
ABSTRACT 

 

STRICKLAND, LAWRENCE ANDERSON. Computer Simulation of the Formation of 

Mechanically-Assembled Monolayers and Heteropolymers with Adjustable Monomer 

Sequences. (Under the direction of Carol K. Hall and Jan Genzer). 

 

This thesis describes a computational investigation, using discontinuous molecular 

dynamics simulation, of the formation and properties of two types of self assembled polymer 

structures: mechanically-assembled monolayers (MAMs) and heteropolymers with adjustable 

monomer sequences (HAMs). MAMs are described in part 1 and HAMS are described in 

part 2.  

MAMs in good solvent were created by grafting polymers composed of 5 to 100 

hard-sphere monomers to surfaces at low density and then compressing the surface laterally 

at varying rates. Data for brush thickness and end-monomer density were collected as a 

function of surface density; this data corresponded well with theoretical predictions and 

simulation results performed by others. Brush thickness for all chain lengths could be 

controlled by judicious choice of the compression rate. Defects in the brush layer depended 

on chain length; we showed that quick compression for short chains allowed the layer no 

time to relax into coil form. Quick compression for long chains increased entanglement and 

allowed the chains no time to form a fully-relaxed brush. After compressing the systems to 

high surface densities, the brushes were relaxed to a lower surface density. It was shown that 

higher compression/relaxation rates led to an increase in disparity between the brush 

thicknesses found during the compression and relaxation stages; this disparity was largely 

due to inadequate equilibration time. Last, compressing non-uniformly in the x- and y-

directions showed negligible effects on monolayer height and structure. 

We also investigated the effect of poor-solvent conditions on MAM formation. 

Square-well chains composed of 20 to 100 units end-grafted to a hard surface at low density 

were compressed laterally at varying rates. Brush thickness depended on the interplay 

between solvent quality and the substrate compression rate. Brushes formed in poor solvents 

at fast compression rates were thinner and exhibited more heterogeneity in coverage than 

brushes formed in good solvents at slow compression rates. End-monomer trapping increased 

with increasing compression rate and/or decreasing solvent quality. By varying 



relaxation/compression rate, we could modify the effects of brush thickness hysteresis. 

Finally, we suggested a general blueprint for efficient formation of defect-free monolayers. 

We investigated the formation of heteropolymers with adjustable monomer sequences 

(HAMs) by simulating a “coloring” reaction performed on A-type homopolymers of length 

ranging from 100 to 300 units. The transformation of selected A-type monomers to B-type 

monomers along the macromolecule led to A1-x-co-Bx random copolymers, where x is the 

mole fraction of B.  We showed that for a fixed A-B interaction, the distribution of A and B 

units in A1-x-co-Bx could be tuned by adjusting both the degree of “coloring” and the 

solubility of the A and B segments with respect to the implicit solvent. In general, increasing 

the solubility of the A-type homopolymer or the degree of coloring led to a decrease in 

blockiness in the co-monomer distribution. Decreasing the solubility of the B species 

increased the blockiness of the final A1-xBx copolymer.   

Last, we investigated the effect of tethering the polymers to an impenetrable, surface during 

the coloring process. Polymers of length 50 to 300 were tethered at various surface densities 

and then “colored” over a range of temperature and monomer solubilities, resulting in A1-x-

co-Bx HAMs. We showed that while blockiness can be adjusted over a small range by 

varying temperature and solubility, we could significantly affect blockiness by varying chain 

length and surface density. We showed that for systems of long chains in poor solvents, 

blocky copolymers formed due to chain-chain overlap; in good solvents, blocky copolymers 

formed due to chain extension. We observed that for a given change in surface density, 

blockiness increased more for systems of long chains than for shorter chains. 
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CHAPTER 1  

 

INTRODUCTION 

 

If we knew what we were doing, it wouldn’t be called Research. 

-Albert Einstein 

 

1.1. ON THE COMPUTER SIMULATION OF POLYMERS 

Polymers are everywhere, employed in a nearly endless range of applications (as will be 

discussed herein): from durable plastics to silly putty, from hydrophobic monolayers to 

random-blocky copolymers. We are essentially surrounded by polymers in their various 

forms but this ubiquity does not preclude us from learning even more about them. With our 

hands, we are able to touch polymers, to stretch and mold them, however we are unable to 

understand what is happening inside at the molecular level. Meanwhile, innovation in the 

field of polymers depends on us digging ever deeper. 

Computer simulation of polymeric systems grows increasingly more complex by the 

day: on one hand, the simulation of polymers works to reaffirm findings from 

experimentalists and theorists and further extend that knowledge; on the other hand, 

simulation attempts to answer questions experimenters simply do not possess the tools to 

answer. In doing so, the simulator must construct a model of a polymer which contains both 
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the short-range features found in monomeric or atomistic systems and the long-range features 

which arise, by definition, from the molecular weight of the polymer in question [1-4]. Other 

features such as side chains, backbone angles, time scales, charges and solvent qualities – all 

of the complexities found in nature – must be considered if one is to investigate highly 

complex (and ultimately, more interesting) systems [5-8]. Fortunately, the processing 

capability of modern computers grows increasingly more powerful each day, allowing us to 

advance the collective knowledge about polymers. 

The focus of this study is two systems which, at first glance, seem very different: 

highly-dense hydrophobic monolayers and random-blocky copolymers created through a 

coloring process. They are, however, connected in the author’s mind by the possibility that 

they might in the future be combined into a single hybrid system that allows us to control the 

creation of copolymers with a selected blockiness. This will be discussed at the end of this 

chapter. 

  In the first part of our work (Chapters 2 and 3) we investigate monolayers formed 

from the compression of chains deposited at low surface density. Polymer monolayers or 

“brushes” are of interest due to their use in a variety of fields, including (but not limited to) 

lubrication [9], electrical conduction [10], catalysis [11] and organic membranes [12, 13]. 

Self-assembled monolayers suffer from the relatively low surface density of the grafting sites 

and the accompanying defects that allow penetration of liquids into the monolayer, especially 

polar liquids. Mechanically-assembled monolayers (MAMs) are an improvement on these 

deficiencies, resulting in nearly impenetrable hydrophobic surfaces [14]. To help prove this 

concept and as a basis for future work, it is useful to construct an accurate model of these 

monolayers: a model capable of incorporating many features found in polymeric systems, 

such as chain length and solubility. Additionally, a suitable representation of the MAMs 

formation process should be developed that mimics grafting of the polymers at low surface 

density, compression of the chains under various rates, all the while recording the necessary 

characteristics of the monolayer such as brush thickness and ordering. In the second part of 

our work (Chapter 4 and 5) we investigate the formation of heteropolymers with adjustable 
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monomer sequences (HAMs). These heteropolymers are copolymers containing, in our case, 

two distinct monomer units (A and B) distributed in a disordered or random-blocky sequence 

throughout the chain.  The interest in random-blocky copolymers (RCPs) is due to the fact 

that tuning the copolymer chemical composition and co-monomer sequence distribution of 

the A and B units profoundly affects the characteristics of the random copolymers [15-20].  

We believe that by judiciously choosing the A and B chemical species, RCPs have the 

potential to act as polymer blend compatibilizers [21-23], adhesion promoters [24,25], and 

recognition agents for patterned surfaces [26-28].  Of interest then is the ability to dictate the 

distribution of the A and B units or, in other words, selectively choose the degree of 

blockiness in the resulting copolymer. This can be accomplished by simulating the method of 

HAMs formation first proposed by Khokhlov and others whereby one places a parent 

homopolymer in a simulation box, fills the box with reactant particles and allows a 

“coloring” reaction to proceed [29]. With few adjustments, we can simulate this process and 

investigate the effects of solubility, chain length and reaction time on copolymer blockiness. 

Additionally, we can attach these parent copolymers to a neutral, impenetrable surface and 

examine the effect of grafting density on the blockiness of HAMs. What we note is that 

through judicious choice of the system solubility and chain length and degree of coloring, 

one can “fine tune” the blockiness of the formed HAMs; further still, by attaching these 

chains to a surface at a density which allows for chain-chain interaction,  one can “coarse 

tune” the blockiness of the formed HAMs. We see that, through computer simulation, not 

only can we explain the underlying physical concept at work in the formation of HAMs, we 

can extend that knowledge beyond the current knowledge base of experimenters. 

This returns us full circle to the possibility mentioned earlier. One can imagine a new 

technique whereby copolymers of a wide range of blockiness could be formed by 

incorporating the mechanically-assembled monolayer process into the HAMs process. Chains 

of a selected length would be allowed to self assemble on a pre-stretched surface; the 

monolayer would be compressed to a requisite (and undoubtedly higher) surface density; and 

reactant particles would be introduced. At a set time, the reaction would be terminated and 
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the copolymers cleaved from the surface and recovered. In other words, copolymers on 

demand! We are reminded that research does not exist in a vacuum: what began as separate 

work on two distinct systems need not remain that way. This thesis lays the groundwork for 

such a blueprint. 

 

1.2. OVERVIEW 

The following chapters are essentially reproductions of technical publications. Chapter 2 

and 4 have been previously published, Chapter 3 is under review and Chapter 5 will be 

submitted for publication shortly. 

Chapter 2 focuses on the simulation of mechanically-assembled monolayers in good 

solvents. Mechanically-assembled monolayers (MAMs) were created by Genzer et al. as a 

method for creating polymer brushes with grafting densities higher than those typically found 

in self-assembled monolayers. Experimenters create these surfaces by depositing polymers 

on a pre-stretched surface and then allowing the surface to contract, compressing the 

monolayer which produces a thickened, impenetrable brush. Through the implementation of 

discontinuous molecular dynamics simulation, we can study the formation of the MAMs and 

investigate system characteristics which are inaccessible to experimenters. Chains of various 

lengths were allowed to equilibrate at low surface density for several million collisions. At 

regular intervals, we attempted to compress the brush while collecting brush thickness and 

brush ordering data. We repeated these measurements with chain lengths from 10 to 100 

monomers and also investigated compression rates from one attempt per 500 collisions to 

one attempt per 10,000 collisions. Finally, upon reaching a relatively high surface density 

(say, above 0.5 monomers per unit area), we allowed the brushes to relax to the original 

grafting density. Our results show that brush height, monomer density profiles and end-

monomer density profiles corresponded well to theoretical predictions and previous 

simulations by others on tethered polymer systems performed at constant surface density. We 

found that thick uniform brushes require either long chains or high surface density.  
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Compressing to high surface density also results in end-monomer units located far from the 

tethering surface which is desired in “good” MAM formation. We note that, in general, a 

slow compression rate reduces discrepancies between our brush heights and values from 

previous simulation results collected at equilibrium. Similarly, slow compression rate reduces 

hysteresis effects in the monolayer.  

 In Chapter 3 we investigate the effect of poor solubility on the formation of 

mechanically-assembled monolayers. We attached chains on a surface at low grafting density 

as before and introduced an attractive force between non-bound monomers to replicate poor 

solubility conditions. Compression/relaxation rates were varied; a wide range of solvent 

quality was investigated. We note that poor solvent quality presents two major drawbacks for 

monolayers: 1) loss of surface coverage and 2) loss of monolayer order/thickness. To counter 

loss of surface coverage, monolayers must be compressed beyond critical coverage density; 

additionally, to counteract the loss of monolayer thickness, compression must occur at a rate 

that reduces chain entanglement. We also note the effects of poor solubility and compression 

rate on hysteresis, brush order and the location of end monomers (a sign of layer defects): all 

of which would result in a monolayer with poor barrier properties. Finally, we compared the 

actual compression rates in the poor solvent systems to the actual compression rates in the 

good solvent systems and suggested a course of action for experimenters to follow when 

fabricating MAMs on a large scale. 

