).  See Table 3.2 for 
sample description. 
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Figure 3.11 (a) Degree of bromination (x) determined by infrared spectroscopy, and the 
corresponding values of (b) R1, (c) R2, and (d) R3, calculated using eqs 3.4–3.6, as a 
function of bromination time for bromination of PS brushes in 1-chlorododecane (CDD) at 
25°C.  The symbols denote various experimental conditions corresponding to samples 
SA-CDD1 (black squares), SA-CDD2 (red circles), and SA-CDD3 (green triangles).  See 
Table 3.2 for sample description. 
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Figure 3.12 Degree of bromination (x) as a function of bromination time for bromination 
of PS brushes in nitrobenzene (NB), 1-chlorododecane (CDD), and 1-chlorododecane (CDD) 
at 25 °C.  The amount of bromine, the amount of solvent, and dry thickness of the parent PS 
brush are approximately the same in all samples.  See Table 3.2 for sample description. 

 

In Figures 3.9a–3.11a we plot the concentration of 4-BrS units in surface-tethered 

PBrxS brushes as a function of bromination time.  As expected, in each solvent the degree of 

bromination increases with increasing the content of bromine in the solution.  Note that the 

molar concentration of Br2 in the bromination solution is much higher relative to the bulk 

bromination described and discussed earlier (nBr/nS = 1.3 - 7.0 for bulk bromination, and 

1.3 × 107 – 7.0 × 107 for surface bromination; nBr and nS represent the molar concentrations 
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of bromine and styrene, respectively). In order to compare the results for PBrxS brushes 

prepared in three different solvents more quantitatively, in Figure 3.12 we replot the mole 

fraction of 4-BrS in PBrxS brushes as a function of bromination time for systems having 

approximately the same thickness of PS brush and the same concentration of Br2 in solution.  

In order to compare the results for PBrxS brushes prepared in three different solvents more 

quantitatively, in Figure 3.12 we replot the mole fraction of 4-BrS in PBrxS brushes as a 

function of bromination time for systems having approximately the same thickness of PS 

brush and the same concentration of Br2 in solution.  Comparison of the data in Figure 3.12 

reveals that bromination in NB, a good solvent for PS and PBrxS, is the fastest among the 

three solvents.  In addition, bromination of PS brushes in CD was only slightly faster than 

that performed in CDD. 

 

Table 3.2 Conditions for preparing surface-anchored PBrxS brushes 

Sample ID Solvent a) Solvent amount 
(mL) 

Br2 amount 
(g) 

Dry PS brush thickness 
(nm) 

SA-NB1 NB 100   3.2   85.0 

SA-NB2 NB 100   9.6   95.0 

SA-NB3 NB 100 20.8 101.2 

SA-CD1 CD 100   6.8 67.9 

SA-CD2 CD 100   9.8 103.9 

SA-CD3 CD 100 22.1 200.0 

SA-CDD1 CDD 100   6.9 122.0 

SA-CDD2 CDD 100   9.8 103.8 

SA-CDD3 CDD 100 28.2 200.0 
a) NB = nitrobenzene, CD = 1-chlorodecane, and CDD = 1-chlorododecane. 
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We used eqs 3.4–3.6 in order to calculate the rate constants R1–R3 in NB, CD, and 

CDD.  The results are plotted in parts b–d in Figures 3.9–3.11.  In our analysis we omit 

effects associated with differences in the PS brush thickness because the amount of bromine 

during the bromination reaction is much higher than the concentration of styrene units in the 

sample.  Because of the large scatter in data, it is not easy to make quantitative conclusion 

about the reaction order.  However, we can rule out the possibility of the third-order reaction 

in bromine because the data collected from three individual bromine concentrations (parts d 

of Figures 3.9–3.11) do not match for either solvent.  On the basis of the match among the 

three data sets for each solvent, we make the following conclusions.  For NB, the reaction 

appears to follow the first-order kinetics in bromine.  The reaction rate, based on the fits, 

appears to be more than 5.5 times slower relative to bulk bromination.  Bromination of PS 

brushes in CD and CDD appears to be either first- or second-order (or the combination of 

first- and second-order) in bromine; the reaction rates are reduced about twice relative to the 

bromination in bulk for both solvents.  While more experiments would have to be carried at 

various temperatures for each solvent in order to confirm the reaction order and extract the 

EA values, it is clear that the bromination kinetics of PS brushes is much slower relative to 

that of free PS chains.  We attribute this behavior to the steric hindrance due to confining PS 

chains at the interface. 

 

3.5 Conclusions 

We conclude by summarizing our findings and making a few remarks.  In this 

Chapter we have reported on the brominations of PS chains in bulk and surface-anchored PS 
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brushes in four different solvents and various temperatures.  We find that 1) the bulk 

bromination of PS follows the second-order kinetic in bromine and 2) the reaction rate 

increases with increasing dielectric constant of the solvent.  We also find that the bromination 

kinetics depends on the solvent quality.  To this end, experiments in CD and CDD revealed 

that bromination in CDD is slower than that in CD in spite of the fact that the dielectric 

constant of CDD is higher than that of CD.  We explain this observation by considering that 

the solubility of PS in CDD is lower than that in CD.  In addition to bromination of PS chains 

in bulk, we have also studied the formation of PBrxS brushes on flat solid substrates by 

brominating PS chains that were previously formed by surface-initiated polymerization of 

styrene.  Using a combinatorial setup, we monitored the entire bromination kinetic in a given 

solvent at 25 °C on a single sample.  Analysis of the kinetic data from PBrxS brushes reveals 

that the reaction order for bromination appears to be of first-order in bromine for NB and 

either first- or second-order (or the combination of first- and second-order) in bromine for 

CD and CDD.  We cautioned that a more detailed set of experiments has to be carried out at 

different temperatures in order to confirm these findings and in order to extract the values of 

EA.  We have, however, conclusively shown that the reaction rates for brominating PS 

brushes are much slower than those for brominating free PS chains in solution.  We attribute 

this behavior to steric hindrance due to PS confinement on the substrate.   

We are aware of the various complexities involved in post-polymerization reactions 

on surface-confined macromolecules.  While not explicitly stated, in all our analysis we 

assumed that Br2 can penetrate PS brushes completely.  Recent computer simulations have 

revealed that, depending on the chain grafting density, chemical reactions performed on 
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surface-anchored polymers may lead to the formation of copolymers with various 

co-monomer sequences.83  While “coloring” sparsely spaced brushes on flat substrates 

consistently produces RCPs, increasing the density of the brush leads to the formation of 

surface-grafted copolymers, whose bottom block comprises the original parent polymer and 

the top block is made of a RCP consisting of the “uncolored” and “colored” moieties.  

Preliminary experiments using neutron reflectivity on samples brominated in NB, CD, and 

CDD confirm our assumptions about equal distribution of 4-BrS along the PBrxS brushes - at 

least for the grafting densities of PS chains considered in this paper (σPS ≈ 0.45 chains/nm2).84  

In order to gain complete understanding of the effect of chain confinement, it would be 

important to carry out bromination of PS brushes in different solvents at various values of σPS.  

In addition, it would be interesting to compare bromination of PS brushes on flat substrates 

with that on convex substrate.  To this end, the curvature of the convex substrate may help to 

alleviate confinement effects acting on the grafted macromolecules.  Experiments are 

currently in progress to address those points. 
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4.1 Abstract 

Over the past few decades, multiple experimental and theoretical studies have 

reported on the physico-chemical characteristics of copolymers with ordered co-monomer 

sequence distributions.  Because of challenges associated with synthesizing random 

copolymers (RCPs) with tunable co-monomer sequences and analyzing their monomer 

sequence distributions, only a few computer simulations and sophisticated theoretical 

approaches have been employed that provided insight in the thermodynamical behavior of 

RCPs.  Recently, we developed a methodology facilitating the formation of RCPs with 

tunable co-monomer sequence distributions based on the “chemical coloring scheme” 

suggested originally by the Khokhlov’s group.  Here we report on the effect of chemical 

composition, co-monomer distribution, and 1H/2D isotopic substitution on the phase behavior 

in copolymers of poly(styrene-co-4-bromostyrene) (PBrxS), where x denotes the mole 

fraction of 4-bromostyrene (4-BrS), in cyclohexane (CH).  We have previously reported that 

the co-monomer sequence in PBrxS chains be tuned by varying the solution conditions, i.e., 

solvent type and reaction temperature during the bromination reaction.  Specifically, while 

RCPs with “truly random” co-monomer sequence distributions (r-PBrxS) can be synthesized 

by brominating parent polystyrene (PS) macromolecules under good solvent conditions, 

random-blocky RBCs (b-PBrxS) can be prepared by carrying out the bromination reaction 

under poor solvent conditions for PS and PBrxS.  The experiments aiming at understanding 

the bulk phase behavior of PBrxS that are reported in this Chapter have all been performed in 

CH.  CH is either a Theta or good solvent for PS (the Theta temperature, Tθ, is ≈35°C) and 

a poor solvent for 4-BrS.  Because of these solubility constraints, PBrxS RCPs are soluble in 
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CH for x < 0.6.  Specifically, we will report that: 1) solutions of b-PBrxS possess higher 

cloud point temperatures that their r-PBrxS counterparts having the same polymer 

concentration and x, 2) while r-PBrxS chains collapse as individual coils during the 

coil-to-globule transition, the 1-phase to 2-phase transition in b-PBrxS is associated with the 

formation of larger macromolecular aggregates comprising multiple b-PBrxS chains formed 

in solution, and this assembly acts as a precursor to the “true phase transition”.  This 

complex phase behavior of b-PBrxS is attributed to the existence of inter- and intra-chain 

contacts acting among styrene and 4-BrS units (“pattern recognition”) leading possibly to 

“flower-like” micelle formation.  In addition, we report on a strong effect of isotope 

substitution in both PBrxS and CH on the cloud point temperature. 
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4.2 Introduction 

 Over the past half a century, the miscibility of homopolymers or heteropolymers with 

ordered co-monomer sequence distributions has been studied experimentally and 

theoretically as a function of temperature, pressure, concentration, molecular weight, isotope 

substitution, solvent quality, polydispersity, and other important system variables.1-4  The 

motivation for such studies has been fueled by the need to understand equilibrium 

fluctuations associated with thermodynamic stability that can play a central role in initiating 

and controlling protein aggregation and protein folding associated with the effect of protein 

amino acid sequences.  In spite of these efforts, limited understanding exists about synthetic 

random copolymer (RCP) systems, primarily due to a limited number of available synthetic 

methods available for preparing RCPs having precise control of chemical sequences of 

monomeric constituents.5-7  Recently, a large number of experimental observations and 

theoretical predictions have been carried out involving the equilibrium conformational 

fluctuations of individual protein molecules into non-native structures8-11 and large 

concentration fluctuations under liquid-liquid phase separation.12-20  Understanding physico-

chemical characteristics of artificial heteropolymers with adjustable monomer sequences 

(HAMS), a general class of RCPs, can improve knowledge aiming at phase behavior of (i.e., 

microscopic mechanisms of nucleation and subsequent growth processes) natural 

heteropolymers, such as proteins or enzymes. 

We have recently developed and reported on a facile synthetic methodology for 

preparing RCPs with adjustable co-monomer sequence distributions by utilizing the 

“coloring scheme” proposed originally by the Khokhlov group in their computer simulations 
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studies.21-26  This scheme enables us to form RCPs with tunable co-monomer sequences by 

adjusting the size of the parent homopolymer via varying the solution quality and performing 

the “chemical coloring reaction” on those segments of the homopolymer coils that are 

sterically accessible.  More than two decades ago, Kambour and coworkers,27 reported on 

synthesizing poly(styrene-co-4-bromostyrene) copolymers (PBrxS) by brominating parent 

polystyrene (PS), where x denotes the mole fraction of 4-bromostyrene (4-BrS).  Kambour 

and coworkers showed that solvents with small permanent dipole moments are capable of 

polarizing the Br2 molecule, thus enabling the electrophilic aromatic substitution of bromine 

in the para position of the phenyl ring of PS without the use of a catalyst.  By adjusting the 

quality of the solvent during bromination of a parent polystyrene, either random or random-

blocky PBrxS, (r-PBrxS or b-PBrxS, respectively), have been synthesized.28, 29  Our previous 

work indicated that “truly random” co-monomer sequences are achieved by brominating 

polystyrene chains in good solvents while random-blocky co-monomer sequences are 

generated when the bromination occurs under moderately poor solvent conditions for both 

the parent homopolymer and the resultant RCP. 

One of the outstanding issues of today’s polymer physics involves detailed 

understanding of the mechanism of and chain conformational changes during the coil-to-

globule (C-G) transition in RCPs as a function of the copolymer chemical composition and 

co-monomer distribution.  From a practical viewpoint, optical turbidity (or so-called cloud 

point) measurements can be conveniently employed to predict the location of the phase 

coexistence in the RCP/solvent phase diagram.  This prediction is, at least qualitatively, 

both tractable and rich enough to describe the thermodynamics of phase separation and the 
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corresponding polymer-polymer interactions in RCP solutions.  Further molecular-scale 

understanding of the subsequent C-G transition can be acquired from measurements using 

small angle neutron scattering (SANS) experiments.  To this end, in this work we study the 

bulk solubility of PBrxS in cyclohexane (CH), which acts either as a theta or good solvent for 

styrene units depending on whether the temperature is below or above the so-called theta 

temperature (Tθ ≈ 34-35 oC), respectively, and is a poor solvent for 4-BrS.  In order to 

characterize the solubility of PBrxS in CH, we measure the turbidity of the solution as a 

function of the solution temperature and time.  In order to determine the effect of blockiness 

in RCPs on their phase behavior we perform cloud point measurements on solutions of 

r-PBrxS in CH and b-PBrxS in CH; in both polymers we keep x the same.  The so-called 

cloud point temperature (the transition from the 1-phase to 2-phase regions of the phase 

diagram), is determined by monitoring the solution turbidity variation with varying 

temperature.  In order to gain further insight into the C-G transition, we complement the 

cloud point measurements with SANS experiments. 

This chapter is organized as follows.  In the next section, we briefly review the 

theoretical background of a typical phase transition of polymer solutions and discuss 

methodologies utilized to characterize the phase transition using turbidity and neutron 

scattering measurements.  The description of our set-up for turbidity measurement and the 

details pertaining to the SANS measurement and analysis follow.  We then discuss the 

results of the effect of the chemical composition, monomer distribution, and isotope 

substitution in the polymer and/or the solvent on the phase behavior of PBrxS in CH.  
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4.3 Theoretical background 

4.3.1 Typical Phase Diagram of Polymer Solution 

 

 
 

Figure 4.1 Schematic phase diagram of a polymer-solvent system exhibiting upper 
critical solution temperature behavior (r-PBrxS/solvent: left, b-PBrxS/solvent: right).  The 
binodal and spinodal curves for each system are marked with solid lines (in the right figure 
we superimpose the bimodal and spinodal curves for the r-PBrxS/solvent system with the 
dotted lines).  Tθ and Tc represent the θ-temperature and the upper critical solution 
temperature, respectively.  Tp points reside on the coexistence (i.e., the cloud-point) curve 
and Tsp points lie on the spinodal curve.  The shadowed area between straight lines on the 
right diagram represents the transition region. 

 

In this section, we recall the typical phenomenology pertaining to phase behavior of 

polymer solutions.  Figure 4-1 depicts a schematic phase diagram of a typical polymer 

solution exhibiting the so-called upper critical solution temperature (UCST) behavior, such as 

that of polystyrene (PS) in CH, and an expected phase diagram of a RCP with random-blocky 

sequences, such as b-PBrxS in CH.  The diagram, plotted in terms of temperature (T) as a 
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function of the polymer volume fraction (φ), divides the space into the miscible (1-phase) and 

immiscible (2-phase) regions separated by the binodal (or coexistence) curve.  Such a 

diagram is merely rotated through 180o about a line parallel to the concentration axis when 

applied to a polymer solution with a lower critical solution temperature (LCST), such as 

certain water-soluble polymers exhibiting some interactions (i.e., hydrogen bonding).  

Polymer solutions phase separate either upon a cooling (UCST) or a heating (LCST) cycle.  

In RCPs with random-blocky sequences, their phase diagram is more complicated than that 

of homopolymers or RCPs with random sequences.  By invoking the “shadow curve” idea 

put forth by Koningsveld30, the phase transition of RCPs with random-blocky sequences may 

exhibit a broad region of the phase separation (cf. Figure 4.1).  In addition, there are 

generally three temperature-concentration regions in such a quasi-binary phase diagram (cf. 

Figure 4.1).  For the UCST-type behavior, polymer coils in solution above a certain 

temperature, Tθ, are completely expanded, representing the so-called “good solvent” 

conditions.  At T = Tθ the coils adopt a size described by the Gaussian statistics.  The Tθ is 

independent of the polymer solution concentration, as shown in Eq. (4.1):1  
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In Eq. (4.1), V1 is the molar volume of solvent, v2 is the specific volume of polymer, ψ1 is the 

entropic parameter (specifically, for PS in CH ψ1=0.703 31), and M is the polymer molecular 

weight. 
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The general conditions for mixing dictate that a system is miscible when: 1) the free 

energy change upon mixing is negative, and 2) the second derivative of the free energy of 

mixing is positive.  If one of these two conditions is not met, the system phase separates and 

enters the “poor solvent” regime.  There are two important lines in the phase diagram.  The 

binodal (or co-existence) line is defined thermodynamically as a series of temperatures where 

the first derivative of the Gibbs energy of mixing with respect to the composition is equal to 

zero, i.e., ∂∆G/∂x=0.  In addition, we also define the so-called spinodal line as a locus of 

temperatures, at which the second derivative of the Gibbs energy of mixing with respect to 

the composition is equal to zero, i.e., ∂2∆G/∂x2=0.  While phase separation inside the 

spinodal line occurs instantaneously and follows the so-called “spinodal decomposition” 32 

mechanism, systems located between the binodal and spinodal are metastable and phase 

separate by following the so-called “nucleation and growth” mechanism.  The point in the 

phase diagram where the binodal and spinodal curves meet is denoted as the critical point and 

is defined by its critical temperature (Tc) and critical concentration (φc).  For completeness, 

the critical point is defined mathematically as a point where the third derivative of the Gibbs 

energy of mixing with respect to the composition is equal to zero, i.e., ∂3∆G/∂x3=0. 

When homopolymer solutions are very close to their cloud point, they normally 

reach a metastable fluctuation equilibrium at short time residence in the metastable region.  

The chains first collapse into compact sizes due to strong attractive interactions resulting in 

an increase in the monomer density inside the chain.  Under this condition, the shift of the 

solvent composition suppresses severely the critical size for nucleation of a droplet.  Hence, 

the polymer chain tends toward a globular conformation.  With increasing time such 
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droplets grow rapidly to macroscopic dimensions and develop sharp phase boundaries.  This 

leads to polymer chain aggregates inside the solution phase. 

 

4.3.2 Detection of phase transition using turbidity measurement 

Over the past few decades a plethora of diverse experimental methods for measuring 

phase transitions of polymer solutions has been introduced, including, sedimentation 

measurement using ultracentrifuge,33 scattering with visible light or neutron beams,34-47 

viscosity measurements,48 and turbidity measurements.49-51  Characterization of phase 

transition using scattering represents a convenient means of obtaining the radius of gyration 

of a single coil (Rg), as well as the structural change of a polymer in the vicinity of demixing 

induced by changing the temperature, and a comparison of ‘nucleation and growth’ vs. 

‘spinodal decomposition-percolation’.  While proving a large set of useful physico-chemical 

characteristics, scattering techniques typically require well-calibrated and sometimes not 

readily-accessible tools (in the case of neutron-based techniques) and rather involved data 

analysis.  For quick screening of the C-G transition, one would need a simpler and more 

accessible method.  Turbidity experiments, which are based on measuring the intensity of 

light transmitted through a solution and comparing it to the intensity of the incident light, 

probe directly macroscopic phase separation using a simple set-up.  In our work, we 

implement turbidity measurements to quickly locate the cloud point of PBrxS/CH solutions.  

We then supplement the cloud point measurements with a more detailed analysis using small 

angle neutron scattering (SANS).  In this section, we describe our home-built turbidity set-
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up and the theoretical background behind the technique.  In the subsequent part, we briefly 

discuss the theory behind SANS and the interpretation methods for analyzing the SANS data. 

The intensity of light transmitted through a sample in a typical turbidity 

measurement is given by: 

 

LeII τ−= 0  ,        (4.2) 

 

where I0 and I are the intensities of the incident and transmitted light, respectively, L is the 

beam path length in the scattering medium, and τ is the turbidity, given by :51-55 

 

L
II )/(ln 0=τ .         (4.3) 

 

While in homogeneous solutions (T > Tc), I0 ≈ I; upon entering the metastable region of the 

phase diagram, a large discontinuity in τ occurs.  One typically plots τ−1 vs T to magnify 

this effect.  The discontinuity point in the transmittance is regarded as a cloud point or the 

binodal temperature; at this point small droplets of the polymer phase form that scatter light 

in many directions from the sample thus decreasing I.  Derham et al. acquired similar curves 

with the scattering intensity instead of the transmitted intensity.56  In addition, the cloud 

point was directly obtained from the beginning point of an abrupt decrease in the relative 
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transmittance (I/I0) as a function of temperature.50, 51  Detailed description of our home-built 

turbidity set up is provided in the experimental section of this Chapter. 

 

4.3.3 Structural study of polymer with small-angle neutron scattering (SANS) 

In contrast to turbidity measurements, SANS probes structure in materials on the 

nanometer (10-9 m) to micrometer (10-6 m) length scale.  In addition, the remarkable 

difference between scattering lengths of 1H and 2D allows for relatively direct and non-

intrusive characterization of polymer phase behavior to be accomplished by isotope labeling 

of one of the constituents in the mixture.  It is important to mention that while isotope 

labeling does not alter the chemical nature of the labeled molecules, some physical changes 

may occur that subsequently affect the phase behavior of systems.  As a result, upward or 

downward shifts in Tc may be detected depending on the degree of labeling and the nature of 

the labeled species (polymer vs solvent).57-59 

In static mode, scattering experiments facilitate determination of particle (polymer) 

size and the second virial coefficient (related to particle/solvent interactions) by measuring 

the angle-dependent scattered intensity, I(q), as a function of wavelength and concentration:   

 

)()(~)( qSqPqI ⋅   ,       (4.4) 

 

where the scattering wavenumber q is given by: 
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In Eq. (4.5), λ is the wavelength of the probing radiation (e.g., 400 - 700 nm for laser light 

0.15 nm for X-rays, and typically, 0.1 -1.2 nm for neutrons60, 61) and θ is the scattering angle.  

The typical q range allows for length scales of materials ranging from 0.5 to 50 nm to be 

probed, which matches the size range of all but the largest macromolecules; the Rg of 

polymers in solution is usually 1 - 10 nm.60, 62  P(q) and S(q) in Eq. (4.4) are the so-called 

form factor and structure factor, respectively.  While P(q) is related to the shape and internal 

structure of the scattering particles, S(q) characterizes inter-particle interactions.  In dilute 

solutions, the effect of S(q) is negligible and only the contribution of P(q) to the overall 

scattering is considered, as will be described in the following section. 

 

4.3.3.1 SANS data analysis 

In this section, we discuss practical methods for evaluating neutron scattering data.  

The previously-mentioned form factor P(q) for both rigid particles and flexible molecules 

can be written as: 

 

L+−= 22

3
11)( RqqP   .       (4.6) 

 

The size of the analyzed molecules can be determined from the initial slope of I(q) vs q2 plots.  

For this approximation to be applicable, one has to pay attention to the range of q2R2.  If 
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q2R2 is too small, detecting the deviation from 1 in Eq. (4.6) is very difficult.  If q2R2 is too 

large, the remaining terms in the above expansion cannot be neglected.  Typically, Rg can be 

detected with slow neutrons because q2R2 covers the appropriate q range needed.  

Two methodologies exist for determining the Rg of a macromolecule using SANS.  

The so-called Guinier formula is based on a second-order expansion of the form factor of the 

macromolecules.  For low polymer concentrations in solution and detection at low 

scattering angles, the form factor is given by the square of the Fourier transform of the 

density distribution of the polymer molecules because the molecules are uniformly 

illuminated throughout the volume.  If interactions among the molecules are neglected, the 

scattered intensity should be represented by a Gaussian function, I(q) = I(0) exp(-q2R2
g/3): 

 

3
)0(Ln)(Ln

2
2 gR

qIqI −=        (4.7) 

 

The initial part in the LnI(q) vs. q2 plot, the so-called Guinier plot, should therefore be a 

straight line; its slope allows for the determination of Rg.63   

The second method, called the Zimm plot, displays 1/I(q) as function of q2.64  As 

this method assumes the absence of strong thermodynamic interactions, one can only analyze 

data with qRg << 1.  Eq. (4.7) then becomes: 
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Thus Rg can be obtained from the slope and the ordinate-intercept in the 1/I(q) vs q2 plot.  

This method is elegant, because it ignores any errors in absolute calibration of the intensities 

and also any errors in the molecular weight of the sample.  The only difficulty one 

encounters in employing this method, particularly at higher concentrations, is that Rg values 

thus obtained represent a convolution of the true Rg and the thermodynamic interaction.  For 

this reason and also because the higher concentration samples progress into the semi-dilute 

regime, estimated to be c* = 15.2/Mw
0.5 (g/cm3) ≈ 8.8 (g/cm3) for polystyrene in CH65, we 

only analyze the data plotted in the Zimm plot at the lowest concentration examined (see 

below).  Because of this limitation, we obtain the Rg from Debye function fitting, which is 

described later in this section. 

While the Guinier and Zimm plots are applicable at low q (hence low scattering 

angle), other approaches have to be utilized if one needs to use scattering data collected at 

higher q.  The power law plot, which depicts 1/I(q) as function of qm, is a good approach for 

understanding the main scattering from larger scattering angles (q ≈ 0.1 Å-1).  A special case 

corresponds to m=2, which is the well-known Lorentzian function.  The Lorentzian function 

has an identical form to the Zimm plot, signifying that the Zimm representation has a clear 

advantage in providing useful results for both high and low values of q.  In fact, the Zimm 

plot is also used for fluids in the vicinity of their critical point since the Ornstein-Zernike 

theory gives: 
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where, ξ is the correlation length.  In this case, Rg can be estimated as √3ξ at low q range 

and √2ξ at high q range.66  The correlation length in dilute solution represents an extremely 

robust indicator of the size of polymer coils in dilute solution.  This method corroborates the 

analysis performed using the Zimm analysis.  Yet another method for determing Rg with the 

assumption for Gaussian chains is based on using the so-called Debye form factor.67  For 

Debye function fitting, I(0) is obtained from Eq. (4.9); Rg is then calculated from fitting using 

Eq. (4.10): 
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In the semi-dilute regime, the plot logI(q) as function of log(q) is more appropriate than that 

given by Eq. (4.9) because this parameter becomes a sensitive function of the excluded 

volume screening behavior.  If the plot is linear over a sufficiently large range of q, the 

characteristic exponent m can be extracted from the slope.  Finally, yet another data 

interpretation method applicable in the larger q range is based on the so-called Kratky plot, 

which represents I(q)qn as function of q.  If the plot possesses a horizontal plateau, the value 

of the exponent n is confirmed.  If n=2, the macromolecule is a Gaussian chain.  This 

method is more precise than extracting Rg from the slope in the logI(q) vs. log(q) plot.  The 

subsequent section provides more details about this type of analysis. 
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4.3.3.2 Worm-like chain 

The so-called Gaussian chain, representing a completely flexible chain, is obviously 

an oversimplification of a real macromolecule.  The main limitation of the Gaussian chain 

model is that ignores finite chain flexibility; as the size scale is increased, a short sequence of 

monomers strung together would look more or less like a rigid rod.  To overcome this 

limitation, Kratky and Porod proposed a worm-like chain (or Kratky-Porod chain) model.68  

In the random flight model pertaining to a Gaussian chain, the directions of any two 

succeeding steps along the curvilinear coordinate along the macromolecule are completely 

uncorrelated.  As a result, in a chain of sufficiently large N steps starting from the origin, the 

position of the chain ends, averaged over a large number of such chains, is independent of the 

direction of the first step.  However, if the chain retains a certain degree of rigidity, the 

direction of the first step will be influenced by the chain length.  In the worm-like chain this 

expectation is incorporated in the construction of the model, such that the projection of the 

averaged end-to-end vector onto the first bond direction; in the limit of finite N it does not 

vanish but rather approaches a finite limit, which is termed the persistence length.68-70 

A number of analytical models and computer simulations carried out using a Monte 

Carlo method have investigated the properties of worm-like chains.72  The main features of 

the intensity curve of the Kratky-Porod chain can be represented schematically by the 

diagram in Figure 4.2.  If a polymer chain follows a self-attracting walk model (collapsed 

chain), pure random walk model (Gaussian chain), and self-avoiding walk model (swollen 

chain), the shape of the Kratky plot follows the higher, middle, and lower line, respectively, 
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shown in Figure 4.2 c. 

 

 

 

Figure 4.2 a) Schematic diagrams of the expected scattering intensity (I) as a function 
of the scattering vector (q) corresponding to a single chain scattering,71  b) schematic Kratky 
plot of the scattering function (solid: Kratky-Porod chain, and dashed: Gaussian chain), and 
c) the dependency of Flory-Huggins interaction parameter on Kratky plot (χ < 1/2: Kratky-
Porod chain, χ = 1/2: Gaussian chain, χ > 1/2: collapsed chain).  χ is the so-called Flory-
Huggins interaction parameter between the polymer and the solvent. 
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The shape of the Kratky plot also depends on the Flory-Huggins interaction parameter, χ, 

between the chain and it surrounding.  At very small q the intensity curve falls 

exponentially according to the Guinier law; it is characterized by Rg.  As q increases, the 

curve reflects the random coil nature of the molecule and follows the Debye function, thus 

decreasing as q-2.  At still larger q the scattering is governed by the behavior of smaller 

sections of the macromolecule, which can be considered as more or less rigid; the intensity 

curve in this regime shows the q-1 behavior of thin rods.  The difference in the shape of the 

scattering curve in various regions of q is even more clearly brought out by plotting I(q)·q2 vs 

q.  This method is called the Kratky plot.  The Debye behavior is now represented by a 

horizontal line, while q-1 branch becomes a sloped straight line that extrapolates back to the 

origin.  The value of q*, at which the transition between these two q regions occurs (cf. 

Figure 4.2 b), is inversely related to the persistence length, ξ. 

The Kratky plot offers detailed information about the chain topology.  Rempp et al. 

showed the difference in scattering behavior between cyclic and linear macromolecules by 

comparing two Kratky plots.73  The maximum at intermediate angles observed for a cyclic 

polymer is due to the higher segment density of the cyclic macromolecules.  At larger 

angles, the same limit is approached, since then it is no longer possible to observe whether a 

segment belongs to a cyclic or a linear macromolecule.  However, the asymptotic behavior 

of the experimental data for cyclic polystyrenes tends to deviate from the theoretical 

prediction.  This could be due to either chain stiffness or topological constraints. 

In this Chapter, we reexamine the theoretical background of polymer 

thermodynamics, including solubility, critical solution temperature, and theta temperature, 
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and describe the background for turbidity and SANS measurements.  These techniques are 

useful for determining the nature of the phase behavior of RCPs.  Later in this Chapter, we 

will discuss in more detail the unique phase behavior of RCPs as characterized by the 

aforementioned experimental methods. 

 

4.4 Experimental section 

4.4.1 Materials and sample preparation 

The materials used for this study were purchased from various vendors and used a 

received.  Hydrogenated monodisperse atactic polystyrene (PS) (Mw = 30 kDa, 

polydispersity index (PDI) = 1.06) was purchased from Pressure Chemical (Pittsburgh, PA).  

Deuterium-labeled polystyrene (PS-d8; Mw = 36 kDa, PDI = 1.09) was purchased from 

Polymer Source Inc. (Dorval, Canada).  Bromine and cyclohexane (CH) were purchased 

from Aldrich Chemical Co.  Deuterated cyclohexane (cyclohexane-d12 or CH-d12) was 

purchased from Cambridge Isotope Lab. (Andover, MA).  1-Chlorodecane (CD), 

1-chloroundecane (CUD), and 1-chlorododecane (CUD) were acquired from TCI America.  

These three solvents were a good fit for the bromination reaction requirements because of 

their moderate dipole moments and the experimental accessibility of their theta temperatures 

(Tθ): 6.6°C (for CD), 32.8°C (for CUD), and 58.6°C (for CDD).28, 29,74  Table 4.1 lists 

important physical characteristics of the solvents and polymers used in this study.  All 

solvents were used without further purification. 

The reactions involving bulk solution bromination of PS (or PS-d8) were carried out 
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in the following manner.  A 1.0% (w/w) polymer 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 Tθ of all solutions) and maintained for 60 min.  

Afterwards the cell temperature was lowered to the desired temperature at a rate of 

0.3 °C/min and maintained for 60 min.  After completing the equilibration, a 3-fold 

stoichiometric excess of bromine was added to the solution under dark conditions.  The 

reaction was allowed to proceed for varying reaction times depending upon the extent of 

bromination desired.  The reaction was terminated by adding a few drops of 1-pentene to 

the reaction mixture.  The samples were then purified by dissolution into toluene and 

subsequent precipitation into methanol.  The purification step was repeated 3-5 times to 

eliminate any residual reactants and/or solvent.  The polymer was then dried at 60°C under 

30 in. of vacuum to remove the final traces of methanol.  Elemental analysis (EA) and 

nuclear magnetic resonance (NMR) were performed to establish the percent of bromine 

added to the chain. 

 



 97

Table 4.1 Physical properties and neutron scattering length density of polymers and solvents 
 

 
Density 

(ρ: g/cm3) 
Monomer molecular weight 

(Mw: Da) 
scattering length density 
(b/V: 1010cm-2 = 10-6 Å-2) 

Boiling point 
(oC) 

Polystyrene (PS) 1.052 104.151 1.415  

Deuterated polystyrene 
(PS-d8) 

1.122 112.201 6.415  

Poly-4-bromostyrene 
(PBrS) 

1.593 183.049 1.771  

Deuterated poly-4-
bromostyrene 

(PBrS-d7) 
1.699 190.091 5.716  

1-chlorodecane (CD) 0.86 176.73 -0.073 223 

1-chlorododecane (CDD) 0.87 204.784 -0.106 260 

Nitrobenzene (NB) 1.196 123.112 2.466 210-211 

Bromine (Br2) 3.11 159.808 1.593 58.7 

Cyclohexane (CH) 0.779 84.16 -0.28 80.74 

Deuterated cyclohexane 
(CH-d12) 

0.89 96.2 6.79 78 
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4.4.2 Turbidity measurement 

 

Figure 4.3 Photo of the turbidity (cloud point) set up used to measure the cloud point 
temperature of PBrxS RBC in cyclohexane using a helium-neon laser (power: 2.0 mW, 
wavelength: 632.8 nm)   

 

In order to characterize the solubility of PBrxS in CH, which has Tθ for PS at 34-

35 °C,75-77 we have measured the turbidity of PBrxS solutions as a function of temperature 

and polymer concentration in CH.  After dissolving PBrxS in the concentration range 0.1 to 

6 wt% at high temperatures, well above their cloud points, the polymer solutions were 

injected into demountable cells comprising two quartz windows embedded in the aluminum 

water jacket.  Quartz was chosen due to its optical transparency for the He-Ne laser (JDS 

Uniphase 1122) light having a wavelength of 633 nm.  The solution temperature inside the 
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scattering cell was controlled by flushing a mixture of water and ethylene glycol (50/50 v/v) 

via a circulating bath (PolyScience) into the jacket.  The temperature of the circulating 

solution was adjusted between 5 and 90 °C (accuracy 0.1 °C) via Digital Temperature 

Controller (PolyScience) that received its input from the J-type thermocouple (Omega Inc.) 

immersed in the scattering cell.  The turbidity of the solution was assessed by measuring the 

intensity of the He-Ne light after passing through the cell with a light detector (OPHIR Nova 

II).  Figure 4.3 shows the set up utilized in our work.  The temperature of the cell was 

varied as a function of time via LabView-based software, which also recorded the laser 

intensity and solution temperature.  As will be discussed later in this Chapter, the turbidity 

measurements were carried out for a variety of PBrxS samples having both “random” and 

“random-blocky” co-monomer sequence distribution.  In several instances, we probed the 

effect of the chain dynamics in the cloud point transitions by varying the solution cooling 

rates from 0.6 to 22 °C/hr.   