 Chapter 4 shifts focus to the formation of heteropolymers with adjustable monomer 

sequences (HAMs). We use discontinuous molecular dynamics simulation to examine A-co-

B copolymers formed by “coloring” a homopolymer comprised of A-type monomers with a 

B chemical species. By varying system temperature, monomer solubilities and degree of 

“coloring”, we can adjust the distribution of A- and B-type monomers along the chain length. 

In general, increasing system temperature (or, equivalently, increasing parent homopolymer 

solubility) leads to a decrease in blockiness in the co-monomer distribution. Also, the 

blockiness of the copolymer can be reduced by increasing the degree of “coloring” and/or 

decreasing the solubility of the B species.  We also note that poor B-solubility coupled with 
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poor parent homopolymer solubility initially causes the copolymer to swell as B monomers 

move into the globule away from the solvent; on the other hand, poor B-solubility coupled 

with good parent homopolymer solubility led to the formation of blocky sub-globules.   

 In Chapter 5 we discuss the creation of HAMs when the parent homopolymer has 

been anchored to a neutral, impenetrable surface. In this case, we can examine the effect of 

the same variables as in Chapter 4 (chain length, system temperature, solubility and degree of 

“coloring”) but, because the polymers are tethered, we also examine the effects of grafting 

density coupled with varying chain length on copolymer blockiness. In general, we note that 

system temperature, solubility and degree of “coloring” can be used to fine tune the 

blockiness of the copolymer. However, variation of the surface density (as it relates to chain 

length) would allow researchers to adjust blockiness on a much larger scale. We note the 

following trends from our data. First, at surface densities below the critical coverage density, 

HAMs formation tethered to a surface is equivalent to HAMs formation in the bulk (Chapter 

4) due to the lack of chain-chain interactions. Above the critical coverage density, an increase 

in surface density or an increase in chain length generally leads to an increase in blockiness 

in the formed copolymer. Also, we found that for an equivalent increase in surface density, 

longer chain lengths become relatively more blocky than shorter chain lengths. We conclude 

that the blockiness of random-block copolymers can be tuned   for their specific end-use by 

optimizing the system variables discussed here: system temperature, chain length, solubility, 

grafting density and degree of “coloring”. 

 Chapter 2 was adapted from the following publication: 

Chapter 2 Strickland, L. A.; Hall, C. K.; Genzer, J. “Simulation of Mechanically Assembled 

Monolayers and Polymers in Good Solvent Using Discontinuous Molecular Dynamics”, 

Macromolecules, 41, 6573 (2008). 

 Chapter 3 has recently been submitted to Macromolecules. Chapter 4 was adapted 

from the following publication: 

Chapter 4 Strickland, L. A.; Hall, C. K.; Genzer, J. “Design of Copolymers With Tunable 

Randomness Using Discontinuous Molecular Dynamics”, Macromolecules, 42, 9063 (2009). 
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Chapter 5 will be submitted for publication shortly. 
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CHAPTER 2  

 

SIMULATION OF MECHANICALLY-ASSISTED MONOLAYERS 

IN GOOD SOLVENT 

 

2.1. INTRODUCTION 

Mechanically-assembled monolayers (MAMs) are polymer brushes formed by end-

grafting polymers onto a pre-stretched surface and then releasing the stretch, thereby 

increasing the surface density to levels higher than those typically found in systems 

composed solely of self-assembled monolayers (SAMs). Self-assembled monolayers are used 

in a variety of fields, including lubrication [1], electrochemistry [2,3], electronic and 

vibrational spectroscopy [4,5], photochemistry [4,6], electrical conduction [4,7], catalysis [8] 

and organic membranes [9,10]. Due to this wide array of uses, the ability to “tune” the 

surface characteristics of these monolayers is of vital importance. Although self-assembled 

monolayers allow for some adjustment of surface characteristics, their utility is limited due to 

the relatively low surface density of the grafting sites and the accompanying defects that 

allow penetration of liquids into the monolayer, especially polar liquids. 

Mechanically-assembled monolayers (MAMs) can rectify the problems associated with 

low grafting-site surface densities. By combining self-assembly with mechanical 

manipulation of the underlying substrate, researchers can create polymer layers or “brushes” 
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which reach higher surface coverage than those achievable solely through self-assembly, 

thereby impeding or retarding surface degradation from liquid penetration. To this point, all 

of the research in the area of mechanically-assembled monolayers has been experimental [11-

13]. In pioneering work, Genzer and coworkers showed that mechanical stretching of a 

flexible substrate surface prior to tethering the oligomers or polymers through self-assembly 

would lead to the formation of dense, defect-free monolayers. 

The mechanism by which chains form highly-packed MAMs is unclear. During the 

fabrication of MAMs, the surface strain is released, thereby increasing the surface density of 

the grafted molecules. As the layer shrinks, it densifies and becomes more ordered. The 

mechanism underlying this rearrangement process is unknown. It could be that a select 

polymer acts as a seed for nucleation around which other chains aggregate, generating an 

organized structure which then propagates throughout the entire surface. Alternatively, small 

localized groupings of a few molecules could form, which are then brought together 

mechanically as the stretch is released; organization of the entire layer would then occur on a 

global level. Also, the solvent quality and the rate at which the surface is released affect the 

thickness and ordering of the monolayer structure. Theory and previous experimental work 

can predict monolayer properties when the surface density is held constant. This work 

focuses on the densification which occurs in the MAMs formation process. 

Surface-grafted polymers stretching in good solvent conditions were first studied by 

Alexander and de Gennes [14,15]. Based on the “blob” model [16], Alexander postulated that 

the monomer segment density profile for a monolayer, (h), could be expressed as 

 

         (h) = a
(3-1)/2

 h
(1-3)(2-d)/2

           (2.1) 

 

where d is the dimensionality of the surface (2 for flat surfaces), h is the distance from the 

tether point, a is the surface density and  is the correlation length exponent for isolated 

chains in good solvents, which is approximately 0.6 [refer to ref. 16, eq. (9.1)]. For d = 2, the 

density is independent of the distance from the surface. Scaling theory states that the brush 
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height hmax, defined as the thickness of the layer over which the brush density is constant, 

scales as: 

 

                   hmax ~ Na
1/3

                               (2.2) 

 

where N is the chain length of the polymer, provided that a is above the critical overlap 

density, *a ~ N
-6/5

. Below *a, hmax is nearly independent of surface density. Equation 2.2 

reveals that the height of a two-dimensional monolayer (d=2) depends linearly on the length 

of the chain.  

 The work of Alexander and de Gennes was expanded upon by Skvortsov et al. [17], 

Milner et al. [18,19] and Zhulina et al [20]. Zhulina et al. used numerical self-consistent field 

(SCF) theory to show that the density profile for a monolayer of long chains in good solvent 

is independent of distance from the tethering surface, but that for short chains at distances 

near the surface, the density profile is instead parabolic. Zhulina et al. found that the density 

profile,  (h), could be expressed as: 

 

  (h) = C1 a 
2/3

 – C2 (h/N)
2
                     (2.3) 

 

where C1 and C2 are spatial-constraint constants and h is the height above the surface. 

Numerous simulations and experimental studies have validated the parabolic density profile 

model for tethered polymers[21-24]. Similarly, it was shown that the density profile for 

tethered polymer tail groups [E(h)] for moderate density brushes (eq. 2.4) and for more 

dense brushes (eq. 2.5) is given by: 

 

               E(h) = C3 a 
-2/3

 N
-2 

h [1 – (h/hmax)
2
]

 1/2
         (2.4)     

              E(h) = C4 a 
-2/3

 N
-2 

h [1 – (h/ hmax)
2 
]

 -1/2
         (2.5) 
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where hmax is the maximum brush height and thickness at which the density vanishes [16, 

25]. Due to the –1/2 exponential power for the more dense brush, eq 2.5 diverges at h ~ hmax, 

meaning most of the polymer ends are far from the wall. It should also be noted that 

according to equations 2.4 and 2.5, E(h) is implicitly non-zero for all h greater then zero. 

Thus, tail groups are not restricted to inhabiting only the outer reaches of the tethered film 

but are also allowed to explore space near the tethering surface. 

In this paper, we present the results of discontinuous molecular dynamics simulations 

of the compression of systems of polymers modeled as hard chains in an attempt to mimic 

the MAMs formation process. Polymers of chain lengths ranging from 5 to 100 were initially 

grafted to a surface at low density (typically, below 0.200 monomers/area) and allowed to 

equilibrate. These layers were then compressed at varying rates to high surface density to 

study the effects of chain length and compression rate on monolayer formation. Select 

systems were decompressed to the initial surface density to study hysteresis effects. Finally, 

monolayers were compressed disproportionally in one direction to investigate the effects of 

non-uniform compression on ordering. 

Highlights of this work are as follows. Data presented show that regardless of 

compression rate, monomer density profiles for the monolayer fit theoretical predictions and 

previous experimental work to a close approximation. We show that throughout the MAMs 

formation, the monolayer thickness consistently scales as Na
1/3

, in accordance with the 

theory of Alexander and DeGennes. We see that compression allows for high surface 

densities which would be difficult to attain solely through self assembly and that this high 

surface coverage and compression engenders quasi-crystalline formation near the surface and 

“encourages” end-monomers to move away from the surface. Last, when monolayers are 

allowed to relax to the original surface density or non-uniform compression is applied, the 

effect on layer formation is negligible. 

The remainder of the paper is organized as follows. In section 2.2, we discuss the 

discontinuous molecular dynamics method and our process for compressing the surface. 

Section 2.3 presents the simulation results for various chain lengths N and various 
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compression rates and modes. In section 2.4, we compare these results with theoretical 

predictions and previous simulations. Section 2.5 concludes with a short summary of the 

results and a discussion. 

 

2.2. MODEL AND METHOD 

We simulate the formation of a mechanically-assembled monolayer by using the 

discontinuous molecular dynamics (DMD) method. Traditional molecular dynamics employs 

a monomer-monomer interaction potential that is a continuous function of their separation 

(i.e. the Lennard-Jones potential), which incorporates short-range repulsions as well as long-

range attractions. The trajectories of a system of monomers are repeatedly advanced at a 

small increment in time, after which the forces between all pairs of monomers are 

reevaluated. DMD, on the other hand, replaces the continuous potential function with a 

discontinuous function, such as a hard-sphere repulsion or square-well attraction. At long-

range, monomers feel no attraction [26]. In this work, we are concerned only with short-

ranged excluded volume effects. As the monomers feel only volume exclusion and no long-

range attraction to one another, this implies good solvent conditions. The potential energy for 

non-bonded monomer-monomer interactions at distance r is given by the hardsphere 

potential 

 

        U(r) = ∞,   r ≤      (2.6) 

            = 0,           r >                            

 

where  is the monomer diameter. 

The advantage of using DMD over traditional MD is that the monomers do not need 

to be moved at short regularly-spaced time steps as in traditional molecular dynamics. 

Instead, one only needs to calculate the time until the next collision for each monomer, tij, 
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and the monomer’s new post-collision velocity [27,28]. The collision time between monomer 

i and all monomers j ≠ i is given by 

 

 

        (2.7) 

 

where rij ≡ ri – rj is their relative position, vij ≡ vi – vj is their relative velocity, and bij ≡ rij · 

vij [29]. Next, the minimum collision time for the system, tc, is chosen and all monomers are 

moved according to: 

 

ri (t + tc) = ri (t) + vi (tc)                       (2.8) 

 

where ri and vi represent the i
th

 monomer’s position and velocity, respectively. At this point, 

exactly two monomers collide while the remainder of the monomers are separated from one 

another. New velocities for the colliding monomers are calculated using conservation of 

momentum and conservation of kinetic energy.  