 

4.4.3 Small Angle Neutron Scattering (SANS) 

Samples for the SANS experiments comprised solutions of PBrxS-d7 in CH in the 

concentration range 0.1 to 6 % (w/w).  The solutions were poured into the titanium cell with 

a 1 mm pathlength, defined by two quartz windows; each window was sealed by a viton 

o-ring covered with Teflon.  The o-rings were compressed by retaining rings that were held 

down by four screws.  All samples were replaced into a 10 position heating/cooling sample 

block, which can control the sample temperature between 5 and 90 °C with an accuracy of 

0.1 °C.  SANS measurements were performed on the 30 m SANS beamlines (NG3 and 
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NG7) at the National Institute of Standards and Technology (NIST) in Gaithersburg, MD.  

Neutrons with wavelength (λ) of 6 Å and ∆λ/λ of 0.15 and 0.22, respectively, were used with 

two different experimental arrangements including sample to detector distances at 1, 4, and 

13.1 m.  The resulting q ranged from ≈0.00348 to ≈0.051 Å-1.  The SANS data were 

reduced and corrected for parasitic background and empty-cell scattering.  Absolute cross-

sections were obtained by the use of a silica secondary standard and an isotopic polystyrene 

blend.  Finally, a q-independent incoherent scattering correction, assumed to originate 

primarily from protons, was subtracted from the raw data prior to analysis.  The incoherent 

scattering calculations were based on the scattering from pure protonated CH and the proton 

density of the studied samples.  For the data analysis, we evaluated Rg using the Debye 

function fitting, spinodal temperature with the Hammouda et al analysis,66 and examined 

polymer structural changes by invoking the Kratky-Porod analysis. 

 

4.5 Results and discussion 

4.5.1 General remarks for turbidity measurement analysis 

The present experiment measures the intensity of the laser light transmitted through 

the polymer solution as a function of the polymer solution temperature.  While in the 

miscible region, the laser light intensity collected after passing though the polymer solution 

(I) is equal to the intensity before entering the solution (I0), upon entering the immiscibility 

region, the solution becomes cloudy; as a consequence I decreases dramatically.  The cloud 

point measurement is thus the most straightforward method for determining the dissolution 

temperature of clouded but unsettled suspensions by monitoring the abrupt diminution in the 
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relative transmittance (I/I0), which occurs on passing through the coexistence (or the cloud) 

point.  Two types of turbidity measurements were carried out.  Firstly, to determine the 

effect of blockiness on phase behavior of these RCPs, we performed cloud point 

measurements on solutions of r-PBrxS and b-PBrxS in CH with a fixed solution 

concentration; in both solutions we keep kept both x and the polymer concentration the same.  

Additionally, we examined the effects of the cooling rate on the 1-phase to 2-phase transition 

in the PBrxS/CH solutions.  In the experiments described herein, we vary systematically the 

composition of PBrxS, its concentration in CH and perform isotopic substitution in both the 

PBrxS copolymer and CH.   

 

4.5.2 Effect of blockiness and composition on phase transition of PBrxS 

From section 4.3.2, the cloud point is determined by the point of a discontinuity in 

relative transmittance.  There are two methods to delineate this discontinuity.  The first 

method is based on simply determining the temperature, at which the intensity of the 

transmitted beam begins to decrease abruptly at slow cooling rate (less than 2 oC/hr) from the 

plot I/I0 vs T.  The second approach, adopted by many, defines the cloud point as the 

temperature, at which the distinct discontinuity on the plot of τ−1 vs T occurs.  Throughout 

this Thesis, we adopt primarily the former method of determining the cloud point in the 

PBrxS/CH solutions.  Before discussing the phase transition of PBrxS RCPs, we demonstrate 

the phase transition of PS homopolymers using this turbidity measurement.  The phase 

transition in PS/CH solutions for all possible combinations of the isotope labeling on the 

polymer and the solvent is illustrated in Figure 4.4.  Specifically, in Figure 4.4 we plot the 
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cloud point curves for PS/CH (open squares), PS in CH-d12 (closed squares), PS-d8 in CH 

(open circles) and PS-d8 in CH-d12 (closed circles).   
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Figure 4.4 Relative transmittance (I/I0, where I and I0 are the intensities of the 
transmitted and incident light, respectively) of PS solutions (2% w/w) in CH (□), CH-d12 (■), 
and PS-d8 solutions (2% w/w) in CH (○), and CH-d12 (●).  PS-d8 exhibits higher phase 
transition temperatures than those observed in PS.  The phase transition of PS in CH-d12 is 
higher than that in CH. 

 

As apparent from the data in Figure 4.4, the cloud point transitions are well-defined for each 

system; the transition temperature is very sensitive to the type of isotopic labeling.  

Specifically, deuterium labeling of PS and CH shifts the cloud points towards higher 

temperature values because of decreasing solubility parameter caused by the frequency shift 

of C-H vibrations.78   
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Figure 4.5 Critical solution temperature of PS samples having a different molecular 
weight in CH with (2 % w/w).  The data collected by us are plotted in open symbols; the 
closed square data has been taken from reference79.  The line is meant to guide the eye. 

 

The cloud point is also sensitive to the degree of polymerization of the polymer.  

Specifically, as the molecular weight of PS is increased, the cloud point of PS in CH 

increases logarithmically at the same solution concentration (cf. Figure 4.5).  Since in our 

studies we keep the molecular weight of the parent homopolymer unchanged, we do not 

consider the effect of polymer chain length on the cloud point here. 
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Figure 4.6 a) Relative transmittance (I/I0, where I and I0 are the intensities of the 
transmitted and incident light, respectively) and b) inverse tubidity (defined in the text) as a 
function of solution temperature for b-PBr0.35S (square) and r-PBr0.35S solutions (2% w/w) in 
CH.  The cooling rate was 0.6 oC/hr. 

 

In Figure 4.6a, we plot the relative transmitted intensity (I/I0) of PBrxS (x=0.35) 
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solution with different co-monomer sequences in CH (polymer concentration is 2 % w/w).  

In Figure 4.6b, we replot the same data in terms of the turbidity using Eq. (4.3).  It is clear 

that the data in Figure 4.6b magnifies the effect of the discontinuity on turbidity measurement 

given in Figure 4.6a.  While the cloud point transition in r-PBrxS/CH can be clearly 

delineated, the cloud point transition in b-PBrxS/CH exhibits a more complex behavior.  

Specifically, while the cloud point of r-PBr0.35S is determined to be ≈35 oC, we detect a two 

step transition in the b-PBr0.35S/CH sample.  At ≈60 oC I/I0 starts to deviate from the 

maximum plateau; we call this the cloud point (Tp).  As the temperature is lowered to 34 oC 

both I/I0 and τ−1 decrease abruptly; we call this point the transition temperature (Ttr).  Note 

that Ttr in the b-PBr0.35S/CH mixtures nearly coincides with the cloud point measured in the 

r-PBr0.35S/CH solution.  Because of the large scatter associated primarily with determining 

the Tp points in the τ−1 vs temperature graphs, we utilize the I/I0 vs. temperature plot to pin 

point the actual cloud point of b-PBrxS.  Throughout this work we define the Tp arbitrarily 

as the temperature where I/I0= 0.98.  Overall, the data in Figure 4.6 reveal that: 1) the cloud 

point temperature in the b-PBr0.35S/CH samples is higher than that of r-PBr0.35S/CH and 2) 

the region of the binodal temperature in b-PBrxS/CH is broader than that of r-PBrxS/CH.   

The trends in the cloud points for PBr0.35S/CH have been confirmed with other 

compositions.  For example, the relative transmitted intensity (I/I0) of b-PBrxS in CH 

(polymer concentration 2 % w/w) with x ranging from 0.26 to 0.42 is shown in Figure 4.7.  

The data reveal that increasing the fraction of 4-BrS in b-PBrxS, results in an increase in the 

Tp and Ttr for b-PBrxS in CH.  Moreover, we discovered a strong effect of isotope 

substitution in both the PBrxS copolymer and CH on the UCST. 
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Figure 4.7 a) Relative transmittance (I/I0, where I and I0 are the intensities of the 
transmitted and incident light, respectively) and b) inverse tubidity (defined in the text) as a 
function of solution temperature for b-PBrxS solutions (2% w/w) in CH having a different 
degree of bromination (x), given in the legend.  The arrows on plot b) represent the 
thermodynamic phase transition (Ttr); the dotted arrows represent the cloud point (Tp).  The 
cooling rate is 0.6 oC/hr.  The arrows represent cloud (Tp, dotted line arrow) and transition 
(Ttr, straight line arrow) points. 
 

In Figure 4.8 we plot the phase diagrams for a) PBrxS and b) PBrxS-d7 in CH as a function of 

the mole fraction of 4-BrS along the copolymer.  For a given x, the cloud point of b-PBrxS 

is higher than that of r-PBrxS.  Moreover, the Ttr depends on the fraction of 4-BrS in PBrxS.  

Recall that while styrene units are completely soluble in CH for the range of measurement, 

4-BrS units are insoluble in CH.  The contribution of the insoluble part of the RCP to the 
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overall solubility behavior increases with increasing the concentration of 4-BrS in PBrxS 

resulting in increasing Tp and Ttr. 
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Figure 4.8 Transition temperatures as a function of the mole fraction of 4-BrS in a) 
PBrxS solutions in CH (2% w/w) and b) PBrxS-d7 solutions in CH-d12 (2% w/w).  The 
squares and circles represent data collected from b-PBrxS and r-PBrxS samples, respectively.  
The open symbols represent the thermodynamic phase transition (Ttr); the closed symbols 
denote the temperature, at which the turbidity from b-PBrxS samples is first detected. 
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4.5.3 Effect of concentration on phase transition of PBrxS 

0.0 0.5 1.0 1.5 2.0
0

10

20

30

40

50

60

70

Te
m

pe
ra

tu
re

   
(o C

)

 

Polymer concentration in CH   (wt %)

 r-PBr0.35S
 b-PBr0.34S

a)

0.0 0.5 1.0 1.5 2.0
0

10

20

30

40

50

60

70

Te
m

pe
ra

tu
re

   
(o C

)

 

Polymer concentration in CH-d12   (wt %)

 r-PBr0.35S
 b-PBr0.34S

b)

 
Figure 4.9 Cloud points of PBr0.35S samples with different concentration in a) CH and 
b) CH-d12.  The cloud point temperatures increase with increasing polymer concentration in 
the solvent.  For a given temperature, the b-PBrxS cloud points (closed squares) are higher 
than those for r-PBrxS (open circles).  The PBrxS cloud points in CH-d12 are on average 6 oC 
higher than those in CH.  The lines are meant to guide the eye. 
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We generate phase diagrams of PBrxS in CH and CH-d12 with a constant x, in which 

the cloud point varies with polymer concentration.  Examples of such phase diagrams are 

shown in Figure 4.9 for PBr0.35S in CH (Figure 4.9a) and CH-d12 (Figure 4.9b).  The data in 

Figure 4.9 reveal that the cloud point temperature of the b-PBr0.35S samples is higher than 

that of r-PBr0.35S specimens at all concentrations of the copolymer in both protonated and 

deuterated solvents.  Moreover, the difference between the two cloud points increases with 

increasing the concentration of PBr0.35S in the solvent.  In addition, isotope labeling of the 

solvent leads to an increase in the mixture cloud point by more than 5 °C.  Note that relative 

to isotope substitution in PS/CH mixtures (cf. Figure 4.4),78, 80 the effect of isotope labeling 

in PBr0.35S/CH system is much stronger. 

 

4.5.4 Effect of cooling rate on phase transition of b-PBrxS 

In our experiments we detected an unexpected phase transition of b-PBrxS in CH, 

which deviated from the transition of homopolymer or “truly” random copolymer.  

Specifically, while the transition temperature of b-PBrxS follows the thermodynamic phase 

transition as its molecular conformation changes from coil to globule, its cloud point 

behavior is clearly more complex.  Several theoretical and experimental papers discuss the 

conformational changes of a homopolymer single chain during the coil-to-globule transition 

in the following order: 1) a Θ coil in the initial stage, 2) a “sausage”-like chain as proposed 

by de Gennes in first intermediate stage,81 3) a “crumpled globule” as predicted by Grosberg 

et al in later intermediate stage,82 and 4) a compact sphere in the final stage.  Grosberg et al 

observed a two-stage kinetics in the coil-to-globule transition for a PS single chain in CH; the 

first transition from an ideal Θ coil to the “crumpled globule” was hardly observed because 
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of the long thermal equilibration time associated with good thermal insulation.36   
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Figure 4.10 Relative transmittance (I/I0, where I and I0 are the intensities of the 
transmitted and incident light, respectively) as a function of solution temperature for 
b-PBr0.2S-d7 in CH with different cooling rates: 0.6 oC/hr (□) and 4.0 oC/hr (●).  The 
polymer concentrations in CH are a) 1, b) 2, and c) 6 % w/w.  The arrows indicate the 
onsets of Tp as a function of the cooling rate. 
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The longer blocks of 4-BrS units, insoluble in CH, maximize this kinetic effect of the 

transition of b-PBrxS in CH.  In Figure 4.10, we plot the relative transmittance of 

b-PBrxS-d7 as a function of temperature with two different cooling rates.  A slow cooling 

rate (0.6°C/hr) allows for longer thermal equilibration in the system.  The turbidity of 

b-PBrxS-d7 was measured in CH from dilute to semi-dilute regime (expected to occur at ≈4 % 

w/w) concentration across a broad composition range.  The data in Figure 4.10 depict the 

I/I0 intensity for: a) 1, b) 2, and 6 % w/w solutions of b-PBr0.35S-d7 in CH.  Specifically, the 

data plotted in Figure 4.10 reveal that b-PBr0.35S-d7 in CH starts to cloud at higher 

temperatures when cooled at a faster rate.  Interestingly, the position of Ttr does not seem to 

depend on the solution cooling rate.  Because of the insolubility of 4-BrS in CH, the blocky 

sections of 4-BrS interact together and form micro-aggregated domains.  With increasing 

cooling rate, the propensity towards this aggregation increases because of super-cooling.  

Such a kinetic effect is similar to that observed in protein folding intermediates, which act as 

“molten globules.”  Intermediate molten or crumpled globular states that occur during 

protein collapse could play an important role in mediating the formation of the final folded 

“native” globule.83, 84  Therefore, the intermediate states formed during copolymer collapse 

have attracted considerable attention and should be considered in more details in future 

studies. 

 

4.5.5 Small angle neutron scattering analysis of PBrxS-d7 in cyclohexane 

In order to investigate the intermediate complex states during the phase transition of 

PBrxS RCPs, we performed small angle neutron scattering (SANS) measurements on 
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solutions of r-PBr0.2S-d7 and b-PBr0.2S-d7 in CH with fine temperature cooling steps (1-2 

°C/step).  The cooling rate was similar with that performed in the cloud point experiments 

(dT/dt=0.6 oC/hr, cf. Figure 4.10).   
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Figure 4.11 Typical small angle neutron scattering intensities collected from solutions of 
r-PBr0.2S-d7 (red symbols) and b-PBr0.2S-d7 (blue symbols) in CH (6% w/w) as a function of 
the scattering vector.  Scattering intensities corresponding to incoherent scattering have 
been subtracted from the data.  The lines represent fits obtained using the Lorentzian 
function as described in the text.  The sharp upturn at small q in the b-PBr0.2S-d7 samples is 
due to chain clustering.  The polymer concentrations in CH are a) 2 and b) 6% w/w. 
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In Figure 4.11 we plot typical SANS spectra of r-PBr0.2S-d7 and b-PBr0.2S-d7 in CH with 

polymer concentration of a) 2% and b) 6% w/w.  All spectra are plotted in the form of the 

neutron scattering intensity as a function of the scattering vector (q) on logarithmic axes; the 

incoherent scattering was subtracted from the original spectra.  The features at low q region 

(q < 0.01 Å-1) characterize large size clusters, and the features in the high q region (q > 0.01 

Å-1) characterize the sizes of individual polymer chains.  In the due course of the sample 

characterization, the following equation66, 85 was fitted to the data: 

 

})(1{
)( mn q

C
q
AqI

ξ+
+=        (4.10) 

 

In Eq. (4.10) the first Porod scattering term originates from macromolecular clusters, the 

second Lorentzian function term stems from polymer chains, related to the polymer-solvent 

interactions.  The two multiplicative factors A and C, the two exponents n and m, and the 

correlation length for polymer chains ξ are used as fitting parameters.  Similar SANS 

intensities are observed in the spectra of r-PBrxS and b-PBrxS at mid q (0.01 to 0.1 Å-1) at 

high temperatures (76 °C); thus far above the theta temperature of PS-d8 in CH (≈35 oC).66  

From the typical SANS scattering curves we find that while the scattering data of r-PBrxS-d7 

in CH possess no cluster features, of the curves for b-PBrxS-d7 in CH exhibit very strong 

cluster features indicated by the scattering up-turn at low q values.  In addition, we detect 

that the gaps of the scattering intensity between r-PBrxS-d7 and b-PBrxS-d7 increase by either 

decreasing the solution temperature or increasing the solution concentration.  The cluster 

strengths, defined as A/qn, are calculated from Eq. (4.10) at q = 0.0035 Å-1.  In Figure 4.12 
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we plot the cluster strength of b-PBrxS-d7 in CH at two polymer concentrations.  In the 

dilute regime (polymer concentration 2 % w/w) we do not observe cluster formation in 

b-PBrxS-d7 chains at higher temperatures.  However, some clusters may form upon 

decreasing the solution down to 40 oC and below.  This is the point where the solution 

temperature passes the cloud point for b-PBrxS-d7 (cf. Figure 4.10 b).  In the semi-dilute 

solution regime (polymer concentration 6 % w/w), it is very difficult to find the dependency 

of the cluster strength on the solution temperature because large clusters of b-PBrxS-d7 appear 

even at higher solution temperature due to high density of the polymer in CH. 
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Figure 4.12 Cluster strength as a function of temperature for b-PBr0.2S-d7 in CH.  
Polymer concentrations are 2 % (○) and 6 % w/w (■). 
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Figure 4.13 Plot of 1/I(0) as a function of inverse absolute temperature (1/T) for 
r-PBr0.2S-d7 (○) and b-PBr0.2S-d7 (■) in CH.  Polymer concentrations are a) 2 %, and b) 6 % 
w/w.  The values of 1/I(0) are obtained from the Ornstein-Zernike formula (cf. Eq. (4.9)) 
with the range of q value between 5.9 × 10-3 and 0.01 Å-1. 

 

The inverse scattering intensities at zero scattering angle (1/I(0)) are determined 

from the Ornstein-Zernike formula (cf. Eq. (4.9)).  These are obtained from the ordinate-
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intercept of the plot of 1/q as a function of q2 (cf. Eq. (4.8)) within the range of q between 

0.006 and 0.01 Å-1.  Figure 4.13 depicts 1/I(0) as a function of the inverse absolute 

temperature (1/T) for b-PBrxS-d7 in CH at two polymer concentrations.  In the semi-dilute 

regime of b-PBrxS-d7 in CH (cf. Figure 4.13b), the behavior around the discontinuity gap 

located at 1/T = 0.00318 K-1 (i.e., ≈41°C) was investigated in more detail.  The temperature 

at that point is similar to the temperature from the cloud point of b-PBrxS-d7 in CH at 6 % 

w/w (cf. Figure 4.10 c).  While the data from Figure 4.12 do not reveal a clear relationship 

to the cloud point of b-PBrxS-d7 in CH at 6 % w/w, the slope from the plot of 1/I(0) vs 1/T in 

Figure 4.13b changes at around 40 oC, a value similar to the cloud point detected for 

b-PBrxS-d7 in CH.  The inverse scattering intensity is proportional to the osmotic 

compressibility;86 here the discontinuity in the osmotic compressibility originates from the 

blocky 4-BrS aggregates being engaged in pattern recognition among segments of 

neighboring chains. 

In addition, the spinodal temperature (Tsp) can be estimated from the intercept of a 

plot of 1/I(0) vs 1/T.  In cases where 1/I(0) vs 1/T exhibits a linear behavior, extrapolation to 

1/I(0) = 0 (i.e. when the SANS intensity “diverges”) yields an estimate of Tsp.  When the Tsp 

is crossed, the polymer solution undergoes the spinodal decomposition. 

 

Table 4.2 Estimated spinodal temperature of PBrxS-d7 in cyclohexane 

 Tsp of b-PBrxS-d7 

(oC) 
Tsp of r-PBrxS-d7 

(oC) 

2 % w/w in CH 1.2 2.6 

6 % w/w in CH 21.2 25.1 
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In Table 4.2 we list the estimated Tsp of r-PBrxS-d7 and b-PBrxS-d7 in CH for two 

concentrations (2 % and 6 % w/w).  Upon increasing the solution concentration to 6 % w/w, 

the spinodal temperatures approach the phase transition temperature for PBrxS-d7.  Work is 

still ongoing on obtaining the precise critical concentration and critical temperature of 

PBrxS-d7 in CH. 
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Figure 4.14 Radius of gyration (Rg, left ordinate) and the correlation length (ξ, right 
ordinate) as function of solution temperature for r-PBr0.2S-d7 (○) and b-PBr0.2S-d7 (■) in CH.  
Polymer concentrations are: a) & b) 2 % and c) & d) 6 % w/w. 
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The radii of gyration (Rg) of PBr0.2S-d7 have been evaluated from fitting the Debye function 

given by Eq. (4.10).  In these fittings, we use the scattering intensities at zero scattering 

angle from Eq. (4.9).  The correlation length (ξ) for PBrxS-d7 in CH is calculated from the 

slope of the plot of 1/q vs. q2 from Eq. (4.9) with q ranging between 0.006 and 0.01 Å-1.  

The calculated values of ξ are in accord with those obtained from fitting using Eq. (4.9).  

The data in Figure 4.14 display the calculated values of Rg and ξ as function of the solution 

temperature for r-PBr0.2S-d7 (open symbols) and b-PBrxS-d7 (closed symbols) in CH.  Both 

Rg and ξ increase with decreasing temperature due to increased composition fluctuations 

upon approaching the phase separation point. 

The data in Figure 4.15 illustrate the Kratky plots of r-PBrxS-d7 and b-PBrxS-d7 in 

CH with 6 % w/w for various temperatures.  From the shapes of the Kratky plots, one can 

estimate the ranges of the Flory-Huggins interaction parameter between the RCP and CH.  

The green symbols in Figure 4.15 represent the classical Gaussian chain behavior; their 

Flory-Huggins parameters are expected to be ≈0.5. (cf. Figure 4.2c)  The plateau values and 

the onset of this plateau for r-PBrxS-d7 and b-PBrxS-d7 in CH are obtained from each 

individual Kratky plot at various temperatures (cf. Figure 4.16).  If the system undergoes 

phase separation, then the mid-q plateau will significantly change from the values measured 

for a homogenous system.  The plots in Figures 4.15 and 4.16 show that r-PBrxS-d7 coils 

tend to collapse from Kratky-Porod chains to Gaussian chains at higher temperatures than 

b-PBrxS-d7 coils do.  While the coil-to-globule collapse in r-PBrxS-d7 in CH is similar to 

that of a typical homopolymer, the b-PBrxS-d7 chains aggregate at an even higher 

temperature than r-PBrxS-d7 primarily because of the insolubility of the longer consecutive 

runs of 4-BrS in the copolymer. 
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Figure 4.15 Kratky plot for a) b-PBr0.2S-d7 and b) r-PBr0.2S-d7 in CH (6% w/w) for 
various solution temperatures.  The green color symbols represent a classical Gaussian 
chain behavior, the red color symbols represent a Kratky-Porod chain behavior. 
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Figure 4.16 Plateau value in the Kratky plot (left ordinate) and the onset of this plateau 
(right ordinate) for r-PBr0.2S-d7 (○) and b-PBr0.2S-d7 (■) in CH as function of the solution 
temperature.  The polymer concentrations are: a) & b) 2 % and c) & d) 6 % w/w. 

 

4.6 Conclusions 

In this Chapter we have discussed the effect of the chemical composition, 

co-monomer sequence distribution in PBrxS, and 1H/2D isotopic substitution in the RCP and 
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the solvent on the phase behavior of PBrxS in CH using turbidity and SANS measurements.  

We established that for copolymers having the same concentration in the solvent and the 

same overall chemical composition the cloud point temperature increases with the 1H/2D 

isotopic substitution in the RCP and the solvent. 

 

 
Figure 4.17 Schematic diagram illustrating possible conformational changes in random-
blocky (b-PBrxS, blue line) and random (r-PBrxS, blue line) copolymers as a function of the 
4-BrS content in PBrxS. 

 



 122

Moreover, the cloud point temperatures of b-PBrxS were consistently higher than those of 

r-PBrxS.  We also determined that while r-PBrxS chains collapse as individual coils during 

the coil-to-globule phase transition, the 1-phase to 2-phase transition in b-PBrxS solution 

follows a two step process.  While we can assign the transition at the lower temperature to 

the “true” thermodynamic phase transition (by comparing its position with the single 

transition observed in the r-PBrxS specimen), the cooling rate-dependent transition observed 

at higher temperatures is related to the formation of larger macromolecular aggregates 

comprising multiple b-PBrxS chains formed in solution.  This macromolecular assembly 

thus acts as a precursor to the “true phase transition”.  While more detailed analysis is 

required (and is currently under way), our results provide new interesting insight into the 

nature of the chain collapse in RCPs.  The complex phase behavior of b-PBrxS is associated 

with the formation of inter- and intra-chain contacts acting among styrene and 4-BrS units 

(“pattern recognition”) leading possibly to “flower-like” micelle formation (cf. Figure 4.17). 

Understanding the phase behavior of RCPs may provide clues into related yet more complex 

phenomena, such as the formation of protein folding intermediates.. 
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5.1  Abstract 

We study the effect of co-monomer sequences in random copolymers (RCPs) on RCP 

adsorption on flat impenetrable surfaces.  Poly(styrene-co-4-bromostyrene) (PBrxS) RCPs, 

where x denotes the mole fraction of 4-bromostryrene (4-BrS), are prepared by bromination 

of parent homo polystyrene.  By varying the solvent quality during the bromination either 

“truly random” (good solvent) or “random-blocky” (poor solvent) PBrxS are formed.  

Adsorption studies of PBrxS from various solvents at silica surfaces reveal that RCP 

adsorption increases with: 1) increasing the blockiness of the RCP; 2) increasing the content 

of 4-BrS in PBrxS; and 3) decreasing the quality of the solvent.  The main result from our 

computer simulations can be summarized as follows: 1) increasing the degree of "blockiness" 

enhances the adsorption of macromolecules dissolved in a good solvent; 2) near the 

adsorption transition, the amount of adsorbed segments in “random-blocky” RCPs is larger 

relative to their regular multiblock counterparts; 3) lowering the solvent quality facilitates 

copolymer adsorption.  These findings are in good agreement with the experimental data. 
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5.2 Introduction 

 Adsorption of organic macromolecules to inorganic substrates (e.g., glass, silica, mica, 

and metals), affects significantly the performance of a large body of various applications and 

interfacial phenomena, including (but not limited to): chromatographic columns, polymer 

coatings, adhesion media, paints, stabilization of colloidal particles, flocculation, cell 

adhesion, and biocompatibility of artificial organs in medicine.1-7  Adsorption of polymers to 

surfaces is very different from that of small molecules.  While the adsorption probability for 

small molecules remains equal for all molecules, polymer segments that are adjacent to a 

monomer of a polymer that is adsorbed at the surface have higher probability for adsorption.  

The well-known loop-train-tail model describes the conformations of isolated polymer chains 

as a function of the adsorption energy.8-17  From an enthalpic standpoint, polymers will 

always tend to maximize the number of contacts between the adsorbing units along the chain 

and the adsorbing sites on the surface.  This limits the total number of possible conformations 

polymer chains can adopt as well as their translational mobility, which, in turn, results in an 

overall entropy loss.  At equilibrium, a balance between the enthalpy gain and entropy loss 

due to adsorption is established that determines the equilibrium conformations of adsorbing 

polymers.  

Over the past few decades many theoretical, experimental, and computer simulation 

studies have been carried out that aimed at investigating the conformation of end-

fuctionalized homopolymers or block copolymers near an interface.  The dominant factors 

that govern the behavior of such heteropolymers as they approach a flat, impenetrable surface 

include: 1) the strength of the interaction between the adsorbing segments along the chain 
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and the adsorbing sites on the surface and polymer’s ability to replace any adsorbed 

molecular displacers (e.g., solvent molecules adsorbed to the surface), 2) chemical and 

molecular polydispersity of the polymer, 3) polymer solubility in a given solvent, and 4) 

sequence distribution of the monomers comprising the polymer chain.  As confirmed by 

many researchers, the sequence distribution of the adsorbing segments affects greatly the 

adsorption characteristics of such hetero-macromolecules.18-31  A large body of work has been 

devoted to understanding the adsorption of diblock copolymers (A-b-B), in which segments 

of one of the blocks (adsorbing/anchor, say A) have a greater affinity towards the surface 

than segments of the other block (buoy, say B).  While the A segments tend to maximize the 

number of favorable contacts with the surface thereby increasing the enthalpy gain the B 

segments help to alleviate the entropy losses by allowing the buoy block to dangle into the 

solution.  Having their A and B segments distributed evenly throughout the entire length of 

the chain, alternating copolymers (A-alt-B) represent the other extreme of the monomer 

sequence distribution spectra.  Provided that the B segments do not experience too strong of a 

repulsion from the surface, the adsorption properties of A-alt-B will be similar to 

homopolymers that possess some effective average of A and B homopolymer adsorption 

properties.  Formation of loop, tail, and train conformations depends on interplay between 

maximizing the number of A segments in contact with the surface and the minimal entropy 

loss due to B segments extended into the bulk.  This causes the chain to occupy a large 

amount of surface area when adsorbed to the surface, while maintaining long enough loops 

and tails, which help to alleviate translational and conformational entropy losses. 

Random copolymers (RCPs, A-co-B) represent a special case of macromolecules; 
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their adsorption properties, which fall somewhere between those of diblock and an 

alternating copolymers,32 are expected to depend on the distribution of the A and B 

co-monomers.  Note that unlike the case of A-b-B or A-alt-B copolymers, the monomer 

sequence distributions in A-co-B RCPs are disordered.33-35  Being motivated by the 

connection of RCPs to biopolymers, such as proteins and nucleic acids,36 computer 

simulations and various theoretical approaches have been employed that provided insight into 

the principles of adsorption of RCPs.37-41  Several studies have established the effects of 

solvency and coverage,42 the effect of architecture of the polymer on the structure of the 

adsorbed layer,18 and the thermodynamic properties of RCPs.43-45  If the monomer sequence 

in the RCP is “truly random”, there will be both long and short runs of consecutive adsorbing 

segments within the same chain.  Upon adsorption, the longer consecutive adsorbing blocks 

will be preferentially located at the adsorbing surface, while contributing to an increase in the 

overall enthalpy gain due to adsorption.  Concurrently, loops and tails will be formed that do 

not necessarily contain only long sequences of non-adsorbing blocks but also adsorbing 

segments; these conformations help alleviate any tendency to completely “zip” the 

macromolecule to the surface, which would be too costly entropically.  Increasing the relative 

block size of the consecutive runs of adsorbing segments within the copolymer (we later refer 

to this as “blockiness”) also increases the size of the consecutive runs of non-adsorbing 

segments, which are expected to constitute major portions of loops and tails.  Having longer 

“blocks” of adsorbing and non-adsorbing segments is expected to promote stronger 

adsorption of such “random-blocky” RCPs (relative to “truly random” RCPs).  The larger 

block lengths of adsorbing segments increase the probability of localizing such RCPs at the 
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surface.  Longer runs of non-adsorbing segments facilitate larger loops and longer tails, 

which decrease entropic penalty associated with localizing the RCP at the surface. 

Most experimental work dealing with adsorption of RCPs at surfaces concentrated 

primarily on investigating the effect of the copolymer composition and chain length.12, 38, 41  

While some computer simulations appeared that studied the effect of monomer sequence 

distribution on adsorption of RBCs on surfaces,30, 46 we are not aware of any experimental 

study that would demonstrate the effect of co-monomer sequences on the partitioning of 

RCPs at interfaces.  The aim of this work is to provide insight into the effect that governs the 

adsorption of random copolymers on flat impenetrable surfaces as a function of copolymer 

chemical composition, solvent quality, and co-monomer sequence distribution on adsorption.  

We will demonstrate that increasing the degree of “blockiness” (i.e., the length of the 

consecutive adsorbing segments along the copolymer) enhances the adsorption of random 

copolymers at flat, impenetrable surfaces. 