Systems of polymers can be modeled as freely-jointed chains of monomers bonded at 

distance  from one another. When one monomer undergoes a collision, the effect is felt 

instantaneously by those monomers to which it is bonded. Since bonded monomers are 

constantly attempting to deviate from the prescribed distance, these deviations can be 

computationally expensive. To decouple the motions of neighboring monomers, Rapaport 

developed an algorithm which allows the bond length to vary freely over the range  to 

where  is very small [30,31]. Thus, two bonded monomers move freely without 

interacting when their separation is between  and  (1 + ); however they undergo a hard-

sphere repulsion when r = or r =  (1 + ). Bellemans et al. applied one further 

modification (which is employed in this work). They allowed the bonded monomers to 
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fluctuate over a range  (1 ± ) [32]. In this case, the average bond length is  and thus closer 

in architecture to chains constructed of tangentially-connected monomers.  

The temperature of the system and, concordantly, the total kinetic energy are held 

constant throughout the simulation. To regulate temperature, we employ a heat bath in the 

form of an Andersen thermostat [33], which allows the temperature to fluctuate about an 

average system temperature, T*≡kBT/ . This is accomplished by having monomers collide 

stochastically with “ghost” particles which then change the monomers’ velocity. After 

particle i collides with a “ghost particle”, new collision times must be calculated for this 

particle and for all other particles j which, prior to the ghost collision, would have collided 

with i. The time between ghost collisions, tg, is random and is calculated by 

 

         tg= A · | cos(2·R) · √(-2·log(R)) |    (2.9)  

 

where R is a random number between 0 and 1 and A is a coefficient which controls the 

frequency with which the ghost collisions occur; A must be manipulated for each system so 

that the fluctuations in T are neither too big nor too small. 

 We model the monolayer as a system of M chains tethered to a flat surface; each 

chain contains N hard-sphere monomers and is freely jointed. All intermediate monomers are 

bound to two neighbors at a distance  (1 ± ) where  = 0.10. This model is sometimes 

referred to as the hard chain or pearl necklace model [34]. Each chain or polymer is grafted at 

one end (z = 0) to a surface of area S. The tether point for each chain is initially assigned 

velocities in the x- and y-directions and allowed to wander along (but not detach from) the 

surface. The surface density, a, is a = M / S. Monomers are allowed to move freely such 

that the bond angle along the chain can assume any value as long as there is no monomer-

monomer overlap. This model incorporates two major features of a polymer molecule: 

connectivity and excluded volume. 
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Grafting the polymers to a surface introduces an additional consideration; one must 

also calculate the collision time between any monomer i and the surface. For all monomers 

except those directly connected to the surface, this is calculated by 

 

ti = riz / |viz|                    (2.10) 

 

where riz and viz are monomer i’s position and velocity in the z-direction, respectively. (Here, 

the absolute value of velocity in the z-direction is required since our system is set up with the 

z-axis pointing away from the surface.) Also, we allow the monomer connected to the 

grafting surface to fluctuate over distance  (1 ± ) from the hard surface. The collision time 

between a grafted monomer and the surface is calculated similarly to that between bonded 

monomers. 

 Periodic boundary conditions for the simulation box, which is of length Lx and width 

Ly, are used in the x- and y-directions. Periodic boundary conditions are not used in the z-

direction since monomers are bound as chains grafted to the surface and thus, cannot escape 

in the z-direction. (There is no hard ceiling in the z-direction as box pressure is of no interest 

in this work.) 

The release of previously-stretched monolayers is modeled by attempts to compress 

the surface at uniformally-spaced intervals. At prescribed collision numbers (say, every 500
th

 

collision), new box dimensions are calculated: 

 

Lx (new) =  Lx (old) · (1 – Lx)          (2.11)                     

Ly (new) =  Ly (old) · (1 –  Ly)         (2.12)                        

 

where Lx and Ly are very small (on the order of 1x10
-5

) compared with Lx and Ly (on the 

order of 10 to 50). Typically Lx and Ly are identical to describe equal compression in the x- 

and y-directions, but their ratio can be adjusted. New monomer positions are calculated: 
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rix (new) =  rix (old) · (1 – Lx)        (2.13)                               

riy (new) =  riy (old) · (1 – Ly)      (2.14)                                

 

where ri is the position of monomer i. If the new positions of all particles do not violate any 

excluded volume constraints or any bonded-monomer chain length constraints, the new 

positions are accepted. The new surface density and new surface area, a = M / (Lx,new · 

Ly,new) and S = Lx,new · Ly,new, respectively, are calculated. If there is a violation of constraints, 

the old positions and box dimensions are retained. For the purpose of this paper, the 

relaxation rate of the surface will be defined to be the frequency at which these compression 

attempts are performed; this will differ from the actual success rate of the compression. 

After each compression move, data was collected for the polymer layer’s mean-

square radius of gyration, <Rg
2
>, and the mean-square radius of gyration in the z-direction, 

<Rg,z
2
>, which are defined respectively as: 

 

<Rg
2
> = 1/N · <∑(ri – rCM)

2
>          (2.15) 

       <Rg,z
2
> = 1/N · <∑(rzi – rz,CM)

2
>         (2.16) 

 

where rzi is the z-coordinate of the i
th

 monomer position (ri) and rz,CM is the z-coordinate of 

the center of mass for the corresponding chain’s center of mass, rCM; the summation is taken 

over all monomers N along each chain and then averaged for each chain in the system. Over 

the course of the monolayer compression, we also collected monomer density profiles, (z), 

and density profiles for the free ends, E(z). (This data is normalized such that ∫(z) dz = 1 

for all systems.) 
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Table 2.1 

Mean-Squared z-directional Radius of Gyration, <Rg,z>
2
, and Radius of  

Gyration, <Rg>
2
, for M chains of N length at surface density, a. 

M N a <Rg,z>
2
 <Rg>

2
 

50 5 0.01 0.45 1.0 

50 5 0.03 0.41 1.0 

50 5 0.1 0.47 1.1 

50 10 0.1 1.55 3.4 

50 20 0.01 2.67 7.8 

50 20 0.03 3.01 7.6 

50 20 0.1 5.26 8.7 

50 50 0.01 10.36 24.8 

50 50 0.03 13.60 25.1 

50 50 0.1 29.69 38.5 

50 50 0.2 49.76 55.0 

25 100 0.03 55.81 81.2 

 

We simulate the compression and relaxation of systems containing M = 25 and M = 50 

grafted polymers of chain lengths N = 5, 10, 20, 50, and 100 at initial surface densities of a 

= M / S ranging from 0.01 to 0.20. The systems that we study are shown above in Table 2.1, 

along with values of <Rg,z>
2
 and <Rg>

2 
which are found during simulation. An initial 

temperature, T* = 1.20, is chosen and initial velocities are assigned according to a Gaussian 

distribution to the monomers of diameter  = 1.0. After the systems are equilibrated at the 

initial surface density, compression moves (typically, every 500
th

, 2000
th

 or 10,000
th

 

collision) are attempted and, if allowed, also applied. Between compressions, standard 

discontinuous molecular dynamics moves are used and collision times are calculated 

according to the rules laid out above. In general, this process increases the surface density to 

0.500 monomers per area or higher. Results for these simulations are described in detail in 

the following section. 
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2.3. RESULTS 

 Snapshots of a system of 50 polymers composed of 50 monomers are shown in 

Figure 2.1 as it is compressed from (a) a = 0.01 to (b) 0.20 to (c) 0.500. We see in Figure 

2.1 (b) that compression to surface density a = 0.20 overcomes one of the drawbacks of self-

assembled systems: monolayer openings. Further compression to a = 0.50 thickens the 

monolayer and encourages movement of the polymer ends outward from the surface. These 

trends were followed for all systems, especially for chain lengths over N = 20. 

The monomer density profiles for a system of fifty 50mers at surface densities 0.01 

and 0.03 are shown in Figure 2.2. We note first that the density profile at surface density a 

= 0.01 shows two peaks: a very sharp peak (local maximum) near 1 corresponding to the 

monomers from each chain directly grafted to the surface and a broader peak near 5 

corresponding to the average z-coordinate values for the monomers. We note that low surface 

coverage encourages the chains to remain near the surface at distances 1/5
th

 to 1/10
th

 of their 

chain length, rather than to extend their conformation; we conclude that at this low surface 

coverage there is relatively little chain-chain interaction. Figure 2.2 also depicts the density 

profile for the same system compressed to surface area 0.03. While the density profile retains 

the sharp peak near 1 (the grafted monomers have little freedom to fluctuate), we detect an 

overall flattening of the profile and a general shift to the right toward higher z-values as the 

polymer chains straighten due to volume exclusion effects. 

Further compression to higher surface coverage serves to increase the volume 

exclusion effect. Since the chains feel no attraction to each other, reduction of space in the x- 

and y- directions forces them to move away from the surface, allowing them to explore the 

relatively limitless space in the z-direction. Figure 2.3 presents the monomer density profile 

for the system of fifty 50mers shown in Figure 2.2 after it has been compressed to surface 

densities of a = 0.10, a = 0.20, and finally to a = 0.50. There are two observations of note. 

First, at the highest surface density of a = 0.50, the density profile is nearly flat over most of 

the range, with a drop-off far from the surface. From this, we infer that the chains are 
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essentially stretching straight out from the surface. Additional evidence for this is the 

snapshot shown in Figure 2.1 (c). Second, the density profile oscillates near the surface. As 

the chains are forced to stretch out from the surface due to the high grafting density, the 

monomers near the surface occupy positions in the z-direction that are discrete multiples of  

. As can be seen in the inset of Figure 2.3, the high surface density seems to engender 

order (in the z-direction) near the surface. The ordering of the layer begins at the surface and 

then progresses outward as the monolayer is compressed to higher surface density. However, 

the ordering is not truly crystalline; when viewing a top-down projection of the monomers 

directly attached to the surface, there is no ordering in the x- or y- direction. Thus, while 

there is some ordering in the z-direction due to the stretching of the chains, this is purely the 

result of a loss of conformational options. No ordering has propagated laterally.  

As the surface density increases due to compression, the chains align with one 

another. Polymer stretching and ordering is depicted in Figure 2.4 which shows the 

orientational order parameter, <cos n> as a function of monomer number along the chain, n, 

for various surface densities. Here, cos n is defined as 

 

cos n = (zn – zn-1) / |rn – rn-1|      (2.17) 

 

where n = 0 at the surface and n is defined as the angle between the bond formed by 

successive monomers in the chain and the z-axis. Increasing the surface density from a = 

0.01 to a = 0.50, we see that for high surface densities, the orientational order parameter is 

nearly constant (around 0.75) for most of the chain length. Hence, the majority of the chain’s 

monomers are stretched out from the surface. As this data takes into account all chains in the 

system, we can infer that the n
th

 monomer is at nearly the same distance from the wall for 

each chain; this vertical organization is backed up by the sharp peaks in the inset of  Figure 

2.3. This compactness, along with the high surface density, creates an effective barrier; the 

chains’ close proximity to one another prevents the appearance of permeable voids in the 
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monolayer. A chain’s ability to effectively influence the conformation of its neighbors is a 

direct function of its ability to stretch. 

While a thick, well-organized monolayer is certainly critical in forming an 

impermeable brush, of equal importance is the location of the end monomers. Since end-

monomer units would likely be tailored to interact with a contacting fluid, it is important that 

the end monomers be near the layer surface (furthest from the grafting surface). We studied 

how surface compression affects the location of the end-monomers. Figure 2.5 depicts the 

end monomer profile, E(z), for a system of 50mers. Initially, the system of chains is grafted 

at a surface density of a = 0.01 monomers/area. Since there is little chain-chain interaction, 

the end monomers are free to explore any location above z =  (due to wall repulsion). 

Compression of the surface results in two trends: first, the end monomers naturally move 

away from the wall (although, E(z) is still non-zero for values z near the wall) and second, 

the general shape of E(z) shifts from parabolic at low densities (say, below a = 0.1) to a 

more sharply-defined peak at high densities (say, a = 0.50). As the surface density increases, 

the end monomers move from the interior of the monolayer to the outer edge. 

As stated previously in Section 2.1, Alexander and de Gennes used a “blob model” to 

postulate that the brush thickness of a two-dimensionally tethered surface would scale as 

Na
1/3

, where N is the polymer chain length and a is grafting density. Previous molecular 

dynamics work done in this field showed that this theory held true for systems which were 

equilibrated over long periods of time at a specific surface density [35]. One aim of this work 

was to see if rapid compression of the surface causes any deviation from scaling theory. 

Accordingly, we show in Figure 2.6 the radius of gyration in the z-direction normalized by 

Na
1/3

 as a function of Na
1/3

 for systems of chains which were not allowed to equilibrate 

during compression. For comparison, we also show data collected by Murat and Grest using 

molecular dynamics for systems of brushes which were allowed to equilibrate at fixed 

surface density. (Simulation data on off-lattice and lattice models of polymer brushes have 

also been presented by Carignano and Szleifer [37,38].) Systems were initially at low surface 

density (typically 0.01 monomers/area). <Rg,z>
2
 values were collected continually as the 
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surface was compressed using a compression rate of 1 attempt per 2000 collisions. In the 

regime where scaling theory is applicable, <Rg,z>
2
 normalized by Na

1/3
 should be constant as 

a function of Na
1/3

 (horizontal line). On the other hand, we note that for short chain lengths 

(5mer and 10mer), scaling theory works only for brushes which have been compressed 

beyond a moderate surface density of 0.2 monomers/area (or Na
1/3

 ~ 3 and 6, respectively). 

By comparison, longer chains (50mer and 100mer) fit scaling theory for nearly all surface 

densities throughout compression, primarily due to their large value of N. We can infer that 

individual chains of the longer-chained brushes begin to interact at a lower surface density 

than the short-chained systems. 

Since one advantage of using a long polymer in a brush is that it reduces the need for 

high surface densities, this also reduces the required amount of initial mechanical stretching 

of the substrate. In Figure 2.7, we plot <Rg,z>
2
/<Rg>

2
, a measure of the extension of the 

chains in the brush, versus surface density. Note that to develop a highly extended brush 

where <Rg,z>
2
/<Rg>

2
 is say 95%, one needs only a surface density of  0.2 to 0.3 

monomers/area for chain lengths N ≥ 50. To reach that same proportionality though with 

shorter chains (e.g. N = 20), a surface area greater than 0.500 monomers/area is required; for 

example, 5mers would require a = 1 (idealistic and in practice wasteful). Obviously, 

relatively long chain lengths are in one’s best interest when producing MAMs. 

Data for the results in the preceding paragraphs were collected from systems where 

the compression rates were relatively low, a compression attempt every 2,000
th

 collision. 

There is time for the brush to reorganize somewhat but not to completely equilibrate. To 

investigate the effects of compression rates on the mean-square radius of gyration in the z-

direction, <Rg,z>
2
, a rough measure of the monolayer thickness, we attempted compression 

moves every 10,000
th

, 5,000
th

, 1000
th

 or 500
th

 collision. Varying the compression rate has 

little effect on brush thickness for 5mers. Figure 2.8 shows <Rg,z>
2
 versus surface density for 

10mers; data from Murat and Grest (equilibrium data) is also shown. In general, data from 

the four compression rates are nearly identical; there is little dependence on the compression 

rate. The inset to Figure 2.8 zooms in on the region surrounding a = 0.1. We note that the 
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faster the surface compression, the higher the value of <Rg,z>
2
 (and correspondingly, the 

larger the difference in value from Murat and Grest’s equilibrium data). The faster 

compression rates do not afford the layer time to equilibrate. We can measure the relative 

amount of equilibration time for each system by determining the number of collisions each 

monomer undergoes on average between compression attempts, calculated as [shrink rate / 

number of chains / (chain length + 1)]. Thus, in cases of very small systems such as fifty 

10mers, compression attempts every 10,000
th

 collision allow each monomer to undergo 

10,000 / 50 / 11 or approximately 18 collisions between attempt; this is significant, allowing 

for steady chain and brush equilibration during compression. Faster compression rates though 

test the layer’s ability to reorganize. The same system of fifty 10mers compressed every 500
th

 

collision averages about 0.91 collisions per monomer between collision attempts; the chains 

do not have a chance to relax. Therefore, experimenters must give attention to MAM 

formation rates, as increasing surface density too quickly leads to monolayer buckling and/or 

chain detachment from the surface. 

While brush thickness during compression of short-chained systems tended to be 

higher than that of previously-published simulation results, brush thickness during 

compression of longer-chained systems exhibited opposite tendencies. In Figure 2.9, we 

show <Rg,z>
2
 versus surface density for 50mers. We see a similar trend as before, wherein 

<Rg,z>
2
 data for the slower rates (10k and 7.5k) are more comparable to equilibrium data than 

fast compression. Unlike the 10mers though, the <Rg,z>
2
 data for 50mers lies under the 

equilibrium data of Murat and Grest; most likely, the long chains are having trouble 

stretching through the highly-dense, thick layer to achieve the equilibrated brush height. 

It is posited by Genzer and coworkers that one advantage of MAMs over self-

assembled monolayers is that the surface density is not permanent; MAMs can be re-

stretched to a lower surface density. One drawback to re-stretching would be possible 

adverse effects on brush formation and brush height. Accordingly, in our work, we 

compressed systems of grafted polymers to a high surface density (a = 0.200 

monomers/area), equilibrated for several million collisions and then decompressed the 
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system back to the initial density by stretching the surface at the same rate as in the previous 

compression. This created hysteresis loops that depend on the different compression/stretch 

rates. Figure 2.10 shows <Rg,z>
2
 versus surface density for three compression/stretch rates: a 

compression or stretch attempt every 100
th

, 500
th

 or 5,000
th

 collision. It is noted that during 

the compression phase (symbols ♦,■, and ▲), <Rg,z>
2
-values for all three cases are roughly 

equal. As found earlier, varying compression rate resulted in negligible difference in 

monolayer thickness. The inset of Figure 2.10 depicts <Rg,z>
2
-values near a = 0.200 for 

compression (symbols) and stretch (lines) modes. The <Rg,z>
2
-values for the slowest stretch 

rate (every 5000
th

 collisions) correspond well with the values during compression. In 

contrast, the <Rg,z>
2
-values for the fastest stretch (every 100

th
 collision) do not match their 

corresponding compression data; at any value of a, brush height during stretching is 1%-2% 

higher than during compression.  

A final area of investigation is the effect of non-uniform compression on brush 

formation. Experimentally, Genzer and coworkers formed MAMs by mechanically 

manipulating the substrate in one direction only (call it x). Thus, upon release of the stretch, 

grafted monomers would feel a force of compression in only the x-direction. In contrast, 

simulation data shown up to this point was for systems compressed equally in the x- and y-

directions. To test non-uniform compression, we define a non-uniformity parameter K as: 

 

K = (Lx,old – Lx,new) / (Ly,old – Ly,new)     (2.18) 

 

where Lx and Ly are the lengths of the simulation surface in the x- and y-directions, 

respectively. Here, “old” and “new” represent dimensions before and after compression, 

respectively. We note that for values of K = 1, 5 and 10, <Rg,z>
2
 (which corresponds roughly 

to brush thickness) varies by no more than 5% and thus brush thickness shows little 

dependence on K over the range 1 to 10. We conclude that for our systems non-uniform 

compression does not affect brush formation. However, non-uniform compression has been 

shown to play a role in MAMs formation by experiment [36]. One might posit that this 
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disparity stems from our use of periodic boundary conditions (PBCs) which mimic an infinite 

surface in both directions, regardless of the dimensions of the simulation box in that 

direction. PBCs introduce an artificial periodicity in the x- and y-directions which might 

cause compression effects to propagate faster than in experimental systems. Certainly we 

could turn off PBC to study non-uniform compression but by doing so, we lose one 

computational advantage at our disposal and this was not the main focus of this work. 

 

2.4. COMPARISON WITH SCF THEORY AND PREVIOUS RESULTS 

As stated earlier, SCF theory was used to show that the density profile for polymer brushes 

of short chains could be described with a parabolic equation; we offer here an alternative 

form of equation 2.3: 

 

 (z) = 0  – z
2
                      (2.19) 

 

with 0 = C1a 
2/3

 and  = C2N
-2

 (C1 and C2 are two adjustable parameters). Accordingly, 

density profile data was collected during slow compression. We plotted the normalized 

density profiles for 20mers, 50mers and 100mers at several densities (approximately, 0.03, 

0.10, 0.20 and 0.50 monomers/area). Portions of the curves of the form A - Bz
2
 (equation 

2.19) were fit to these profiles (Figures 2.11 through 2.13) and C1 and C2 were extracted. 

The goodness of the fit is primarily a function of surface density, a, and is independent of 

chain length: at low surface density, a, parabolic form was applicable to a majority of the 

chain monomers; conversely, at high surface density, parabolic form was applicable only for 

the chain end farthest from the tethering surface. Deviations from parabolic form are 

apparent in the plots. Figure 2.11 shows the density profile for 20mers. The density profile 

(z) fluctuates significantly near the surface for the highest density (0.499 monomers/area); 

monomer units near the surface are being forced to take positions in z of discrete multiples of 

. By comparison, lower surface density (a = 0.032) shows a better parabolic fit. Figure 
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2.12 shows the density profile for 50mers; we see that for surface densities a > 0.200, there 

exists a significant range where (z) is nearly independent of z, corroborating scaling theory 

by Alexander [14,15]. This trend is further magnified when one looks at even longer chains. 

Figure 2.13 shows the density profile for 100mers and we see that at surface densities near 

0.500, (z) is linear with respect to z and there exists only a small portion of the chain (about 

1/3
rd

) which fits the parabolic function. In other words, the parabolic form for the density 

profile fits the data well only for low surface density. Also, as chain length increases, the 

deviation from parabolic form is further magnified; this is in good agreement with SCF 

theory from Section 2.1. 

Table 2.2 

Maximum brush height, hmax, fit variables, C1 and C2, and average  

brush height, <z>, for chains of length, N, and surface density, a.  