This Chapter organized as follows.  In the next section we briefly describe the 

procedure leading to the formation of RCPs with tunable co-monomer sequence distribution 

and provide information about the adsorption experiments.  We then discuss the results of the 

adsorption of homopolymers and RCPs from various solvents onto flat silica surfaces.  A 

discussion of the experimental results is provided next.  Following this discussion, we 

describe computer simulation results carried by the Khokhlov and Khalatur groups.  In the 

Appendix to this Chapter we provide details of the computer simulation model used to 

provide molecular insight into the adsorption process of RCPs. 
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5.3.  Synthesis of poly(styrene-co-4-bromostyrene) random copolymers 

In this work we use poly(styrene-co-4-bromostyrene) RCPs (PBrxS) where x denotes 

the mole fraction of the 4-bromostyrene, 4-BrS, unit.  The polymers were prepared by 

bromination of parent polystyrenes (PS) following the mechanism of an electrophilic 

substitution of bromine onto the phenyl ring of PS.  In order to tune the co-monomer 

distribution of the 4-BrS units along the macromolecule, we perform the bromination 

reaction under different solvent conditions.  As discussed by a series of molecular simulation 

studies47-53 and experimentally verified by a few research groups,54-57 the monomer 

distribution of the so-called “coloring species” (bromine, in our case) depends on the 

instantaneous size of individual homopolymer coils (PS in our case).  Specifically, 

bromination of PS performed under good solvent conditions leads to PBrxS RCPs that have a 

random distribution of the 4-BrS units.  In contrast, decreasing the solvent quality causes the 

parent PS coils to collapse and bromination in such cases produces RCPs with “random-

blocky” monomer sequences, i.e., there are longer runs of consecutive 4-BrS units, relative to 

the monomer distribution in “truly random” RCPs.58  In our previous publication58, 59 we 

have performed a thorough analysis of the bromination process under various solvents 

conditions and presented quantitative information about the average monomer distribution by 

measuring the molar Kerr constant, which bears information about polymer stereoregularity, 

chemical composition, and co-monomer sequence distribution.  Since, the polymer 

stereoregularity is known a priory (we used atactic polystyrene homopolymers) and chemical 

composition is measured independently by elemental analysis and nuclear magnetic 

resonance, the Kerr effect measurements provide unambiguous information about the co-
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monomer sequence in PBrxS RCPs.58, 60, 61  We have previously shown that while 

bromination carried out at 33 °C in 1-chlorodecane (CD) (theta temperature, Tθ　= 6.6 °C) 

led to PBrxS RCPs with random distribution of 4-BrS (denoted as r-PBrxS), the same polymer 

modification performed in 1-chlorododecane (CDD) (Tθ = 58.6 °C) produced “random-

blocky” PBrxS RCPs (denoted as b-PBrxS).58, 59 

 Monodisperse atactic PS (Mw=30 kDa, polydispersity index = 1.06) was purchased 

from Pressure Chemical (Pittsburgh, PA).  Tetrahydrofuran (THF), toluene, cyclohexane 

(CH), 1-chlorodecane (CD), 1-chlorododecane (CDD), nitrobenzene (NB), and bromine were 

purchased from Aldrich and used as received.  r-PBrxS and b-PBrxS RCPs were prepared 

using the same protocol with our previous work.58, 59  PBr1.0S was synthesized in 

nitrobenzene.  An appropriate amount of PS in a given solvent (CD or CDD) at 

concentrations 1% (w/w), was below the overlap concentration, c*, estimated to be about 4% 

(w/w).62  The solution was then 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 Tθ 

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.  We have empirically established the time needed to produce PBrxS with a 

given “degree of bromination”, x.  After predetermined time, the reaction was terminated by 

adding a few drops of 1-pentene.  The samples were then dissolved into toluene and 

precipitated into methanol.  This purification step was repeated at least 3 times in order to 

eliminate any residual bromine and remaining solvent (CD or CDD).  The polymer was then 
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dried at 60 °C in vacuum in order to remove the all remaining traces of methanol.  The 

concentration of bromine in the samples was determined by elemental analysis (Atlantic 

Microlabs, Norcross, GA) and 13C-NMR.  Using Kerr effect measurements we have 

established that the average block lengths of the consecutive units 4-BrS within b-PBr0.60S 

and b-PBr0.35S were ≈ 20 and 3, respectively, relatively to their respective r-PBrxS 

counterparts.  We assume that the co-monomer distribution in b-PBr0.26S RCP is similar to 

that in b-PBr0.35S.  No Kerr effect data from b-PBr0.10S is available.  However, we can state 

that the average block length of the consecutive 4-BrS units in b-PBr0.10S was to be much 

lower than 3. 

 

5.4  Adsorption of poly(styrene-co-4-bromostyrene) random copolymers onto silica 

surfaces 

 

 
Figure 5.1 Schematic illustrating the combinatorial set up for polymer adsorption onto 
flat silica surfaces. 
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Our study of polymer adsorption onto surfaces was conducted using a method 

illustrated pictorially in Figure 5.1.  Specifically, a silicon wafer was cut into 1 cm × 5 cm 

pieces, washed with acetone, blow-dried with nitrogen gas, and exposed for 15 minutes to 

ultraviolet/ozone (UVO) treatment.  The latter procedure removed any organic impurity 

present on the surface of the wafer and generated surface-bound hydroxyl groups on silica.  

The wafer was then placed vertically into a custom-built adsorption apparatus consisting of a 

sample holder suspended into a 20 ml glass vial.  Polymer solution with concentrations of 

either 1 or 2% (w/w) in a given solvent (either toluene, THF, or CH, see below) was added 

drop-wise into the vial from the top via attached tubing.  The polymer solution level 

increased with time thereby producing a continuous gradient of adsorbed polymer layer on 

the surface; the bottom part of the sample had the thickest layer and the top part had the 

thinnest layer of PBrxS.  Upon completing the adsorption experiments, the sample was 

removed from the adsorption apparatus, washed several times with the same solvent used for 

adsorption measurement, and blow-dried with nitrogen gas.  The amount of polymer present 

on the sample was quantified with ellipsometry as a function of the position on the wafer.  

The ellipsometric thickness was evaluated by using an index of refraction of PBrxS, nPBrxS, 

that corresponded to the weighted average (linear effective medium approximation63) of the 

refractive indices of pure PS (n=1.591) and PBr1.0S (n=1.62) at 633 nm,64 weighted by the 

composition determined by the elemental analysis.  The total polymer adsorbed amount was 

then determined by multiplying the film thickness by the density of PBrxS 

(ρPBrxS=1.051+0.0541x).65  In the above analysis we assumed that nPBrxS and ρPBrxS depended 

primarily on the content of 4-BrS and were independent of the co-monomer distribution and 
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in the sample. 

 

5.5  Results and discussion 

5.5.1  Experimental results 
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Figure 5.2 Adsorbed amount of polystyrene (open squares), and PBr1.0S (open circles) as 
a function of adsorption time for polymers adsorbing from: a) tetrahydrofuran at 25°C, b) 
toluene at 25°C, c) CH at 25°C, and d) CH at 50°C.  The polymer concentration in the 
solution was 1% (w/w).  The lines are meant to guide the eye. 

 

As a starting point, let us examine the adsorption of PS and PBr1.0S homopolymers 

onto silica surfaces from various solvents.  These results provide a benchmark for our 
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discussion of the adsorption characteristics of PBrxS RCPs.  In Figure 5.2 we plot the amount 

of PS (open squares) and PBr1.0S (open circles) adsorbed from a) tetrahydrofuran (THF), b) 

toluene (Tol), c) cyclohexane (CH) at 25°C, and d) CH at 50°C onto silica surface as a 

function of adsorption time.  Recall, that the polymer adsorbed amount depends on the 

interplay between polymer solubility in the solvent, affinity of the polymer towards the 

substrate, and the ability of the polymer segments to replace solvent molecules at the 

solid/liquid interface.  While the latter two parameters can, in principle, be lumped together, 

we keep them separated for the sake of simplifying our discussion.  In Table 5.1 we list the 

Flory-Huggins (F-H) interaction parameters, χ, for PS/solvent and PBr1.0S/solvent couples.  

PS should be readily dissolved in all solvents because χ ≤ 0.5.  Recall that χ = 0.5 

corresponds to the Theta condition, which separates the good solvent (χ <  0.5) and poor 

solvent (χ > 0.5) states.  As a result, the tendency of PS to separate from the solvent and 

adsorb onto the silica surface should be relatively small. 

 

Table 5.1  Values of the Flory-Huggins interaction parameter for various PS/solvent and 
PBr1.0S/solvent couples 

System  (temperature in °C) Flory-Huggins parameter, 　 Reference 

PS/THF (25) 0.428 a) 66 

PS/Tol (25) 0.432  67 

PS/CH (25) 0.50  66 

PS/CH (50) 0.48  66 

PBr1.0S/Tol (25) 0.64 b) 66 
a) An alternative expression: χPS/TFH=0.474-0.073φ2, where φ2 is the volume fraction of polymer.68 
b) This value if tabulated for the volume fraction of polymer, φ2, of 0.4 
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Considering that in all cases the PS chains have the same molecular weight, the 

differences in adsorbed PS amounts on SiOx seen in Figure 5.2 can be attributed to different 

abilities of PS chains to replace the solvent molecules at the SiOx/solution interface.  Because 

THF is known to interact with SiOx very strongly through polar interactions,69 the 

replacement of THF by styrene segments at the solution/silica interface is rather difficult.  

Toluene molecules are likely attached to the hydrated silica though relatively weak hydrogen 

bonds (note there will always be a small amount of water molecules present at the silica 

surface).70  Eventually, some of the toluene molecules get misplaced by styrene segments 

allowing PS to adsorb.  Because cyclohexane interacts with silica primarily via van der Waals 

interactions,71 its replacements with styrene segments is relatively easy as this process allows 

for formation of more strong hydrogen bonds between styrene and hydrated silica.  This is 

clearly documented by the rapid adsorption of PS onto silica (Figures 5.2c and 5.2d) at early 

adsorption times.  The small, but detectable, difference in total adsorbed PS amount on silica 

reported in Figures 5.2c and 5.2d can be attributed to the slight difference in solubility of PS 

in CH at different temperatures.  Recall that while at 25 °C CH acts as a Theta solvent, at 

50 °C CH becomes a good solvent for PS. (Tθ of PS in CH is ≈34-35 °C 72).  In the latter case, 

PS chains prefer to stay solvated by CH more strongly relative to the case of the poor solvent 

conditions. 

 PBr1.0S is less soluble in THF and toluene than PS and is completely insoluble in CH.  

Moreover, the solubility of PBr1.0S in THF is higher than that in toluene.  While data for the 

solubility of PBr1.0S in THF are not available, we assume that χ4-BrS/TFH << χ4-BrS/Tol; at large 

polymer concentration in toluene (φ2 < 0.95), PBr1.0S precipitates out, while it remains 
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completely soluble in THF.  The tendency of PBr1.0S to adsorb onto silica is relatively strong.  

By assuming that styrene segments interact with silica athermally (i.e., χS/SiOx ≈ 0), Oslanec 

and coworkers reported the value of adsorption F-H parameter for χ4-BrS/SiOx to be ≈ -0.07.73  

The latter value can thus be though of as a difference in the adsorption energy between 4-BrS 

and styrene monomers on silica surface.  Considering both decreased solubility of 4-BrS and 

stronger affinity towards SiOx, the adsorbed amount of PBr1.0S chains on silica surfaces 

should exceed that of PS.  This is clearly documented by the data in Figures 5.2a and 5.2b.  

Without knowing the actual values of the THF/silica and toluene/silica interactions, it is not 

straightforward to deconvolute the effect of the bulk solubility and the ability of 4-BrS to 

replace the solvent molecules at the silica interface.  The only conclusion we can make is that 

the amount of PBr1.0S adsorbed on silica is about 4-fold higher than that observed in 

PBr1.0S/THF system. 

Having established the adsorption of homopolymers from various solvents we turned 

to investigating the adsorption of PBrxS random copolymers onto SiOx surfaces.  Because of 

the small adsorbed amount of PS and PBr1.0S detected in THF-based system, we concentrated 

on RCP adsorption from toluene and CH.  In Figure 5.3 we plot the amount of PBrxS 

adsorbed onto silica from toluene solutions having 1% concentration of polymer (w/w).  

r-PBrxS (closed squares) and b-PBrxS (closed circles) copolymers with three different 

contents of 4-BrS were probed: a) x=0.1, b) x=0.26±0.01, and c) x=0.60 were used in these 

studies.  In order to interpret the adsorption of the PBrxS RCPs we compare their behavior 

with homopolymer adsorption data for PS (open squares) and PBr1.0S (open circles).  From 

the data in Figure 5.3a it is evident that both r-PBr0.1S and b-PBr0.1S adsorb on silica surfaces 
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in a similar manner as PS chains.  Apparently, the concentration of 4-Br along the copolymer 

is too small to cause any dramatic changes while adsorption adsorbing from toluene.   
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Figure 5.3 Adsorbed amount of polystyrene (open squares), PBr1.00S (open circles), 
r-PBrxS (closed squares), and b-PBrxS (closed circles) as a function of adsorption time for 
polymers adsorbing from toluene at 25°C.  The mole fraction of 4-BrS units in PBrxS was: a) 
0.10, b) 0.26±0.01, and c) 0.60.  The polymer concentration in the solution was 1% (w/w).  
The lines are meant to guide the eye. 

 

In addition, no effect of blockiness is detected in this system.  The difference in the 

distribution of 4-Br along the copolymer is likely not very different between the two 
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polymers.  This supports our assumption stated earlier that the number of consecutive 4-BrS 

segments in b-PBr0.1S is smaller than 3.  Increasing the mole fraction of 4-BrS in PBrxS from 

0.10 to 0.26±0.01 causes detectable changes in the RCP adsorption (cf. Figure 5.3b).  First, 

the adsorbed amount of r-PBr0.25S is higher than that of PS.  Moreover, b-PBr0.27S adsorbs to 

the substrate more quickly than r-PBr0.25S (shorter diffusion times) but at long times the 

monomer sequence distribution does not seem to influence the total adsorbed amount of RCP.  

The tendency of “random-blocky” copolymers to adsorb more strongly to the substrate, 

relative to the “truly random” RCPs, is also detected in the PBr0.60S system (cf. Figure 5.3c).  

Unlike in the x=0.26±0.01 case, however, the total adsorbed amount of b-PBr0.60S exceeds 

that of r-PBr0.60S at long adsorption times.  In fact, the data suggest that the amount of 

r-PBr0.60S adsorbed on the silica surface is comparable to that of PS.  The data in Figure 5.4 

reveal that essentially the same picture emerges when examining the adsorption of PBrxS 

RCPs from toluene solutions having 2% concentration (w/w).  There is no difference between 

the r-PBr0.1S and b-PBr0.1S adsorbing onto silica; both polymers adsorb in amounts 

comparable to that of pure PS.  Additionally, b-PBr0.60S adsorbs more strongly than 

r-PBr0.60S; the adsorbed amount of the latter is comparable to that of PS.   



 145

 

0.0

0.5

1.0

1.5

2.0

2.5

0 10 20 30 40 50 60 70 80
0.0

0.5

1.0

1.5

2.0

2.5

0 10 20 30 40 50 60 70 80

 PS
 PBs1.0S
 r-PBr0.10S
 b-PBr0.10S

a)

Adsorption time   (hrs)

Ad
so

rb
ed

 a
m

ou
nt

   
(m

g/
m

2 )

 

 

 PS
 PBs1.0S
 r-PBr0.60S
 b-PBr0.60S

b)

 

 

 PS
 PBs1.0S
 r-PBr0.10S
 b-PBr0.10S

c)

 

 

 

 PS
 PBs1.0S
 r-PBr0.60S
 b-PBr0.60S

d)

 

 

 
Figure 5.4 Adsorbed amount of polystyrene (open squares), PBr1.0S (open circles), 
r-PBrxS (solid squares), and b-PBrxS (solid circles) as a function of adsorption time for 
polymers adsorbing from toluene at 25°C.  The mole fraction of 4-BrS units in PBrxS was 
0.10 (a, c) and 0.60 (b, d).  The polymer concentration in the solution was 1% (a, b) and 2% 
(c, d) (w/w).  The lines are meant to guide the eye. 
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Figure 5.5 Adsorbed amount of polystyrene (open squares), r-PBrxS (closed squares), and 
b-PBrxS (closed circles) as a function of adsorption time for polymers adsorbing from CH at 
25°C (a) and 50°C (b, c).  The mole fraction of 4-BrS units in PBrxS was 0.10 (a, b) and 0.35 
(c).  The polymer concentration in the solution was 1% (w/w).  The lines are meant to guide 
the eye. 

 

In Figure 5.5 we plot the results of adsorption experiments conduced with PBrxS 

solutions in CH.  Specifically, the total adsorbed amount of r-PBrxS (closed squares) and 

b-PBrxS (closed circles) random copolymers as a function of time is plotted for PBrxS RCPs 

having x=0.10 (parts a) and b)) and x=0.35 (part c)) adsorbing from solutions having a 

temperature of 25 °C (part a)) and 50 °C (parts b) and c)).  In all instances we also provide 
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corresponding adsorption data for PS homopolymer.  Note that no adsorption of PBr1.0S from 

CH was conducted because, as mentioned previously, PBr1.0S was insoluble in CH at any 

temperature.  Let us first concentrate on the adsorption results obtained from r-PBr0.10S and 

b-PBr0.10S.  At 25 °C (cf. Figure 5.5a), the amount of b-PBr0.10S adsorbed onto silica exceeds 

that of r-PBr0.10S; the latter is higher than the amount of PS.  At 50 °C the same trend is 

observed (cf. Figure 5.5b), namely the adsorbed amount of b-PBr0.10S being higher than that 

of r-PBr0.10S; however, the overall magnitude of adsorption is lower than that observed at 

25 °C.  It is interesting to compare the adsorption of PBr0.10S from toluene (cf. Figure 5.3a) to 

that from CH (cf. Figure 5.5a).  In the latter case, a much strong adsorption of both r-PBr0.10S 

and b-PBr0.10S is detected and a clear effect of the co-monomer distribution is seen.  We 

attribute this behavior to a much stronger repulsion between of 4-BrS and CH (relative to that 

between 4-BrS and toluene), χ4-BrS/Tol << χ4-BrS/CH.  Assuming that the interaction energies of 

the solvent and polymer segments with silica do not change dramatically with temperature 

and that 4-BrS is equally insoluble in CH, the trend can be explained by considering the 

change in solvent quality for PS.  Recall that increasing the temperature from 25 to 50 °C CH 

changes from poor to good solvent for PS.  The data in Figure 5.5c reveal that increasing the 

content of 4-BrS in PBrxS from 10 to 35 % leads to enhanced adsorption of PBrxS.  As 

previously observed for x=0.10, the adsorbed amount of b-PBr0.35S is higher than that of r-

PBr0.35S.  There are two effects that possibly contribute to the increased amount of PBr0.35S at 

the silica interface, relative to that of PBr0.10S.  First, the number of the adsorbing 4-BrS 

segments of PBr0.35S having an attractive interaction with SiOx increases 3.5 times than that 

of PBr0.10S.  Second, at 50°C the solvent quality for PBr0.35S is slightly worse relative to that 
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of PBr0.10S.73  Both these effects contribute to the enhanced amount of PBrxS at the 

silica/solution interface when increasing the content of 4-BrS from 10 to 35%.  We do not 

report on the adsorption of PBr0.60S copolymers from CH solutions; our cloud point and 

small-angle neutron scattering measurements, to be reported in a separate publication,74 

reveal that PBr0.60S/CH solutions are not homogeneous until heated to ≈70 °C. 

 

5.5.2  Theoretical results 

In this section, we present a brief summary of the computer simulations performed by 

the Khokhlov group.  The findings can be summarized as follows: 1) increasing the degree of 

"blockiness" enhances the adsorption of macromolecules dissolved in a good solvent; 2) near 

the adsorption transition, the amount of adsorbed segments in “random-blocky” copolymers 

is larger relative to their regular multiblock counterparts; 3) lowering the solvent quality 

facilitates copolymer adsorption.  These findings are in agreement with the experimental data 

discussed above.  We will now discuss the theoretical results from the Khokhlov’s group in 

more detail.  Details of the computer simulation methods are provided in the Appendix to this 

chapter. 