Also shown for comparison is Murat and Grest (M&G) data. 

  hmax C1 C2   

N a Data M&G 0/a
2/3

 N
2
 SQRT(C1/C2) hmax/<z> 

20 0.032 8.3 7.9 2.183 1.280 1.31 2.04 

20 0.102 11.2 10.7 0.733 0.508 1.20 2.31 

20 0.195 13.2 -- 0.476 0.368 1.14 2.28 

20 0.499 16.9 -- 0.326 0.288 1.06 2.16 

50 0.031 18.2 18.0 0.058 0.043 1.16 2.28 

50 0.100 25.3 25.1 0.016 0.014 1.09 2.37 

50 0.200 30.6 30.7 0.009 0.008 1.05 2.29 

50 0.475 40.9 -- 0.004 0.003 1.05 2.21 

100 0.031 35.3 33.9 0.466 0.370 1.12 2.39 

100 0.127 54.8 -- 0.142 0.120 1.09 2.40 

100 0.230 65.9 -- 0.088 0.076 1.08 2.35 

100 0.472 82.7 -- 0.086 0.076 1.06 2.20 
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Our values for C1 and C2 are reported in Table 2.2. From this, one can extract the 

maximum height of the brush, hmax = (0/)
1/2

. Our values of hmax show good agreement with 

the values from Murat and Grest [35]. Expanding hmax = (0/)
1/2

, we get hmax = 

(C1a
2/3

N
2
/C2)

1/2
 = Na

1/3
 (C1/C2)

1/2
. From Table 2.2, we see that as chain length (N) or 

surface density (a) increases, (C1/C2)
1/2

 trends toward unity. This fits well with Alexander’s 

scaling theory (good solvent or hard-sphere) and SCF theory (long chains), which says: h ~ 

Na
1/3

 (equation 2.2). Also, we have calculated hmax/<z>, where <z> is the average brush 

height defined by  

 

<z> = ∫(z) z dz / ∫(z) dz      (2.20). 

 

We see that hmax ~ 2.0-2.3 times <z> for all cases. This corresponds as well with data in Ref. 

35.  

Using the value of hmax from above, we also fit the SCF model for the end-monomer 

density profile (eqs.2. 4 and 2.5) to our normalized E(z) plots. For the case of 100mer 

systems, the values for C3 and C4 fell in the range 0.7~1.0, with equation 2.4 valid at surface 

densities a < 0.1 and equation 2.5 valid for a > 0.1. For 50mers, C3 and C4 were 0.3~0.5, 

again with equation 2.4 applicable to a < 0.1 and equation 2.5 valid for a > 0.1. 

In general, deviations of our results from SCF theory or data collected by Murat and 

Grest are minimal. These comparisons included monolayer thickness, density profiles, and 

end-monomer profiles. While SCF theory implies equilibrium at a constant surface density 

and work by Murat and Grest presented data from equilibrated systems at constant surface 

densities, we have shown that compression of a monolayer in good solvent does not result in 

deviation from theory or prior simulation results. From this, we conclude that the change in 

the surface density inherent in the mechanically-assembled monolayer process does not 

conflict with current polymer brush theory and that the model and simulation process 

presented herein capture the general mechanism underlying the MAMs formation process. 
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This finding acts as a basis for future investigation into systems of poorer solvent quality and 

more realistic polymers such as alkanes. 

 

2.5. CONCLUSIONS 

We have performed discontinuous molecular dynamics simulation of compressed polymer 

brushes in good solvent, thereby mimicking the mechanically-assembled monolayer process. 

Brush height, monomer density profiles and end-monomer density profiles corresponded 

well to theoretical predictions from Alexander and DeGennes and self-consistent field theory, 

as well as to previous simulations performed by Murat and Grest on tethered polymer 

systems. Brush thickness and order was measured as a function of surface density. We found 

that thick uniform brushes required either long chains or high surface density. It was shown 

that one advantage of long-chained systems (say, N ≥ 50) compared to shorter-chained 

systems is that complete surface coverage could be accomplished at a lower surface density; 

thus, MAMs for long-chain systems require less initial mechanical manipulation compared to 

short-chain systems to form effective barriers. As surface density increased, polymers began 

to align in the z-direction (away from the tethering surface); on the other hand, there was no 

visible x- and/or y-direction alignment, suggesting we saw no crystal formation in this good 

solvent. Also, at high surface density, end-monomer units tended to move far from the 

tethering surface. This is crucial in “good” MAMs formation since end-monomer units are 

typically tailored for specific purposes in the subsequent brush environment. Next, we 

studied the effect of surface compression rate on the brush thickness. It was noted that in 

general, slower compression rates represent a quasi-equilibrium state that matches 

equilibrium data closely; faster compression rates increased the discrepancy between our 

brush heights and values from previous simulation results collected at equilibrium. More 

specifically, quick compression rates for short-chained systems led to high brush thickness 

values (relative to equilibrium data) due to lack of equilibration time while quick 

compression for longer chains led to polymer entanglement problems in the brush. Similar 
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effects of compression rate on brush height were seen when hysteresis was investigated; slow 

relaxation of the surface resulted in brush thickness values that more closely matched 

compression data than faster relaxation. Last, we have shown that there is little effect on 

brush formation by non-uniform compression in disagreement with experimental findings. 
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2.7. FIGURES 

 

 

 

 

Figure 2.1: (a) A system consisting of 50 polymers of 50 monomers each at an initial surface 

density of 0.01monomers per area is compressed every 500
th

 collision to (b) surface density 

0.200, and, (c) finally to 0.500. 
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Figure 2.2: Monomer density profile, (z), as a function of distance from the surface, z, for a 

system of fifty 50mers compressed from initial surface density a = 0.01 to final  

surface density a = 0.03. 
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Figure 2.3: Monomer density profile, (z), as a function of distance from the surface, z. The 

system from Figure 2 has been further compressed to  (a) a = 0.10, (b) a = 0.20 and finally 

to (c) a = 0.50. Inset magnifies region near surface. 
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Figure 2.4: Orientation order parameter <cos n> as a function of monomer number along the 

chain, n, for surface densities a = 0.01, a = 0.03, a = 0.10, a = 0.20, and a = 0.50. 
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Figure 2.5: End-monomer density profile, E(z), as a function of distance from the surface, z, 

at surface densities a = 0.01, 0.03,  0.10, 0.20, and 0.50. Each graph has been shifted 

vertically 0.08 relative to the preceding graph for clarity. 
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Figure 2.6: Normalized radius of gyration in the z-direction as a function of Na
1/3

 for 5mers, 

10mers, 20mers, 50mers, and 100mers. Also shown is the equilibrium data (■) from Murat 

and Grest data [37]. 
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Figure 2.7: Ratio of the radius of gyration in the z-direction to the overall radius of gyration 

for 5mers, 10mers, 20mers, 50mers and 100mers as a function of surface density. 
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Figure 2.8: Mean-square radius of gyration in the z-direction as a function of surface density 

for a system of 10mers compressed at rates of 500, 1000, 5000 and 10,000 collisions per 

compression attempt. Also shown is equilibrium data from Murat and Grest [37]. 
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Figure 2.9: Mean-square radius of gyration in the z-direction as a function of surface density 

for a system of 50mers compressed at rates of 500, 7500 and 10,000 collisions per 

compression attempt. Also shown is equilibrium data from Murat and Grest [37]. 
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Figure 2.10: Plot of hysteresis in <Rg,z
2
> versus surface density for compression rates 100, 

500 and 5000 collisions per compression attempt. Compression values are shown as symbols 

and relaxation values are plotted as lines. 
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Figure 2.11: Density profile (z) versus z showing C1/C2 fit of Equation 2.19 for 20mers at 

various values of a. 
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Figure 2.12: Density profile (z) versus z showing C1/C2 fit of Equation 2.19 for 50mers at 

various values of a. 

 

 

 

 

 

 

 



 

 

47 

 

 

Figure 2.13: Density profile (z) versus z showing C1/C2 fit of Equation 2.19 for 100mers at 

various values of a. 
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CHAPTER 3  

 

EFFECT OF POOR SOLVENT ON MECHANICALLY- 

ASSISTED MONOLAYERS 

 

 

3.1. INTRODUCTION 

Mechanically-assembled monolayers (MAMs) represent substrate-anchored oligomer or 

polymer brushes fabricated by chemically attaching the polymers to a pre-stretched flexible 

substrate and then releasing the stretch. This process results in increasing the surface density 

of the grafted modifiers beyond values typically found when the molecules adsorb and 

assemble on rigid, non-stretchable supports. This method was originally proposed by Genzer 

et al. as an alternative to preparing dense polymer brushes by conventional “grafting-from” 

methods, i.e. atom transfer radical polymerization (ATRP) [1,2]. In the original MAMs 

process [3], semiflourinated organosilane polymers were allowed to self-assemble on 

tethering sites activated by ultraviolet/ozone (UV/O) treatment; the substrate was 

subsequently released, resulting in a dense thick brush of semiflourinated groups, whose 

surface density can be controlled by adjusting the amount of pre-stretching. Surfaces formed 

using this method exhibit no deterioration after six months exposure to de-ionized water – a 

quality highly desirable in coating of surfaces that would otherwise degrade under exposure 

to water [3,4]. Later efforts extended the MAMs technology from densifying small organic 
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modifiers to long macromolecules chemically grafted to flexible substrates [5]. While the 

latter method was originally coined as MAPA (or Mechanically Assisted Polymer 

Assembly), for simplicity in this work we combine both techniques under the same name, 

MAM. 

In a previous chapter we described results of a molecular simulation of the formation 

of long chain MAMs under good solvent conditions. The surface density of a model system 

of homopolymers attached to an impenetrable surface was systematically increased at a 

variety of surface release rates until a highly-dense brush was achieved. Good solvent 

conditions were modeled by treating the monomer-monomer interactions as athermal [6]. 

The effect of varying chain length, reduced temperature and surface release rate on the 

structure of the monolayer was examined; no consideration was given to solvent quality. The 

thickness of MAMs brushes formed at slow release rates was consistent with the theory 

proposed by Alexander and de Gennes [7-9]; minor deviations from Murat and Grest 

simulations were observed at high formation rates due to polymer entanglement and at low 

chain length due to insufficient relaxation time [10].   

While in our previous work we neglected the effect of solvent quality, this parameter 

is known to play an important role in polymer behavior. Recent simulations-based research 

has focused on the effect of solvent quality on the collapse and conformation of 

homopolymers [11-14] and the thickness of polymer brushes at equilibrium, meaning at fixed 

surface density [15-17]. One would also expect that solvent quality affects the formation of 

MAMs and polymer brushes during the approach to equilibrium upon varying surface density 

of the grafted modifiers. Experimenters note a difficulty with the MAMs process in that 

quick compression of the monolayer leads often to buckling, which requires a relaxation 

period post-release for equilibration. It is surmised that the competition between polymer-

substrate bonding forces and polymer-polymer interaction forces can either cause polymers 

to detach or resist compression to high density. Clearly, for brushes in poor quality solvents, 

quick compression would affect the extension of the polymers away from the substrate, 
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thereby indirectly affecting the monolayer’s ability to achieve a denser, impenetrable brush 

via the densification process.  

In this chapter, we present the results of discontinuous molecular dynamics 

simulations of the compression of systems of polymers modeled as chains of square-well 

monomers in an attempt to mimic the formation of MAMs in lower quality solvent. Polymers 

of chain lengths 20, 50 and 100 are initially grafted to a hard surface at low density and 

allowed to equilibrate. These chains are then compressed laterally at varying rates to high 

surface density (to 1 monomer/area) in order to study the effects of chain length and 

compression rate on brush properties, i.e. density and polymer extension. By compressing at 

frequencies larger than the brush’s equilibrium time-scale, we can assess how brush 

thickness and structure are affected during the MAMs formation process. By varying the 

system temperature (which controls solvent quality), we can assess the effect of solvent 

quality on brush thickness and structure. Finally, selected brushes are expanded back to low 

surface density, which enables us to study hysteresis effects on brush thickness and structure. 