We commence our discussion by considering the variation of adsorption properties 

under different solvent conditions.  The data in Figures 5.6 and 5.7 illustrate the effect of 

polymer-solvent interactions on mole fraction (ϕ), and heat capacity (Cv) for block 

copolymers with fixed L, where L represents the average block length.  Note that when the 

interaction of styrene unit (εS) is decreased, the solvent quality becomes worse; the case εS = 
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0 corresponds to an athermal solvent.   
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Figure 5.6  (a) Average fraction of adsorbed segments and (b) reduced heat capacity as a 
function of the reciprocal temperature for regular multiblock copolymer (A20B20)9, at 
different monomer-solvent strengths εS. 
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Figure 5.7 (a) Average fraction of adsorbed segments and (b) reduced heat capacity as a 
function of the reciprocal temperature for regular multiblock copolymers (ALBL)m, at 
different block lengths L and εS = 0. 

 

As expected, lowering the solvent quality facilitates adsorption (cf. Figure 5.6a).  Similar 

trends associated with varying the solvent quality are observed for the brominated 
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polystyrenes dissolved in CH or toluene (cf. Figures 5.2 - 5.5).  In the strong adsorption limit 

and at small εS (εS <<  εB) it is expected that ϕ→1 for any L.  In contrast, in the case of large 

εS (εS > εB) and low T, one has ϕ = ½ for the selectively adsorbing symmetric block 

copolymers under study.  From the data shown in Figure 5.6b we conclude that upon 

decreasing solvent quality, the transition temperature, defined by the position of the heat 

capacity peak, increases.  That behavior is in a qualitative agreement with the experimental 

observation discussed in Chapter 4.  In the case of an athermal solvent it is possible to 

identify two peaks in the heat capacity (cf. Figures 5.6b and 5.7b).  These peaks correspond 

to adsorption transitions of the chemically different blocks.  The second peak (at lower 

temperatures) is weaker and diffused relative to the first one.  Thus, when the solvent is not 

very good, we observe a two-step process of copolymer adsorption.  At the first step, the AB 

copolymer adsorbs onto the surface as an effective homopolymer.  After the first adsorption 

transition, more A monomers with higher interaction energy get adsorbed on the surface, 

while more of weakly adsorbing B monomers remain non-adsorbed.  At lower temperatures, 

local rearrangements of the partially adsorbed polymer chain take place, a process that is 

accompanied by the adsorption of B blocks and by the appearance of the second weak peak 

in the heat capacity.  These results are in agreement with recent Monte Carlo simulation of 

Sumithra and Straube.75  

Finally, let us briefly discuss the results from our atomistic simulations.  We have 

calculated the average loading of the PBr0.5S copolymers and the PS and PBr1.0S 

homopolymers on a flat silica surface over a wide range of pressures.  The pressure 

(fugacity) was varied from P = 0.1 to 120 kPa while the temperature was fixed at T = 298 K.  
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The loading at each point in the pressure range was calculated and the points were combined 

to obtain adsorption isotherms.  The adsorption isotherm characterizes the affinity of the 

sorbate component towards the adsorbing surface and can, in principle, be directly compared 

with experimental measurements.   
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Figure 5.8 Adsorption isotherms calculated for 20-unit copolymer chains PBr0.5S having 
different degree of blockiness (L = 1 and 5) and for PS and PBr1.0S homopolymers, at T = 
298 K. 

 

In Figure 5.8 we plot the adsorption isotherms calculated for the PBr0.5S copolymers having 

different degree of blockiness, L.  The results are compared to those obtained for the PS and 

PBr1.0S homopolymers of the same length.  First, we find that PBr1.0S adsorbs more strongly 

than PS.  Second, the partially brominated polystyrenes possess higher affinity to the silica 
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surface than PS but worse affinity than that observed for PBr1.0S.  Finally, it is seen that the 

copolymer chains having a more blocky character (L = 5) demonstrate a stronger adsorption 

as compared to their short-block (alternating) counterparts (L = 1). The difference in the 

adsorbed amount of the short-block and long-block copolymers decreases as the pressure is 

increased. 

 

5.6  Conclusions 

 We conclude by summarizing our findings and making a few remarks.  In this chapter 

we have reported on adsorption behavior of random copolymers with two different monomer 

sequences onto flat impenetrable surfaces with different solvent qualities.  While the 4-BrS 

units in PBrxS possess strong affinity towards silica, the interaction between styrene and the 

SiOx surface is nearly athermal.  We find that for a given solvent the amount of PBrxS 

random copolymers adsorbed onto the surface increases with increasing the 4-BrS content 

and the blockiness in the monomer distribution.  At low 4-BrS content in PBrxS, the saturated 

adsorption amount is very similar for all sequence distributions; however, the initial rate of 

adsorption increases with increasing blockiness of the 4-BrS units.  At higher 4-BrS contents, 

more blocky sequences deposit more strongly onto the substrate during the entire adsorption 

period.  We also find the amount of PBrxS adsorbed on the substrate increases with 

decreasing the quality of the solvent (e.g., solubility), from which the copolymer is adsorbed.  

From these findings, we conclude the binding of polymers to substrate depends on the 

interplay between the strength of affinity toward silica and the resulting conformational 
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entropy of an adsorbed polymer.  In addition, increasing the degree of blockiness in PBrxS 

RCP leads generally to stronger adsorption of the RCPs to the silica surface. 

 An interesting situation is seen when PBrxS are adsorbed from CH.  While PBr1.0S is 

not soluble in CH, the solubility of PS in CH changes from theta to good for as the 

temperature increases from below to above ≈40°C.  One would thus expect the adsorption to 

be stronger at temperatures below ≈40oC.  The adsorption of PBr0.1S in CH at 25°C shows a 

stronger adsorption of RCPs having a more blocky character; the effect decreases with 

increasing temperature.  From this behavior, the adsorption transition temperature increased 

upon decreasing solvent quality.  

Based on the computer simulation results, we conclude that the interplay between the 

partitioning of long and short blocks of consecutive adsorbing monomers within the chain is 

responsible for the observed difference in the RCPs adsorption.  The very same conclusion 

follows from the experimental measurements.  Moreover, the predictions of the adsorbed 

amounts of RCPs at flat substrates are in a good quantitative agreement with the 

experimental data.  Our results not only help to identify molecular phenomena involved in 

adsorption of “synthetic copolymers” but are expected to shed light onto understanding the 

recognition mechanisms of biomaterials (e.g., proteins) at man-made surfaces. 
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Chapter 5.A 

Appendix to Chapter 5 

Simulation model for the adsorption of random copolymers with 

adjustable co-monomer sequences onto impenetrable flat surface∗ 

 

                                                 
∗ Supporting material of the computer simulation method for Chapter 5, work performed by Olga A. Gus'kova, 

Pavel G. Khalatur, and Alexei R. Khokhlov 
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5.A.1  Computer simulation method 

Theoretical modeling produces useful insight into polymer adsorption onto surfaces 

that can complement experimental data and, in some cases, also provide fundamental 

information that is difficult or impossible to obtain experimentally.  Two models were 

employed in the present study where polymer adsorption was simulated for copolymers with 

different degree of blockiness and compared with experimental results.  The first model 

(Model I) is a "minimal" statistical mechanical model, for which the obtained results should 

be relatively general.  Here, we use a semianalytical-seminumerical approach developed from 

previous works1, 2 and investigate the selective adsorption of regular and random multiblock 

copolymers onto a flat, chemically homogeneous surface.  Regular copolymers have blocks 

of fixed length L, while for random copolymers, L is not strictly fixed.  The second model 

(Model II) reflects the properties of a fully atomistic system. 

Model I.  The block copolymer was modeled as a Gaussian chain having N−1 steps 

(N = 360) on a simple cubic lattice.  We considered two-letter (AB) copolymer chains with 

rigid bonds of fixed length b (=1) and the chemical AB composition fixed at 1:1.  The chain 

was placed in a self-closed slab (with periodic boundary conditions in the x and y directions) 

between two impenetrable planes located at z = 0 and z = bN.  The z = 0 plane was chosen as 

an adsorbing surface.  For a given chain configuration, the system energy was defined as E = 

−εAnA − εBnB − εS(nAS + nBS), where nA and nB are the number of A-type and B-type 

monomers such that their z coordinate is z = 0; nAS and nBS are the number of monomer-

solvent contacts.  The monomer unit A was chosen to exhibit strong attractive interaction of 

strength εA ≡ ε = 1 with the surface sites, while B monomers had weaker adsorption energy 
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of strength εB = ε/2.  To make a parallel to the experimental studies discussed, the A 

monomers correspond to the 4-BrS units of a partially brominated polystyrene (PBrxS) 

adsorbing onto silica surfaces.  In most of the calculations, for εS we set εS = ε/2 so that the 

solvent was good both for A and B monomers.  Since contacts with the substrate usually 

entail a reduction of monomer-solvent contacts, there are two competing forces affecting the 

formation of the adsorption layer.  The energy parameter ε is measured in kBT units with kB = 

1.  In the model, the binding affinity of the copolymer to the surface is determined by the 

reduced temperature, T = 1/ε, as well as by the distribution of the A and B segments along 

the chain backbone. 

In this work, we studied periodic (alternating) multiblock copolymers A-alt-B.  They 

can be represented as (ALBL)m, where L is the fixed block length and m = N/2L.  In order to 

examine the effect of randomness in the distribution of monomers, we also performed 

calculations for AB copolymers, in which the lengths of continuous A and B runs l in a 

sequence were determined by the Poisson distribution f(l) = e−LLl/l!, where L represents the 

average block length.  This is one of the simplest cases of a random polymer system with a 

monomodal block size distribution.  For RCPs, the lengths of the segments composed by the 

units of a given type, LA and LB, are random quantities.  One can regard such systems with a 

given polydispersity of block lengths as a mixture of "polymer species", each labeled by the 

values of lA and lB.  Those systems can thus be considered as polydisperse generalizations of 

single component systems (ALBL)m with fixed block lengths.  For the sake of simplifying our 

discussion, we restricted our analysis to the symmetric case: LA = LB = L and ϕA = ϕB = ½, 

where ϕα = Nα/N; α = A, B; and NA + NB = N.  
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It has been established that the "coloring scheme" outlined in the experimental section 

produces copolymers with a specific monomer sequence distribution described by the 

statistics of the Lévy-flight (or "proteinlike") type.3  For such probabilistic processes an 

observable stochastic variable (block size in our case) exhibits large jumps ("flights"), termed 

"Lévy flights",4 which are characterized by a power-law (rather than exponential) probability 

distribution function.  We additionally carried out calculations for RCPs with the Lévy-flight 

(LF) statistics.3 Here we again restricted the calculations to the aforementioned symmetric 

case. 

The algorithm for calculating the adsorption properties was based on recurrence 

procedures for evaluating the single-chain partition function of a copolymer chain.1, 2  Here 

we are mainly interested in the dependence of energetic quantities on temperature and chain 

architecture in adsorption equilibrium. 

Model II.  For the fully atomistic model, the simulations were carried out in the 

grand-canonical ensemble, where the chemical potentials rather than the number of adsorbed 

poly(styrene-co-4-bromostyrene) macromolecules were fixed.  In these simulations the aim 

was to model a polymer solution that was in equilibrium with adsorbent at constant 

temperature and chemical potential of the macromolecules.  Basic grand-canonical Monte 

Carlo (GCMC) simulations of rigid molecules typically include four different move types: 

insertions, deletions, translations, and rotations.5  For exploring the intramolecular degrees of 

freedom of flexible polymers, configurational-biased scheme (CB-GCMC) based on the 

Rosenbluth sampling method was employed.5, 6  An insertion was done by attempting to 

grow a chain in an atom-by-atom fashion inside a self-closed slab.  Starting from annealed 
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amorphous silica surface with dangling oxygen atoms,7, 8 a superlattice was created to obtain 

a periodic lattice of size 57.02 × 57.02 Å in the x and y directions.  In order to generate the 

hydroxylated silica surface, free oxygen atoms were saturated by hydrogen atoms on both 

faces, with the resulting distance between the oxygen atoms on the opposite sides of about 

33.07 Å.  An empty space ∆z = 50 Å was added to the simulation cell in z-direction.  The 

disordered surface is characterized by regions that are hydrophilic and hydrophobic, 

depending on the presence of silanol (Si-OH) groups.  The positions of the substrate atoms 

were fixed since physisorption is not expected to alter the geometry of the substrate surface, 

while polymer atoms were allowed to move in the simulation procedure.  The energies were 

computed using the well-parameterized polymer-consistent class II force field (PCFF).9, 10  

The partial charges were assigned according to the PCFF force field.  The atom-based 

summation method was used to evaluate the nonbonded van der Waals interactions with a 

cutoff distance of 15 Å.  The standard Ewald method was used for evaluating Coulomb 

interactions.  For generating adsorption isotherms, twenty million steps were required before 

both energy and the loaded amount converged to their final values.  Each simulation point 

obtained at a given temperature and pressure followed these steps. 
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Summary and Outlook 
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6.1 Summary 

The theme of this Ph.D. Thesis has centered around evaluating the thermodynamic 

characteristics of random copolymers (RCPs) with adjustable co-monomer sequence 

distributions.  The RCPs considered in this work were prepared by bromination of 

polystyrene (PS) with bromine leading to poly(styrene-co-4-bromostyrene) (PBrxS) random 

copolymers, where x is the mole fraction of the 4-bromostyrene (4-BrS) segments in the 

copolymer.  We illustrated that the co-monomer sequence distribution in PBrxS can be 

adjusted by carrying out the bromination reaction in selective solvents.  Specifically, while 

the distribution of 4-bromostyrene (4-BrS) in PBrxS was found to be random when the 

bromination reaction was performed in a good solvent (r-PBrxS), the bromination reaction 

resulted in PBrxS with random-blocky 4-BrS sequences (b-PBrxS) when carried out in a poor 

solvent.  Three specific topics were considered that included: 1) monitoring the kinetics 

bromination of free polystyrene chains in bulk and polystyrene assemblies on flat surfaces in 

various solvents, 2) investigating the phase behavior of PBrxS concentrating on the effect of 

the chemical composition, co-monomer sequence distributions in the RCP, and 1H/2D 

isotopic substitution in the RCP and the solvent, and 3) probing the adsorption behavior of 

PBrxS RCPs with various chemical compositions and co-monomer sequence distributions on 

solid substrates from solvents of various qualities. 

 In Chapter 2 we demonstrated that Kerr effect measurements provide a convenient 

means of monitoring both the chemical composition and co-monomer sequence distribution 

in RCPs.  In order to gain a quantitative insight into the Kerr effect results, we interpreted 

the experimentally-measured molar Kerr constants using the rotational isomeric state (RIS) 
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model and matrix multiplication methods of Flory for a few selected periodic sequences 

having the same degree of bromination and degree of polymerization as the experimental 

system.  Dewetting experiments using thin films of PBrxS showed the effect of the co-

monomer sequence distribution on partitioning of RCPs from polymer melts at interfaces.  

We have also reported preliminary findings from interaction chromatography (IC) 

experiments on PBrxS solutions in various solvents and stationary phases.  The IC results 

experiments demonstrated that the retention of RCPs depended not only on the average 

number of adsorptive segments along the RCP, but also on their co-monomer sequence 

distribution.  The latter finding is particularly important as it suggest that one may be able to 

determine differences in co-monomer sequence distribution by using a widely-available 

experimental technique. 

In Chapter 3 we described a systematic study examining the effect of solvent quality 

and reaction geometry on the rate of bromination of polystyrene.  We found that: 1) the bulk 

bromination of PS follows the second-order kinetic in bromine, 2) the reaction rate increases 

with increasing dielectric constant of the solvent, and 3) decreasing the solvent quality 

decreases the bromination reaction rate.  In addition, we reported that the reaction rates for 

brominating PS brushes are much smaller than those of free PS chains in solution.  We 

attributed this latter behavior to steric hindrance due to PS confinement on the substrate. 

In Chapter 4 we illustrated the effect of the chemical composition, co-monomer 

sequence distribution in PBrxS, and 1H/2D isotopic substitution in the RCP and the solvent on 

the behavior of PBrxS in cyclohexane (CH) using turbidity and small-angle neutron scattering 

(SANS) measurements.  We reported that solutions of b-PBrxS possess higher cloud point 
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temperatures than the corresponding r-PBrxS solutions having the same polymer 

concentration and x.  We further reported that while r-PBrxS chains collapse as individual 

coils during the coil-to-globule phase transition, the 1-phase to 2-phase transition in b-PBrxS 

is much more complex.  Specifically, we reported that larger macromolecular aggregates 

comprising multiple b-PBrxS chains formed in solution and that this assembly acted as a 

precursor to the “true phase transition”.  This complex phase behavior of b-PBrxS was 

associated with the existence of inter- and intra-chain contacts acting among styrene and 

4-BrS units (“pattern recognition”) leading possibly to “flower-like” micelle formation.  In 

addition, we discovered a strong effect of isotope substitution in both PBrxS and the solvent 

on the cloud point temperature. 

 In Chapter 5 we provided a comprehensive study of the adsorption of PBrxS from 

various solvents on flat silica substrates.  We reported that while the 4-BrS units in PBrxS 

possess strong affinity towards silica, the interaction between styrene and the surface is 

nearly athermal.  Our findings have revealed that: 1) for a given solvent the amount of 

PBrxS RCP adsorbed on the surface increased with increasing the 4-BrS content and 

increasing degree of blockiness in the co-monomer distribution, and 2) the amount of PBrxS 

adsorbed on the substrate increased with decreasing the quality of the solvent (e.g., 

solubility), from which the copolymer was adsorbed.  We have also included selected 

computer simulation results obtained by the Khokhlov and Khalatur groups that confirmed 

our experimental results.  By combining the experimental and computation results we 

concluded that the binding of polymers to substrate increased with increasing concentration 

of the adsorbing segments in the RCP and increasing the blocky-character in the co-monomer 
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sequence distribution.  We have reported and discussed that the observed difference in the 

RCPs adsorption can be attributed to the interplay between the partitioning of long and short 

blocks of consecutive adsorbing monomers within the RCP. 