Highlights of this work are as follows. We present results for the monolayer thickness 

versus surface density as a function of compression rate and reduced temperature. We find 

that brush thickness can be directly controlled by adjusting the system reduced temperature 

and the surface compression rate. Brushes formed at temperatures below the theta 

temperature (T) and/or at low surface density exhibit significant brush degradation (gaps in 

polymer layer coverage and low brush thickness). Brushes formed at temperatures above T 

show increased thickness and enhanced orientation order. Specifically, the macromolecules 

are able to reach surface densities higher than brushes formed at low temperatures. The 

effectiveness of the MAMs formation process depends on whether or not the surface density 

is above the critical coverage density, c, which is defined to be the minimum surface density 

at which the surface is entirely covered by monomers. Longer-chain systems suffer a slight 

deterioration in brush height as the surface density approaches the critical coverage density 

from below, even when formed by slow compression. Fast compression leads to end-

monomer and chain trapping. Increasing the relaxation rate and/or reducing the temperature 
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(thereby reducing solvent quality) leads to an increase in hysteresis effects in brush thickness.  

Finally, we show that for each compression rate, there exists a certain surface density value 

beyond which further compression attempts are likely to fail due to chain overlap or volume 

exclusion; from this behavior, we can infer that the optimal design for MAM fabrication is to 

intermittently decrease the compression rate as the surface density of the grafted 

macromolecules increases. 

The remainder of the chapter is organized as follows. In section 3.2, we describe the 

discontinuous molecular dynamics method and outline the process for increasing surface 

density, a. Section 3.3 presents the simulation results at various chain lengths, compression 

rates and reduced temperature; the latter acts as a surrogate for solvent quality. We also 

analyze our results and suggest a generic set of guidelines for experimental fabrication of 

MAMs. Section 3.4 provides a short summary of the results and a discussion. 

 

3.2. MODEL AND METHOD 

Discontinuous molecular dynamics (DMD) is a fast alternative to traditional molecular 

dynamics [18]. Unlike traditional molecular dynamics which employs a monomer-monomer 

interaction potential that is a continuous function of their separation (i.e. the Lennard-Jones 

potential), discontinuous molecular dynamics replaces monomer-monomer interactions with 

a square-well potential which incorporates short-range repulsions as well as long-range 

attractions [19]. The potential energy between non-bonded monomers is taken to be the 

square-well potential, 

     U(r)   =   ∞, r   (3.1) 

  =   -, r   

  =   0,   r > 

where  denotes the monomer diameter and  is the width of the square-well interaction. To 

stay consistent with previous simulation work,  and  are set to 1.0 and 1.5, respectively. 

The advantage of DMD over traditional molecular dynamics is that monomers need not be 
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moved incrementally at short regularly-spaced time steps. Instead, one only need calculate 

the collision time, tij, at which a monomer reaches a discontinuity in its potential energy, 

U(r), where it undergoes either repulsion with another monomer or enters/leaves the square-

well interaction of another monomer. Collision times for all monomer-monomer pairs in the 

system are calculated, the minimum collision time for the system, tc, is chosen, and all 

monomers are advanced forward according to  

 

ri (t + tc) = ri (t) + vi (tc),                                                           (3.2)            

 

where ri and vi represent the i
th

 monomer’s position and velocity, respectively. At this point, 

two monomers collide, their new post-collision velocities are calculated, and the steps 

described above are repeated. 

 Polymer systems are modeled in DMD as freely-jointed chains comprising monomers 

bonded at a distance  from one another. We use the Bellemans approximation which allows 

the bond length to fluctuate freely over the range  (1 ± )where  is very small, for 

example 1/10
th

 of  [20-22]. The average bond length for neighboring monomers in a chain 

is approximately , which is close in architecture to tangentially-connected monomers. Non-

bonded monomers along a chain interact with the same energy, , as monomers on differing 

chains. The well-depth  is set to  = 1 in all simulations. We define the reduced temperature 

of the system, T*, as: T* ≡ kBT/At high values of T* the monomers acquire enough kinetic 

energy to escape the square-well interaction with their neighbor(s); this leads to chain 

stretching, mimicking good solubility conditions. At low values of T* the monomers are 

under the influence of their square-well interactions; as a result, the polymers collapse, just 

like under poor solubility conditions. Thus, the solubility of the polymers is measured by the 

reduced temperature, T*. This implicit solvent model saves extra computational expense 

associated with introducing solvent molecules explicitly into the simulation. 

 Since the system’s reduced temperature plays an important role, T* must be carefully 

controlled throughout the simulation. This is accomplished through the use of an Andersen 
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thermostat, which allows the system reduced temperature to fluctuate about the average 

value, T* [23]. A ghost particle is created to collide with a randomly chosen monomer at a 

random collision time, tg. The monomer’s velocity is recalculated after the collision, ensuring 

that the velocities for all particles in the system are distributed according to a Gaussian 

distribution on T*. 

 The model system comprises M polymer chains, each containing N square-well 

monomers, placed into a box having dimensions Lx and Ly (length and width, respectively). 

Periodic boundary conditions (PBC) are employed in the x- and y-directions; a monomer (or 

tethering point) which leaves the box on one side re-enters on the opposite size. PBC are not 

used in the z-direction. Backbone angles along the chain are free to fluctuate as long as there 

is no monomer-monomer overlap. Each chain is grafted at one end to a surface of area S 

(measured in units of 
2
), where the surface is designated z = 0. We define the surface 

density of the polymer chains as a = M / S. Tethering points for each chain are allowed to 

move along the surface but are not allowed to overlap. Due to the impenetrable surface, 

collision times between each monomer and the surface must also be calculated. 

 The formation of the dense mechanically-assembled monolayer is modeled as a series 

of uniformly-spaced compressions of the tethering surface. At prescribed collision numbers 

(for example, every 2000
th

 monomer-monomer collision), we attempt to compress the box 

such that:  

 

Lx (new) =  Lx (old) · (1 – Lx)                                                (3.3)                     

Ly (new)  =  Ly (old) · (1 –  Ly)                                                (3.4)                        

 

where Lx and Ly are very small (on the order of 1x10
-5

). New monomer positions are 

calculated: 

rix (new) =  rix (old) · (1 – Lx)                                              (3.5)                               

riy (new) =  riy (old) · (1 – Ly)                                              (3.6)                                
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where ri is the position of monomer i. If there are no monomer overlaps, the new positions 

are retained and the new surface density is calculated:  a = M / (Lx,new · Ly,new).  

 In this work, we present results from the compression and relaxation of the following 

systems: twenty 20mers grafted at initial a = 0.01, 0.03, 0.10 and 0.20 monomers/area; fifty 

50mers grafted at initial a = 0.01, 0.03, and 0.10; and twenty-five 100mers grafted at a = 

0.03. The system temperature was varied over the range T* = 0.5 to 8.0. After the systems 

were equilibrated at their initial surface density and temperature, compression moves 

(typically, every 500
th

, 2000
th

 or 10,000
th

 collision) were attempted until the final surface 

density had been reached a = 1.000 or until compression was no longer possible (discussed 

later). In between compression attempts, standard DMD moves were applied. At the end of 

selected compression runs, we expanded the surface back to its initial surface density, at a 

rate corresponding to the preceding compression rate, to investigate hysteresis effects and 

chain entanglement. Data were collected periodically on the polymer layer’s mean-square 

radius of gyration, <Rg
2
>, and the mean-square radius of gyration in the z-direction, <Rg,z

 2
>, 

defined respectively as: 

 

<Rg
2
> =  <∑(ri – rCM)

2
> / N                                                (3.7) 

<Rg,z
 2

> =  <∑(rzi – rz,CM)
2
> / N                                             (3.8) 

 

where rzi is the z-coordinate of the i
th

 monomer position (ri), rz,CM is the z-coordinate of the 

center of mass for i’s corresponding chain (and its center of mass, rCM) and the summation is 

averaged over all monomers N along each chain. Over the course of the monolayer 

compression, we also collected density profiles for all of the monomers in the systems, (z), 

and density profiles for the free ends, E(z). This data was normalized according to ∫(z) dz = 

1 for all systems. Even though most of the simulations were run several times, all but two of 

the figures in this chapter show data for only one run since the point is to watch how the 

system evolves during the inherently non-equilibrium compression process. This also allows 

us to observe the effect of chain trapping. For some of the data presented here (Figures 3.9 
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and 3.10), three runs with randomly chosen initial configurations were conducted and the 

average values and error bars (calculated from the standard deviation) are shown. Results are 

given in detail in the next section. 

 

3.3. RESULTS 

Decreasing solvent quality negatively affects monolayer properties and hence the fabrication 

of MAMs in two ways: 1) by reducing the coverage of the polymers on the surface and 2) by 

reducing the thickness of the monolayer. These two defects arise from the preferential 

monomer-monomer attraction relative to monomer-solvent contacts. This monomer-

monomer attraction dominates at T* < T, where T, the theta temperature, is defined as the 

temperature at which the polymers act like ideal chains. Based on previous work by Grest 

and Murat [24] and Szleifer et al [25], T ~ 3.0 for  = 1.  

To illustrate the effect of poor solvent quality (or T* < T), we present in Figure 3.1 

snapshots of two systems, both composed of fifty 50mers grafted to the same surface area. 

The left picture depicts the system in a good solvent (only core repulsion) [6], while the right 

picture shows the same system in a poor solvent, corresponding to reduced temperature T* = 

1.2. The effects of poor solubility lead to reduced thickness nearly 1/4 of that in a good 

solvent and a significant percentage of the tethering surface being uncovered by the polymer. 

The loss of surface coverage can be countered only by reaching densities above the critical 

density, c, as will be discussed later.  

 We begin by presenting results on the effect of solvent quality on the thickness of our 

monolayer systems. As has been previously reported by de Gennes [26] and others, the brush 

thickness, h, scales as h ~ Na

, where  = 2/3 and α = 2 for good and poor solvent 

conditions, respectively.  Thus, Figure 3.2 shows the logarithm of the mean-squared radius 

of gyration in the z-direction, <Rg,z
2
>, a measure of monolayer thickness, normalized by 

chain length, N, as a function of the logarithm of surface density for systems of varying chain 

lengths; for comparison, we have also included the slopes of 2/3 and 2 (good and poor 
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solvent conditions). In Figure 3.2(a), we present the results for 20mers compressed at 

reduced temperatures ranging from 1.0 to 4.0. (Because polymers shorter than 20mers show 

no significant change in monolayer thickness as a result of varying compression, they are not 

considered in this work.) For high T*, an increase in surface density corresponds directly to 

an increase in <Rg,z
2
>. At T* > T, polymers are somewhat extended; volume exclusion 

effects from increasing surface density extend them even further. Upon reducing T* the film 

thickness decreases due to poor solvent conditions: monomers prefer one another over the 

implied solvent and thus do not extend as far as they do in good solvents. Transitioning from 

T* = 3.0 (T) to T* = 2.0 creates local inflections in the <Rgz
2
>-curve at low surface 

densities. In this region the substrate is not completely covered by the polymer layer. As will 

be shown later, despite the slow compression rate employed here, monolayer thickness can 

only increase after the collapsed chains first fill the space near the surface.  

Variations in reduced temperature have a more pronounced effect on brush properties 

when longer chains are considered. Accordingly, in Figure 3.2(b), we plot our results for 

50mers at reduced temperatures from T* = 0.5 to 8.0. For comparison, data for good solvent 

(a system of hard chains [6]) is included. As with the 20mers, the brush thickness increases 

with increasing surface density. However, when the temperature is lowered below T≈3.0, 

the layer thickness decreases significantly. For example, at surface density a ≈ 0.3 

monomers/area, the poor solvent conditions at T* = 0.5 and 2.0 lead to <Rg,z
2
>-values 

approximately 15% and 33%, respectively, of the value observed under good solvent.  