  The findings reported in this Ph.D. Thesis are important for several reasons.  First, 

they help understand the phase behavior of synthetic RCP.  The knowledge gained may be 

utilized in designing effective adhesion promoters, encapsulating agents based on RCPs.  

Second, the results included in this work may provide insight into molecular phenomena 

involved in folding/unfolding behavior of natural polymers, such as DNA, RNA, and 

proteins.  Third, our findings may shed light onto understanding the recognition 

mechanisms of involved in biomaterial adhesion at man-made surfaces (e.g., protein 

adsorption on substrates). 

 

6.2 Recommendations for future work 

In this Ph.D. Thesis we focused on probing the effects of co-monomer sequence 

distributions on the thermodynamic behavior of RCPs.  While our studies offered new 

means of linking the observed behavior to the composition and co-monomer distribution in 

RCPs much work still needs to be done in order to fully comprehend the fascinating behavior 

of RCP systems.  In this section describe some experiments that should be performed in 

order to gain more detailed insight into the effect of the co-monomer sequences in RCPs on 

their bulk and interfacial behavior.  Specifically, we suggest that more information about the 

RCP systems can be gained by linking the glass transition temperature (Tg) to the 
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co-monomer sequence distribution and performing contact adhesion tests (CATs) with the 

Johnson–Kendall–Roberts (JKR)1 method.  Measuring the Tg of RCPs may provide new 

important insight into how Tg of polymers depends on the chemical composition and the 

co-monomer sequence distribution in RCPs; these experiments may also complement the 

existing methodology of determining the co-monomer sequence distribution in RCPs based 

on Kerr constant measurement.  CATs may provide useful tool for determining the 

co-monomer sequences of the surface-anchored RCPs.  This is significant as no other 

method currently exists that would enable complete characterization of RCPs grafted to 

substrates.  Finally, we also mention the necessity of performing important new experiments 

and computer simulations pertaining to substrate-grafted RCPs and outline new ways of 

directing the “templated coloring” mechanism by tailoring the density of the polymeric grafts 

on the substrate the geometry of the substrate. 

 

6.2.1 Co-monomer sequence effect in PBrxS on the RCP glass transition 

The glass transition temperature (Tg) is defined as the temperature at which a 

polymer melt turns into an amorphous solid.  The Tg is known to depend on the polymer 

molecular weight, tacticity, and chemical composition.  Gordon and Taylor2 and Fox and 

Flory3 used the notion of the “free-volume’’ theory to obtain the following relation for the 

glass transition temperature TgC of a random copolymer: 
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where Aw  and Bw  are the weight fractions of the monomeric units A and B, and TgA and 

TgB are the glass transition temperatures of the corresponding homopolymers.  Another 

relation (linear with respect to mole fraction) was derived by DiMarzio and Gibbs using the 

“entropic” theory.4  Both theoretical evaluations of TgC do not agree with experimental 

values because they omit the effect of the sequence-specific molecular interactions between 

the monomeric units inside the RCP.  In order to overcome these limitations, the theoretical 

equations were later expanded so that they could reflect the effect of the sequential 

arrangement of monomeric units in the RCP chain by means of diad concentrations.  

Specifically, Eq. (6.1) was expanded by Johnston5 into the following form: 
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where TgAB (i,j = A or B) is a parameter corresponding to the sequence ij, that is a 

contribution of the diad ij.  TgAA and TgBB can be identified with Tg of the respective 

homopolymers, while TgAB represent the Tg of the alternating copolymer.  The weight 

fraction wij of the diad ij is given by: 
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where xij, xA, and xB are mole fractions of the sequence ij, component A and component B, 

respectively.  Mi
0 is the molecular weight of the monomeric unit i.  For i = j, xij = x, where 

{ij} is the frequency of this diad, while for i ≠ j, xij = 2 {ij}.6, 7  
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Figure 6.1   Tg of b-PBrxS (squares) and r-PBrxS (circles), measured by DSC, as function 
of their weight fractions analyzed by NMR and elementary analysis.  The solid and dashed 
lines are calculated using Eqs. (6.2) and (6.3).  Tg from the A-B block copolymer (solid line) 
is higher than that corresponding to the alternating copolymer (dotted line). 
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In Figure 6.1, we plot the Tg of r-PBrxS (circles) and b-PBrxS (squares) as a function 

of the concentration of 4-BrS in PBrxS.  The b-PBrxS and r-PBrxS were prepared by 

brominating PS at 32.8 °C in CD and CDD, respectively.  The Tg measurements were 

performed on a TA Instruments Q100 DSC.  Dynamic heating and cooling scans were 

carried out at a rate of 5 °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. 

In the same figure we plot the predictions for Tg obtained using Eqs. (6.2) and (6.3) 

for block (A-b-B, solid line) and alternating (A-alt-B, dashed line) copolymers.  In the 

calculations we assumed that the Tg of PS is ≈100°C and that of PBr1.0S is ≈144°C.8, 9  In 

our calculations we assumed 300 monomer units in each polymer chain, which is consistent 

with the molecular weight of PS (Mw=30 kDa) used throughout this Ph.D. Thesis and the 

styrene monomer (Mw=104 Da).  From the theoretical predictions it is apparent that for a 

given composition of PBrxS the Tg of A-alt-B is lower than that of a A-b-B.  Fuhrmann and 

coworkers showed that the calculated Tg values using Eq. (6.2) are close to experimental 

values for the mixed styrene/4-BrS diads.10  Interestingly, the experimentally-measured Tg 

values for b-PBrxS follow closely the predictions pertaining to A-b-B sequences while the Tg 

for r-PBrxS data may be associated with the predictions corresponding to the A-alt-B samples 

(although there is a substantial scatter in the experimental data).  These trends are not 

unexpected.  Consider that RCPs lie somewhere between alternating and block copolymers.  

While RCPs with “truly random” sequences are expected to behave more like A-alt-B 
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copolymers, increasing the blockiness in the co-monomer sequences would shift the RCP 

behavior closer to that of A-b-B ones.  While the experimental trends in Tg shown in Figure 

6.1 are encouraging, is it clear that more experiments have to be done before any conclusive 

statements can be said about the ability of Eqs. (6.2) and (6.3) to predict the co-monomer 

sequence effect on Tg. 

 Even though this preliminary result demonstrated the potential of using Tg as a new 

means of discriminating among various co-monomer sequences in RCPs, the effect of 

co-monomer sequence distribution on Tg is very small and is associated with a large 

experimental error.  This can, at least in part, be attributed to the rather large sample volume 

probed using the conventional DSC.  While conventional DSC systems are tabletop 

instruments useful for analyzing macroscopic (>1 mm3) scale samples, a micron-scale 

differential scanning calorimeter (µDSC), recently introduced, can detect Tg of much smaller 

specimens, such as thin films with a total volume of 10−7 mm3.  Because of this small 

volume probed, the µDSC can be successfully employed in microchemical analysis, as either 

a chemical sensor, or a part of a microanalytical system.11  We speculate that by using 

µDSC, it may be possible to characterize the composition and co-monomer sequences of the 

PBrxS RCPs by measuring their glass transition temperature. 

 

6.2.2 Monomer sequence measurement on surface-anchored PBrxS RCPs 

Contact adhesion tests (CAT) based on the theory of Johnson, Kendall, and Roberts 

(JKR)1 have in the past been successfully employed to measure interfacial interactions in soft 
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materials.12, 13  It is believed that the JKR method may provide fundamental means of 

measuring the adhesion properties of RCP brushes and provide the physical mechanisms 

behind their ability to serve as unique and tunable, compatibilizers in advanced polymer 

nanocomposites.  For the experiments on PBrxS brushes, a spherical glass surface is coated 

with a thin film of a homopolymer film.  This homopolymer-coated surface is brought into 

contact with the PBrxS brush-coated silicon surface at a controlled displacement rate.  Once 

an arbitrarily-defined maximum force of contact is established, the homopolymer-brush 

interface is held at the fixed-maximum displacement for a specified dwell time, and 

subsequently separated at a controlled displacement rate until full separation is achieved.  

During this process of contact and separation, the applied displacement, resulting force, and 

the developing interfacial area should be monitored continuously.  With these experiments, 

we should be able to quantify the adhesion differences of PBrxS brushes as a function of the 

degree of bromination and the co-monomer sequence. 

As a preliminary demonstration of how this technique may provide unique insight 

into the properties of RCP brushes, Crosby’s group at the University of Massachusetts at 

Amherst has recently performed CAT experiments with polystyrene-coated glass 

hemispheres contacting the brushes described above.14  A schematic of this experiment is 

provided in Figure 6.2a and the results for three different brushes are provided in Figures 

6.2b.  Those three brush systems were prepared by brominating PS brushes anchored to slid 

substrates in nitrobenzene (NB, ●), 1-chlorodecane (CD, ×), and 1-chlorododecane (CDD, □) 

using methodologies described in Chapter 3 of this Ph.D. Thesis.  During contact at 

maximum compression, the brush molecules and the polystyrene surface molecules establish 
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an interfacial zone.15-17  The width of this interfacial zone (not quantified in these 

experiments) depends upon the interaction parameters of the polymer brush and polystyrene 

molecules, their respective molecular weights, and the time and temperature during contact.  

The interfacial width is related to the adhesion strength of the established interface.18 

 

 
Figure 6.2   (a) Schematic of JKR-type contact adhesion test and definition of welded 
interfacial area.  (b) Normalized welded interfacial area normalized by Hertzian contact area 
as a function of bromination degree in polymer brush synthesized in NB (●), CD (×), and 
CDD (□).  Contacting film is linear polystyrene.  Data for three different brushes 
demonstrates impact of copolymer segment length on adhesion properties. 

 

In our experiments, we hold the polystyrene thin film in contact with the polymer brush at a 

temperature of 100 °C for one minute.  At this temperature, a welded interface is established 

and an area associated with the area of contact is transferred from the polystyrene film to the 

polymer brush.  This area is referred to as the “welded interfacial area”.  The experimental 

results provided in Figures 6.2b indicate that the width of the interfacial zone is dictated by 

not only the degree of bromination of the polymer brush, but also be the segmental 

blockiness of the brush molecules.  In Figure 6.2b, the polymer brush was brominated in 

nitrobenzene.  Here, the decrease in welded interfacial area with increasing degree of 
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bromination is associated with two mechanisms.  First, the glass transition temperature of 

the polymer brush increases with increasing degree of bromination.  Our experiments were 

conducted at a fixed surface temperature of 100°C; therefore, T – Tg varies as a function of 

the degree of bromination in these experiments.  Although this deviation from Tg is directly 

related to mobility, hence the ability of the molecules to form an integrated interfacial zone, 

this mechanism does not explain the full significance of the data presented in Figure 6.2b.  

In Figure 6.2b, the interfacial welded area is normalized by the predicted Hertzian contact 

area,19 or the area predicted by contact mechanics in the absence of adhesion.  As observed 

from the data in Figure 6.2b, this normalized quantity approaches unity as the degree of 

bromination increases to one.  Therefore, even at full bromination levels, the adhesion is 

significant enough to remove the interfacial area from the polystyrene film.  Concurrently, 

the interfacial forces and mobility of the brush molecules are not significant enough to 

increase the interfacial area.  As the degree of bromination decreases, the interfacial forces 

combine with the increased brush mobility to pull a greater region into contact beyond the 

Hertzian contact area.  In addition, polymer brushes formed in both CD and CDD are 

characterized with regard to their adhesion with a thin PS film.  Here, it is clear that the 

welded contact area varies between the two brushes where their degree of bromination is 

nearly equal.  This result clearly demonstrates the impact of blockiness on segmental 

mobility and the power of these fundamental adhesion measurements on understanding the 

physical significance of HAMS structures. 

These preliminary data suggest that the CAT measurements may provide an important 

insight into the co-monomer sequences in RCP brushes.  In order to assess the effect of the 
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co-monomer sequence distribution and the sequence length on the welding processes of 

glassy polymer interfaces, one should conduct a full set of CAT experiments using RCP 

PBrxS brush systems prepared using the methodology described in Chapter 3.  These 

surfaces will have a varying degree of blockiness and co-monomer sequence distribution 

across a range of functionalization.  Initially, these brushes will be brought into contact with 

homopolymer films of either PS or PBr1.0S.  Similar to the example described above, the 

new set of measurements will provide unique insight into the welding mechanisms of glassy 

polymers, as well as a sensitive method for exploring the different block lengths and 

sequences in the HAMS brushes.  These experiments will be conducted as a function of 

welding temperature, contact time, brush density, and film/brush thickness.  Building upon 

these initial experiments, one should investigate the interfacial activity at an interface of only 

RCP molecules.  To this end, PBrxS brushes with a fixed bromination level and segment 

length will be deposited on one substrate while the contacting surface (in the CAT 

experiment) will be decorated with a PBrxS brush of identical degree of bromination but 

different co-monomer sequence distribution.  These experiments will provide essential data 

into future directions of using these molecules as a unique route for pattern recognition on 

molecular levels. 

 

6.2.3 Chemical coloring of surface anchored RCPs 

Further examination for the effects of chain confinement on surface anchored RCPs 

are motivated by recent computer simulations from the Genzer and Hall groups.  The 
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computer simulations have revealed that, depending on the chain grafting density, chemical 

reactions performed on surface-anchored polymers may lead to the formation of copolymers 

with various co-monomer sequences.  While “coloring” sparsely-spaced brushes on flat 

substrates consistently produces random copolymers, increasing the density of the brush 

leads to the formation of surface-grafted copolymers, whose bottom block comprises the 

original parent polymer and the top block is made of a random copolymer consisting of the 

“uncolored” and “colored” moieties.  In addition, one would expect to see similar solvent-

dependent differences in the co-monomer sequence distributions in surface-anchored RCPs.  

To this end, brominating PS in good solvents should lead to RCPs with a relatively random 

distribution of the coloring species.  In contrast, by carrying out the bormination reaction in 

poor solvents random-blocky RCPs should be formed.  Preliminary experiments using x-ray 

reflectivity on samples brominated in NB, CD, and CDD confirm our assumptions about the 

distribution of 4-BrS along the PBrxS brushes having grafting densities of PS chains of 

σPS ≈ 0.45 chains/nm2.20 

In Figure 6.3 we plot the x-ray reflectivity curves for PBr0.4S (prepared in NB, 

squares), PBr0.3S (prepared in CD, up-triangles), and PBr0.5S (prepared in CDD, down-

triangles).  In order to gain a rough estimate of the scattering length density profile inside 

the sample, we calculated the Patterson functions from the experimental reflectivity data: 

 

∫
+∞

∞−

+ρρ
ρ

= ds
ds

zsd
ds

sdzP
s

)()(1)( 2  .      (6.4) 



 182

0.0 0.1 0.2 0.3 0.4 0.5
10-8

10-7

10-6

10-5

10-4

10-3

10-2

10-1

100

101

102

103

104

CDD

R
ef

le
ct

iv
ity

q   (Å-1)

CD

1

1

1
NB

 

 
Figure 6.3   X-ray reflectivity curves collected from PBr0.4S (prepared in NB, squares), 
PBr0.3S (prepared in CD, up-triangles), and PBr0.5S (prepared in CDD, down-triangles).  
The reflectivity curves have been shifted vertically for clarity. 

 

In Eq. (6.4), ρs is the electron density of the substrate and ρ(z) is the laterally-averaged 

electron density in the film at distance z beneath the surface.  The Patterson function is 

considered to be equivalent to the normalized autocorrelation function of the electron density 

gradient and is proportional to the probability of finding an interface at a distance z from 

another interface.  The Patterson functions corresponding to the x-ray reflectivity curves 

shown in Figure 6.3 are plotted in Figure 6.4.  The data reveal that the PBr0.4S-NB specimen 

is highly brominated near the free surface; a non-negligible amount of bromine is also 

present in the bulk, although the concentration of bromine in the bulk of the brush is smaller 
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than that near the free surface.  The PBr0.3S-CD sample is considerably more random-

blocky than the PBr0.4S-NB specimen; smaller amount of bromine is detected in the regions 

deeper beneath the free surface. 
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Figure 6.4   Patterson functions from a) PBr0.4S (prepared in NB, squares), b) PBr0.3S 
(prepared in CD, up-triangles), and c) PBr0.5S (prepared in CDD, down-triangles) obtained 
from the x-ray reflectivity data shown in Figure 6.3. 

 

Finally, the PBr0.5S-CDD sample exhibits a large amount of bromine close to the free 

surface; however, almost no bromine is present inside the brush.  These results are very 



 184

reasonable considering that NB is a good solvent for both PS and PBr1.0S and provided that 

bromine can penetrate the brush, bromination should occur with an approximately the same 

probability at all distances inside the brush.  As already mentioned in Chapters 2 and 3 in 

this Ph.D. Thesis, CD and CDD possess lower solubilities for PS than NB; moreover, the 

solubility of PS in CDD is much lower than that in CD, as mentioned several times 

throughout this Ph.D. Thesis.  In addition, PBr1.0S is nearly insoluble in CDD.  Under 

those conditions, bromination in CD should lead to brushes that are relatively random.  

However, their degree of randomness will be smaller (thus, they will contain some random-

blocky character) relative to PBrxS prepared by brominaiton of PS brushes in NB.  In 

contrast, bromination in CDD should only occur close to the very tip of the brush because the 

PS brushes are collapsed and because PBrxS part of the chain are nearly insoluble in the 

solvent.  While very preliminary, these experimental results are encouraging and reveal new 

possibilities of producing random copolymers by tailoring the solvent and geometrical 

constraints of the homopolymers. 