Also of interest in Figure 3.2(b) is the effect of reduced temperature on brush 

thickness, specifically at low surface densities. While in general increasing the surface 

density leads to an increase in monolayer thickness (especially at T* > T), compressing the 

monolayer when T* < T has no effect on brush thickness over the surface density range 0.01 

to approximately 0.2 monomers/area. This is due to the paucity of chain-chain contacts at 

low surface density which results in chains which act as independent globules; while 

monomers on the same chain interact, there is little interaction between monomers on 

differing chains. The minimum surface density at which a compression of the monolayer 
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leads directly to an increase in monolayer thickness is defined as the impingement density, 

c, which is a function of the chain length and temperature. This density is the minimum 

density at which the neighboring chains, which adopt mushroom conformations characterized 

by radius of gyration Rg,
2
, just touch. It may be calculated by realizing that the area projected 

by a chain of radius of gyration Rg,
2
 onto a surface is Rg,

2
. If these circles just touch, the 

fraction of area covered is the ratio of the area of a circle to that of a square, which is equal to 

Rg,
2
 / 4Rg,

2
 = . Likewise, it is equal to MRg,

2
 / S = Rg,

2
 c, where M is the number of 

chains, and S is the surface area. Thus, c = ¼ Rg,
-2

. Realizing that the radius of gyration (Rg) 

for an isolated chain of length N in poor solvent scales as N
1/3

 ||
-1/3

, where  ≡ (T* – T)/ T 

[27], upon substitution, this produces an equation for the impingement density:  

c ~ ¼ ∙ N
-2/3

 ∙ ||
2/3

                                                          (3.9) 

where N is the chain length. Given T ≈ 3.0, we estimate the impingement density for 50mers 

to be 0.008 monomers/area at T* = 2.0, 0.014 monomers/area at T* = 1.0 and 0.016 

monomers/area at T* = 0.5. In general, as reduced temperature decreases, impingement 

density increases. Based on the data in Figure 3.2(b), we can calculate the actual 

impingement density (density at which the brush height increases with increasing density to 

the power  = 2). The actual impingement densities are approximately 0.11 at T* = 2.0, 0.16 

at T* = 1.0 and 0.17 at T* = 0.5. Although the observed trend, c increases (or shifts further 

to the right) as T* decreases, is the same as that predicted theoretically (Eqn. 9), the observed 

values of impingement density during compression differ by one order of magnitude from the 

values predicted theoretically. As pointed out by Lai and Binder, at such a low reduced 

temperature (or poor solvent), the chains are not acting independently [27]. Evidence for this 

is shown in Figure 3.1(b) where the chains, allowed to move freely across the tethering 

surface, are clumped together rather than acting as individual, evenly-spaced mushrooms. 

This clumping increases the open space on the surface and makes the impingement density 

higher than the value predicted by Equation 3.9. To correct this effect, one would need to 

turn off the attraction between monomers on different chains. Thus, the reduction in solvent 
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quality not only causes a significant loss in monolayer thickness, it also requires that a higher 

surface density be attained to reach full surface coverage. 

The effects of solvent quality become even more pronounced for longer chains. In 

Figure 3.2(c), we plot brush thickness results for 100mers at reduced temperatures from T* = 

0.5 to 8.0. For comparison, we include data on hard chains from Reference 6. In general, 

there is loss of layer thickness for all T* compared to the ideal solvent (hard chain) system. 

For 100mers at T* > T, we note an interesting trend: the rate of change in <Rg,z
2
> with 

increasing a is the same over the entire range of densities implying that MAMs formed at T* 

> T compress as readily as brushes formed in ideal solvent. All losses in layer thickness for 

T* > T systems result only from the loss in thickness during self-assembly at low surface 

density. We do not detect this trend for T* < T. Increasing a at T* < T does not result in a 

linear increase in <Rg,z
2
> across all a. Thus, poor solvent affects the 100mer system in two 

ways: 1) causing extremely low brush thicknesses at the initial low a and 2) increased 

difficulty in compressing the brush to higher a.  

Monolayer thickness can also be affected by the frequency of compression attempts. 

In Figure 3.3 we show the logarithm of <Rg,z
2
> normalized by chain length as a function of 

the logarithm of surface density. Since MAM formation is more interesting at poor solvent 

conditions, all of this data was collected at T* = 1.2 (below T) where the effect of brush 

compression is most pronounced. In Figure 3.3(a), we show our results for a system of 

20mers at compression rates occurring with a frequency of 1 compression per 10,000
th

, 

2000
th

 or 500
th

 monomer collision. While there is some loss of monolayer thickness at faster 

compression rates (cf. 1/500) compared to slower compression rates, this degradation is no 

more than 5% and not significant.  

Next, we examine the effect of surface release rate on the thickness of the monolayer 

at longer chain lengths. Figure 3.3(b) shows brush thickness data for 50mers for 

compression rates of 1 compression attempt every 500
th

, 2000
th

 and 10,000
th

 monomer 

collision; for comparison, athermal or hard-chain data is included. The following trends are 

seen. First, at low densities, layer thickness is constant and independent of compression rate. 
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The thickness increases only after the surface density has exceeded a = c ≈ 0.16. Second, 

there is significant loss of thickness for all three rates compared to the hard-sphere (or good 

solvent) data, especially at low surface density. When surface density is low (a ≈ 0.01) and 

T* < T, the monolayer contains large gaps in surface coverage [cf. Figure 3.1(b)]. As the 

monolayer is compressed, the system must first fill these gaps before it can thicken into a 

brush. Thus at low density, chains are less likely to interact, reducing chain extension. Still, 

even at high surface density, if T* < T, the chains will prefer one another relative to the 

solvent, thereby reducing layer thickness. Finally, compression rate has a direct effect on the 

thickness of a fully-formed layer (a ≈ 1.000).  At a ≈ 1.000, systems which are compressed 

more slowly (i.e. compression attempts every 2,000
th

 and 10,000
th

 collision) experience 

losses in the value of <Rg,z
2
> of 8% and 4%, respectively, compared to the hardsphere 

system. Systems compressed more quickly (an attempt every 500
th

 collision) experience an 

even greater reduction compared to the hard-chain case. Recall that for a system of 20mers 

there was a less than 5% loss of thickness for all compression rates. Thus, as we increase the 

polymer length from 20 to 50, the degenerative effect of fast compression on monolayer 

thickness also increases.  

In Figure 3.3(c), we present brush thickness data for twenty-five 100mers in poor 

solvent for compression rates of 1 compression attempt every 500
th

, 2000
th

 and 10,000
th

 

monomer collision as well as brush thickness for fifty 100mers at a compression rate of 1 

attempt every 10,000
th

 monomer collision. We note first that the fastest compression rate (1 

every 500
th

 collision) coupled with the increase in chain length to 100 creates a system where 

compression cannot proceed beyond a ≈ 0.850. This is most likely due to chain-chain 

entanglement or to chains being trapped underneath neighboring chains during compression. 

The 100mer system in poor solvent quickly finds itself “tied up” at high density with little 

chance to equilibrate.  We should make it clear at this point that we use the term 

“entanglement” loosely here. We are purposefully compressing faster than the time it would 

take for the monolayer to equilibrate.  Given sufficient time, the chains could have worked 

themselves free of one another, allowing compression to possibly continue. We have not 
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allowed this time because the emphasis of this work is to determine the effect of poor 

solubility and quick compression rate on dense monolayer formation; that effect has been 

“entanglement” of the chains. 

Next, we focus on the very low density region: a ~ 0.06 or log (a) ~ -1.2. Here, 

layer thickness for the system compressed every 10000
th

 collision decreases as density 

increases from a = 0.06 to 0.065 [or, alternatively, as log (a) increases from -1.22 to -1.18]. 

We also show brushes at these two surfaces in Figure 3.4. Initially at a = 0.06 (left picture), 

there is not enough material to completely cover the surface due to poor solvent conditions 

(low T*). Upon compressing the system to a = 0.065 (right picture), the empty space is 

filled up by the polymers. We hypothesize that at this point, the reduction in layer thickness 

is a result of individual chains sliding underneath neighboring chains; only as the surface 

density is further increased can volume exclusion effects force the majority of these chains to 

push away from the surface. If the compression rate is too high, some chains will become 

trapped, creating internal layer defects.  

 One last feature of interest in Figure 3.3(c) is the effect of increasing system size. 

The bulk of the data included in Figure 3c was collected on a system of twenty-five 100mers. 

While periodic boundary conditions theoretically create an infinite system, it is of interest to 

ask if and how the relatively small system size considered here (twenty five 100mers) affects 

the results obtained. Toward this end we performed compression simulations on a larger 

system: in this case, fifty 100mers. (Attempts were made to simulate even larger systems but 

the time required to complete these compressions was prohibitive.) The system of fifty 

100mers [shown as a dashed line on Figure 3.3(c)] was initialized at a low grafting density. 

Compression moves were attempted every 10,000th monomer collision until a ~ 1.00. We 

found that brush thickness for the larger system is equivalent to the brush thickness in our 

slowest compression for most of the range of explored a except that the critical coverage 

density shifted to the right. In other words a higher density was required to cover the surface. 

We believe that, once again, this shift is because the chains do not act independently. 
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To this point we have focused only on the effect of increasing surface density on 

brush thickness; however, as the surface density increases and the chains extend outward, 

they also begin to align. Figure 3.5 shows the orientational order parameter of systems of 

various chain lengths as a function of surface density for three compression rates at T* = 1.2. 

Here we define the orientational order parameter as cos n = (zn – zn-1) / |rn – rn-1|, where n = 

0 at the surface and n is the angle between the bond formed by successive monomers in the 

chain and the z-axis [6]. In Figure 3.5(a), we present results for 50mers; for comparison, 

data for good solvent (hard-chain case) is also shown. As was the case for <Rg,z
2
>, increasing 

surface density does not affect polymer ordering until a  ≈ 0.3. Beyond this point, further 

compression increases ordering. Increasing the compression rate results in a loss of order. 

Only the slowest compression (1 compression attempt every 10,000
th

 monomer collision) 

allows the system to align itself structurally as well as the hard-sphere system does at the 

highest surface densities. Similar to 50mers, 100mer data presented in Figure 3.5(b) show 

that increasing the compression rate reduces the system ordering significantly. By 

comparison at a ≈ 1.000, cos i = 0.82 and 0.62 for the systems compressed 1 every 10000
th

 

and 2000
th

 monomer collision, respectively. One can back-calculate that the bonded 

monomer angles in the system which was compressed every 2000
th

 collision are, on average, 

about 17
º
 more parallel to the surface than the bonded monomer angles for the good solvent; 

this is patently undesirable in designing a well-ordered brush. 