In order to gain complete understanding of the effect of chain confinement, it would 

be important to carry out bromination of PS brushes in different solvents at various values of 

σPS.  In addition, it would be interesting to compare bromination of PS brushes on flat 

substrates with that on a convex substrate.  To this end, the curvature of the convex 

substrate may help to alleviate confinement effects acting on the grafted macromolecules.  

In addition, the segmental distribution of the coloring species inside the brush should be 

monitored not only using the x-ray reflectivity, which is typically done in air and involves 
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collapsed brushes, but also using neutron reflectivity, which can potentially be carried out in 

solutions, where the native conformations of the brushes are only minimally perturbed. 
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Salt-induced depression of lower critical solution temperature in 

surface-grafted neutral thermo-responsive polymer* 
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A.1 Abstract 

Quartz crystal microbalance with dissipation monitoring (QCM-D) is employed to 

determine the effect of salt on the volume phase transition of thermoresponsive polymer 

brushes.  Changes in mass and viscoelasticity of poly(N-isopropyl acrylamide) (PNIPAM) 

layers grafted from QCM-D crystal are measured as a function of temperature, upon contact 

with aqueous solutions of varying salt concentrations.  The phase transition temperature of 

PNIPAM brushes, TC,graft, quantified from the QCM-D measurements is found to decrease as 

the concentration of salt is increased.  This phenomenon is explained by the tendency of salt 

ions to affect the structure of water molecules (Hofmeister effect).  However, in contrast to 

the linear decrease in phase transition temperature upon increasing salt concentration 

observed for free PNIPAM, the trend in TC,graft for PNIPAM brushes is distinctively non-

linear. 
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A.2 Introduction 

Thermally responsive polymers exhibit measurable changes in their conformation as a 

function of temperature.  The quintessence of this category of polymers is poly(N-isopropyl 

acrylamide) (PNIPAM), whose bulk phase transition temperature in aqueous solution, TC, is 

≈32 oC.1  While below this temperature PNIPAM is soluble in water, upon raising 

temperature above 32 oC the polymer phase-separates from the solution.  This temperature-

dependent solubility change of PNIPAM has been cleverly used in a number of applications 

such as controlled drug delivery,2-4 gene therapy,5 and creation of reversible non-fouling 

surfaces6-8 and artificial organs.9  While the lower critical phase transition of free PNIPAM 

chains in aqueous solution has been extensively studied, the phase behavior of PNIPAM 

chains grafted to a solid substrate is relatively less explored.  Surface plasmon resonance 

measurements by Lopez et al.10 and neutron reflectively studies by Kent and coworkers11-13 

demonstrated that the phase transition of PNIPAM brushes take place over a broad range of 

temperature around 32 oC.  A recent study by Zhang et al. utilizing quartz crystal 

microbalance with dissipation measurement (QCM-D) confirmed such broad transition of 

surface-grafted PNIPAM.14, 15  While temperature is certainly an important factor 

determining the response of a thermoresponsive polymer, the concentration of salt in the 

solution has also been found to affect the phase transition of free PNIPAM.16-20  

Understanding the behavior of thermoresponsive polymer in solutions of varying salinity is 

crucial in order to utilize these polymers in biological applications.   

In this communication, we employ QCM-D to probe the phase transition behavior of 

surface-grafted PNIPAM as a function of salt concentration in the solution.  We demonstrate 
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that the inverse relationship between the concentration of salt present in the aqueous solution 

and TC observed for bulk PNIPAM also holds true for grafted polymers.  However, this 

relationship is not linear as is observed for free PNIPAM in aqueous solutions.  Specifically, 

at low salt concentrations TC decreases more rapidly and tends to level off at elevated salinity 

of the solution. 

 

A.3 Experimental Section 

A.3.1 Attachment of PNIPAM to QCM resonator 

Polished, AT-cut quartz crystals (1.4 cm in diameter), with a fundamental resonant 

frequency of 5 MHz were obtained from Q-Sense AB (Sweden).  The active side of the 

crystal was coated with a thin layer (≈50 nm) of silicon oxide.  PNIPAM chains were grafted 

from this layer of silicon oxide using atom transfer radical polymerization (ATRP).21  

Thickness of PNIPAM on QCM crystal was estimated by growing PNIPAM brushes 

simultaneously on a reference silicon wafer and measuring the dry thickness of the polymer 

layer (≈15nm) by ellipsometry. 

 

A.3.2 Data acquisition using QCM-D 

The variations in frequency (∆f) and dissipation (∆D) were monitored using a 

QCM-D apparatus (Q-Sense AB, Sweden) consisting of a pre-heating loop and a chamber 

connected to the electronic unit.  (∆f) and (∆D) were determined for bare crystals (i.e., bare 

silica-coated resonators with no attached polymer) as well as for crystals coated with 
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PNIPAM.  The resonator was placed in the QCM chamber, with the silica-coated side of the 

crystal facing the liquid and the other side exposed to air.  In a typical experiment, the 

solution was conditioned in the heating loop before entering the chamber.  The temperature 

of the liquid in the chamber was controlled within ±0.02 oC with a Peltier element.  In order 

to understand the response of PNIPAM to external stimuli, solutions of different ionic 

strengths and different temperatures were circulated over the PNIPAM-coated surface of 

QCM crystals.  ∆f and ∆D were measured at a sampling frequency of 2 MHz with a 

sensitivity of <0.5 Hz and 1×10-7 (au), respectively.  While replacing the liquid present in the 

chamber, due care was taken to completely flush out the original liquid.  For this purpose, a 

large volume of new solution was circulated through the chamber for 5 minutes, and then the 

outlet of the chamber was closed to fill it up with the solution of given salt concentration.  

For every new measurement, the PNIPAM-coated resonator was allowed to equilibrate for at 

least 45 minutes. 

 

A.4 Results and Discussion 

Investigating the response of grafted polymers to changes in environment has been 

challenging due to the lack of readily available, unambiguous surface characterization 

techniques.  Although the thermoresponsive nature of free PNIPAM has been known since 

late 1960’s,22 systematic exploration of surface-grafted PNIPAM commenced only in recent 

years.10-13  Consequently, there have been only a handful of studies that probed the 

responsive nature of PNIPAM brushes.  Recently, quartz crystal microbalance with 
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dissipation monitoring (QCM-D) has emerged as a sensitive probe to investigate phenomena 

taking place at or near surfaces.14, 15, 23-25  Since the response of the quartz crystal is affected 

by variations in temperature, viscosity, and density of the (bulk) medium above the sensor 

surface, the inherent crystal effects must be taken into consideration to obtain the true 

response of PNIPAM brushes.  Consequently, we first measured ∆f and ∆D for bare crystals 

at different temperatures and salt concentrations.  These values were subtracted from the 

corresponding ∆f and ∆D for PNIPAM-coated QCM crystals to obtain corrected ∆f and ∆D 

for the grafted PNIPAM chains.  In this communication, we report ∆f and ∆D values with 

respect to those for DI water at 25 ˚C.  

Figure A.1 depicts ∆f and ∆D for PNIPAM as a function of temperature when NaCl 

solutions with two different salt concentrations were circulated over the PNIPAM-coated 

resonator.  Every data point in this graph was obtained after ∆f and ∆D reached an 

equilibrium value at the given temperature.  ∆f increases with increasing solution temperature, 

indicating a decrease in the effective mass of the adlayer attached to the resonator.  Since the 

PNIPAM chains are chemically grafted to the crystal, the observed decrease in mass is 

explained by the loss of water molecules bound to PNIPAM chains.  It has been previously 

shown that QCM is capable of sensing the mass associated with water molecules bound to 

the organic species, i.e., water of hydration.  In fact, the ability of QCM to detect the degree 

of hydration of organic species results in a different mass sensed by this technique as 

compared to that sensed by others such as ellipsometry, surface plasmon resonance or optical 

waveguide light spectroscopy.24, 25  Consequently, we attribute the observed increase in ∆f to 

the loss of water molecules bound directly to grafted PNIPAM chains.  Dehydration of 
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PNIPAM results in gradual collapse of the grafted chains and a decrease of the compatibility 

between PNIPAM and aqueous solution. 
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Figure A.1 ∆D (squares, left ordinate) and ∆f (circles, right ordinate) for PNIPAM 
brushes (dry thickness = 15 nm) in aqueous NaCl solution of (a) 250 mM and (b) 1 M 
concentration as a function of the solution temperature.  Both the heating and the cooling 
cycles (red solid and blue open symbols, respectively) are shown.  The standard deviation for 
each data point is represented as an error bar (in all cases smaller than the symbol’s size). 
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This transition from fully solvated chains to a collapsed structure of PNIPAM brushes occurs 

over a wide range of temperature (from at least 20 to 37 ˚C).  This is in contrast to the very 

sharp coil-to-globule transition, TC, observed at 32 ˚C for free PNIPAM chains in solution.  

Thus, the confinement of thermally responsive chains to a surface seems to affect its thermal 

transition behavior.  Our results agree very well with those obtained by Lopez et al. using 

surface plasmon resonance, by Kent et al. using neutron reflectivity,10-13 and by Zhang et al. 

using QCM-D.14, 15  These investigations also pointed at a gradual transition of surface-

grafted PNIPAM over a wide range of temperature. 

It is expected that the viscoelastic properties of grafted PNIPAM will change upon 

dehydration and shrinking of these surface-anchored brushes.  Specifically, a decrease in the 

values of ∆D reflects the gradual variation in energy dissipation (viscoelasticity) of the 

PNIPAM layer as temperature is increased (cf. Figure A.1).  A dense and compact layer is 

known to result in less energy dissipation (∆D) relative to an extended and flexible one.24, 25  

By combining ∆f and ∆D measurements, the following picture of PNIPAM phase transition 

emerges.  Upon increasing temperature PNIPAM chains begin to lose water of hydration and 

the incompatibility between chains and aqueous solution increases.  This incompatibility 

causes the chains to collapse, which in turn, makes the layer compact, resulting in a decrease 

in energy dissipation (less viscous layer). 

We repeated the above experiments at different salt concentrations by flowing 

different salt solutions over PNIPAM-coated crystals.  In all the experiments, we detected 

variations in ∆f and ∆D similar to those observed in Figure A.1.  However, at a given 

temperature, ∆f increased and ∆D decreased as salt concentration was increased.  As ∆f 
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correlates with loss of water of hydration, we postulate that at 25 oC grafted PNIPAM chains 

lose more water of hydration than the ones in contact with solutions of lower salt 

concentration.  Similar results were obtained upon measuring the deviation of D as a function 

of salt concentration (cf. Figure A.2).  At a given temperature, ∆D decreases as the ionic 

strength of the solution is raised.  As dense and compact layers exhibit lower D than flexible 

ones, we hypothesize that at 25 °C PNIPAM brushes are more collapsed in solutions having 

higher concentrations of salt. 
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Figure A.2 ∆D (squares, left ordinate) and ∆f (circles, right ordinate) for PNIPAM 
brushes in solution (dry thickness = 15 nm) at 25.00±0.02 °C as a function of NaCl 
concentration.  The reference data point is deionized water, pH=5.5 and 25 °C.  The lines are 
meant to guide the eye. 
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We can use the experimentally measured ∆f and ∆D to estimate the changes in TC as a 

function of salt concentration.  Since the phase transition of grafted PNIPAM is not as sharp 

as that for free polymers, we determined the extent of phase transition of surface-anchored 

PNIPAM by following ∆f (or ∆D) as a function of temperature.  We define TC of grafted 

PNIPAM, TC,graft, to be the temperature at which the slope of ∆f (or ∆D) changes in plots 

similar to those shown in Figure A.1. 
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Figure A.3 The coil-to-globule transition temperature in PNIPAAm brushes (TC,graft) as 
determined from the temperature dependent dissipation (squares) and frequency (circles) data 
as a function of NaCl concentration in solution.  The line is meant to guide the eye. 

 

While the value of TC,graft determined using this approach is physically not as definitive as TC 

for free PNIPAM, it provides a quantitative estimate to compare phase transition behaviors of 

grafted polymers under various solution conditions.  Our results (cf. Figure A.3) reveal that 
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TC,graft decreases (up to seven degrees) with increasing salt concentration. These observations 

are in line with the earlier experiments that described depression of TC of bulk, free PNIPAM 

upon increasing salt concentration.16-20  This effect of salt was attributed to the ability of 

inorganic ions to either promote or disrupt the structure of water molecules in the solution 

(Hofmeister effect).16-20, 26, 27  One of the reasons proposed to explain phase transition of 

PNIPAM is the minimization of structural deformation of water molecules around 

hydrophobic isopropyl groups in PNIPAM.  Addition of salt can change the structure of 

water in their vicinity and consequently influence the hydration of the hydrophobic groups.  

Structure makers such as NaCl cause water molecules to form a “rigid” structure around the 

ions.  This reduces the hydration of the hydrophobic groups along PNIPAM chain and results 

in the lowering of TC.16-20 

While there can be other plausible reasons explaining the effect of salt on PNIPAM 

such as direct interaction of ions with amide groups in the polymer,18 our observation that 

addition of salt affects phase transition of thermoresponsive polymer brushes is conclusive.  

It is worth noting that although the surface-grafted PNIPAM shows similar trends in TC 

depression as free PNIPAM, the trend is distinctively not linear for grafted PNIPAM.  A 

relatively steep reduction in TC,graft is seen upon increasing the salt concentration up to 250 

mM; further increase in NaCl concentration produce a lower rate of decline in TC,graft.  This 

effect may be associated with the loss of translational entropy of the grafted chains relative to 

the free macromolecules.  Tests to prove this hypothesis are underway using PNIPAM 

brushes with different grafting densities on the substrate. 
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A.5 Conclusion 

By using quartz crystal microbalance with dissipation monitoring, we probed the 

phase transition behavior of thermoresponsive polymer brushes (PNIPAM) immersed in 

aqueous solutions at various salt concentrations.  The phase transition temperature of grafted 

polymer, TC,graft as defined in the text, was found to decrease as the concentration of salt is 

increased.  This depression in phase transition temperature is similar to that observed for free 

PNIPAM and is attributed to the effect of salt ions on water molecules around polymer 

chains (Hofmeister effect).  However, unlike free PNIPAM, the depression of Tc for 

PNIPAM brushes is not linear as a function of salt concentration. 

 

Acknowledgements 

The authors thank the National Science Foundation and NCSU Faculty Research and 

Development Fund for supporting this work. 



 200

A.6 References

 

1. Schild, H. G. Prog. Polym. Sci., 17, 163 (1992). 

2. Kost, J.; Langer, R. Adv. Drug Deliv. Rev., 46, 125 (2001). 

3. Neradovic, D.; Hinrichs, W. L. J.; Kettenes-Van Den Bosch, J. J.; Van Nostrum, C. 
F.; Hennink, W. E. J. Contr. Rel., 72, 252 (2001). 

4. Inoue, T.; Chen, G. H.; Hoffman, A. S.; Nakamae, K. J. Bioact. Compat. Polym., 13, 
50 (1998). 

5. Kurisawa, M.; Yokoyama, M.; Okano, T. J. Contr. Rel., 69, 127 (2000). 

6. Yamada, N.; Okano, T.; Sakai, H.; Karikusa, F.; Sawasaki, Y.; Sakurai, Y. Makromol. 
Chem. Rapid Commun., 11, 571 (1990). 

7. Ista, L. K.; Lopez, G. P. J. Ind. Microbiol. Biotechnol., 20, 121 (1998). 

8. Cunliffe, D.; Alarcon, C. D.; Peters, V.; Smith, J. R.; Alexander, C. Langmuir, 19, 
2888 (2003). 

9. Angelova, N.; Hunkeler, D. Trends Biotechnol., 17, 409 (1999). 

10. Balamurugan, S.; Mendez, S.; Balamurugan, S. S.; O'Brien, M. J.; Lopez, G. P. 
Langmuir, 19(2545),  (2003). 

11. Yim, H.; Kent, M. S.; Huber, D. L.; Satija, S.; Majeswski, J.; Smith, G. S. 
Macromolecules, 36, 5244 (2003). 

12. Yim, H.; Kent, M. S.; Mendez, S.; Balamurugan, S. S.; Balamurugan, S.; Lopez, G. 
P.; Satija, S. Macromolecules, 37(5), 1994-1997 (2004). 

13. Yim, H.; Kent, M. S.; Satija, S.; Mendez, S.; Balamurugan, S. S.; Balamurugan, S.; 
Lopez, G. P. Phys. Rev. E., 72(5), 051801 (2005). 



 201

14. Lui, G.; Zhang, G. J. Phys. Chem. B, 109, 743 (2005). 

15. Zhang, G. Macromolecules, 37, 6553 (2004). 

16. Schild, H. G.; Tirrell, D. A. J. Phys. Chem., 94, 4352 (1990). 

17. Inomata, H.; Goto, S.; Otake, K.; Satio, S. Langmuir, 8, 687 (1992). 

18. Park, T. G.; Hoffman, A. S. Macromolecules, 26, 5045 (1993). 

19. Freitag, R.; Garret-Flaudy, F. Langmuir, 18, 3434 (2002). 

20. Zhang, Y.; Furyk, S.; Bergbreiter, D. E.; Cremer, P. S. J. Am. Chem. Soc., 127, 14505 
(2005). 

21. Davis, K. A.; Matyjaszewski, K. Adv. Pol. Sci., 159(1),  (2002). 

22. Heskins, M.; Guillet, J. E. J. Macromol. Sci., 2, 1441 (1968). 

23. Moya, S. E.; Brown, A. A.; Azzaroni, O.; Huck, W. T. S. Macromol. Rapid Comm., 
26, 1117 (2005). 

24. Hook, F.; Kasemo, B.; Nylander, T.; Fant, C.; Sott, K.; Elwing, H. Anal. Chem., 73, 
5796 (2001). 

25. Hook, F.; Rodahl, M.; Brzezinski, P.; Kasemo, B. Langmuir, 14, 729 (1998). 

26. Von Hippel, P. H.; Schleich, T. Acc. Chem. Res., 2, 257 (1969). 

27. Frank, H. S.; Wen, W. Y. Discuss. Faraday Soc., 24(133),  (1957). 
 
 