Up to this point, we have examined only the effects of variations in solvent quality 

and compression rate on the order and thickness of monolayers as surface density is 

increased. However, it has been suggested by experimenters that one advantage of MAMs 

over systems where self-assembly occurs naturally is that the surface density is not 

permanently set. To this end, one could easily re-stretch the surface to lower the surface 

coverage. In Figure 3.6, we graph <Rg,z
2
> versus surface density for 50mers compressed 

every 10,000
th

 (---) and every 2000
th

 (-■-) collisions to a ≈ 1.000 and then relaxed back at 

the same rate to a ≈ 0.01. Two effects are of importance here. First, increasing the 

compression/relaxation rate increases the hysteresis in brush thickness: at a ≈ 0.5, <Rg,z
2
> 
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relaxation phase for the faster-formed brush is about 67% higher than <Rg,z
2
> seen during 

compression phase. In comparison, the <Rg,z
2
>-value during relaxation phase for the slower-

formed brush is only 30% higher than that seen during the compression phase. Second, 

increasing the compression/relaxation rate increases the range in a over which hysteresis 

occurs. For example, when a compression was attempted every 10,000
th

 collision, the surface 

density had to be relaxed to a ≈ 0.12 to remove hysteresis effects (monolayer thickness 

equivalent for compressed and relaxed systems). By comparison, to remove hysteresis effects 

from the system with compressions/relaxations every 2000
th

 collision, surface density had to 

be reduced to a ≈ 0.06, i.e. nearly the initial surface density a ≈ 0.01. Fast 

compression/relaxation leads to losses in layer thickness that are harder to remove. Thus, 

there exist tradeoffs: Quick MAM compression reduces time to form a dense layer but only 

at the expense of reduced layer ordering and thickness. Should the monolayer need to be 

“reset”, quick MAM formation requires that the monolayer be relaxed to a surface density 

that is lower than would have been the case with slow compression. Results for 20mers and 

100mers follow this same trend as that discussed for 50mers and are thus not presented here. 

Alternately we present hysteresis effects at various values of the reduced temperature 

instead of the compression rate. Figures 3.7 and 3.8 show the <Rg,z
2
> = <Rg,z

2
>relaxation - 

<Rg,z
2
>compression versus surface density for 20mers and 100mers, respectively, at various T*. 

Both figures follow the same general trend. Lowering T*, especially to values below T, 

results in large <Rg,z
2
>-values, primarily centered on a ≈ 0.50. In contrast, one notices at 

T* ≈ 8.0, <Rg,z
2
> for 20mers (cf. Figure 3.7) is essentially zero and for 100mers is much 

smaller than for the other temperatures. It should be noted that for 20mers (cf. Figure 3.7), 

there are two inflections in the hysteresis loop that need to be explained: A positive deviation 

at high a /low T* and a negative deviation at low a/low T*. At high a /low T*, relaxation 

from high surface density initially creates gaps near the tail-end of the monomers. Chains 

that had been trapped by the compression can momentarily extend, causing a small 

fluctuation in the hysteresis loop. Further relaxation eliminates this effect, as chain segments 

are pulled down to the surface. At low a/low T*, we detect the opposite effect. When the 
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surface is initially compressed, chains are isolated and adopt a relaxed conformation 

independent of surface density until further compression introduces neighboring polymers. 

When the system returns to low surface density via relaxation, chains are no longer isolated – 

they typically bundle together in a mushroom conformation, adopting <Rg,z
2
> lower than the 

value seen when they were isolated during compression phase. This behavior results in a 

negative <Rg,z
2
>-value. 

Next, we focus on the location of the end-monomer unit. Experimenters want to tailor 

this monomer to allow fine tuning of the barrier properties of the resulting high-density 

MAM. It is thus essential that end-monomers be at or near the exposed free surface. Figure 

3.9 shows the end-monomer density profile for 50mers as a function of compression rate; this 

data has been averaged over three runs. Slow compression (1 every 10,000
th

 monomer 

collision) tends to create layers with a large majority of the end monomers far from the 

tethering surface, a situation desirable in the MAM fabrication. This outcome can be seen in 

the inset to Figure 3.9 which shows a side-view of the brush with enlarged end-monomers; 

here, most chain ends are grouped near the outer edge. By comparison, fast compression (1 

every 500
th

 collision) leaves more chain ends trapped within the layer. Thus, not only does 

fast compression reduce the integrity of the layer and its ordering, it reduces the effectiveness 

of the barrier surface. The data in Figure 3.10 show the chain end density profile for 

100mers. As was seen with 50mers, slow compression of 100mers creates layers whose end-

monomers are located far from the tethering surface (which is highly desirable); fast 

compression of 100mers leads to even more end-monomer trapping compared to 50mers. We 

see now that the probabilities of finding an end-monomer after fast compression near the 

tethering surface and at the outer edge are nearly the same.  

Data to this point were given in terms of attempted compression rate. A significant 

percentage of compression attempts, especially at the higher surface densities and longer 

chain lengths, were unsuccessful due to monomer-monomer overlap. To gain a better 

understanding of the amount of time required for formation of MAMs in poor solvent, it is 

useful to determine the actual success rate of compression. In Figure 3.11(a), we present the 
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number of attempts required for each successful compression of 20mers versus surface 

density at different compression rates. Starting with an initial surface density of 0.03 

monomers/area, we attempt a compression once per 10,000
th

, 2000
th

 or 500
th

 collision. For 

comparison, we include equivalent data for the compression of 20mers under good solvent 

conditions (hardsphere data) [6]. Even at low surface density, poor solvent systems require 

nearly twice as many compression attempts relative to good solvent systems. In general, 

compression becomes more difficult with increasing surface density of the grafts. In addition, 

faster compressions are harder to carry out than slower compressions over the entire range of 

a. It should be noted, though, that the disparity between the success of compression attempts 

in poor and good solvent reduces as surface density increases; high surface coverage slows 

compression regardless of solvent quality. 

 In Figure 3.11(b) we plot the number of attempts per successful compression as a 

function of surface density for 50mers. Although the trends are similar to those observed for 

20mers, it should be noted that the number of attempts per compression for 50mers is much 

higher than that for 20mers. At low surface density, compression attempts in systems under 

poor solvent conditions are about half as successful relative to those performed in good 

solvent systems; compression becomes harder as surface density increases; and the disparity 

between poor and good solvent conditions diminishes at high surface density. One new 

feature shows up in the 50mer compression data. Specifically, we see that the increase in 

chain length has caused the number of attempts per compression for the fastest compressed 

system to spike past surface densities a ≈ 0.90. The compression has reached a “speed 

limit”: Trying to compress faster than 1 attempt every 500
th

 collision would become 

extremely difficult, while compressing at a rate slower than once every 500
th

 collision (for 

example, every 2000th) is relatively easy. This behavior is reflected also in Figure 3.12, 

which shows the number of attempts per compression for 100mer systems. As stated 

previously, the combination of long chain length and high compression rate leads to 

considerable underpinning of grafted chains. The system reaches a state where chains are so 

entangled in the layer that further compression is either impossible or would require an 
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unrealistic amount of time. For example, one chain from the configuration of the fastest 

compressed system at a ≈ 0.85 is shown in the Figure 3.12 inset. The chain bends back on 

itself at least five times indicating that further compression would clearly be impossible for 

this one chain. 

 One focus of this work has been on how simulation can guide experimenters in the 

fabrication of MAMs. Clearly, a major consideration in MAMs production is the time it takes 

for MAMs to form. To date, MAMs formation on the small scale has consisted of steady-

state surface compression. After deposition and self-assembly of the polymers, the surface is 

either allowed to snap back quickly, resulting in surface ripples which are then equilibrated 

over time (say, a week) or allowed to slowly relax, avoiding the surface ripples but requiring 

a significant amount of time for formation [28]. Obviously, a middle ground can be found, 

where the surface compression rate changes over time or, more importantly, as surface 

density changes. In Figure 3.13 we plot the rate of change of the surface density with time 

versus reduced time, t*, at the three compression rates for 20mers where reduced time is 

defined to be t* = t/(kBT/m)
1/2

. When we attempt a compression once every 10,000 or 2,000 

monomer collisions, the same trend occurs: relatively slow compression initially, followed 

by increasing success, a peak around a ≈ 0.7 to 0.8, followed by reduced success in 

compression until a = 1.000 is reached. The fastest compression rate (1 attempt every 500
th

 

collision) shows no such trend, rising steadily from a = 0.030 to a = 1.000. Based on the 

data presented in Figure 3.3(a), which showed relatively little layer thickness loss due 

varying compression rate, faster compression rates should be carried out for all chain lengths 

less than 20 monomers. 

 The data in Figure 3.14 depict the rate of change of the surface density with time 

versus reduced time for 50mers at T* = 1.2. There is a peak at around a ≈ 0.75 for the fastest 

compression rate (every 500
th

 collision). Slower compression rates of 1 attempt every 2000
th

 

and 10000
th

 collision show success rates that peak at a ≈ 0.78 and 0.87, respectively; all 

three systems reach completion at a = 1.000, regardless of compression rate. Due to the 

significant loss of <Rg,z
2
> for 50mers at fast compression rates [cf. Figure 3.3(b)], it might 
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be advisable to vary the compression rate over time or over the course of compression. One 

could start with fast compression (for example, compressing every 500
th

 monomer collision) 

reaching the maximum at a ≈ 0.75, then reduce the compression rate to 1 attempt every 

2000
th

 collision, reaching another maximum rate around a ≈ 0.782 and then further reduce 

the compression rate until a = 1.000. In this way, experimenters might enhance monolayer 

thickness and structure but at the expense of reducing the rate of formation. Moving to longer 

chain lengths shows the same trend. Figure 3.15 shows da/dt for 100mers. The compression 

success rate for the fastest compressed system (1 attempt every 500
th

 collision) peaks around 

a ≈ 0.58 while compressing every 2000
th

 collision leads to a success rate that peaks around 

a ≈ 0.65. As described above for 50mers, in order to create dense and defect-free layers one 

would need to periodically reduce the compression rate at surface densities higher than the 

peak success rate (or specifically here, at surface densities beyond a ≈ 0.58). Based on these 

observations, we conclude that experimenters must begin reducing the compression rate at a 

lower surface density as chain length increases. 

 

3.4. CONCLUSIONS 

We have presented results for the compression and relaxation of surfaces containing tethered 

chains composed of square-well monomers, thereby mimicking the formation of 

mechanically-assembled monolayers under poor solvent conditions. Compression/relaxation 

rates were varied, as was system temperature (or, equivalently, solvent quality). Poor solvent 

quality presents two major drawbacks for monolayers: 1) loss of surface coverage and 2) loss 

of monolayer order/thickness. Loss of surface coverage can be countered by starting the 

compressions at surface densities in excess of the critical coverage density or by compressing 

slowly, thereby allowing the chains sufficient time to avoid entangling. Along with an 

increase in chain entanglement, fast compression rates lead to a reduction of overall 

monolayer order and chain extension, thereby reducing monolayer thickness. Thus there is a 

trade-off between having fast compressions and having ordered, thick and therefore 
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impenetrable monolayers. We also noted that when highly-compressed surfaces were 

relaxed, significant hysteresis effects were present for fast relaxation rates at low reduced 

temperatures, especially at T* < T. Our end-monomer density profiles indicate that the 

number of monolayer defects increased as the compression rate increased. It is surmised that 

higher compression rates would lead to a loss of barrier properties. Finally, we compared the 

actual compression rates in the poor solvent systems to the actual compression rates in the 

good solvent systems and suggested a course of action for experimenters to follow when 

fabricating MAMs on a large scale. 
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3.6. FIGURES 

 

  

        

 

Figure 3.1: Comparison of monolayer snapshots for systems containing: (a) hard chain 

50mers and (b) square-well chain 50mers at T* = 1.2 which corresponds to poor-solvent 

conditions. 
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Figure 3.2: Mean-squared radius of gyration in the z-direction, <Rg,z
2
>, as a function of 

surface density, a, for (a) twenty 20mers, (b) fifty 50mers and (c) twenty-five 100mers at 

various reduced temperatures, T*. Compressions were attempted once per 2000 monomer 

collisions.
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Figure 3.3: Mean-squared radius of gyration in the z-direction, <Rg,z
2
>, as a function of 

surface density, a, for (a) twenty 20mers, (b) fifty 50mers and (c) twenty-five 100mers at 

various compression rates and T* = 1.2. By comparison, results from fifty 50mers (---) at 1 

compression attempt per 10,000 collisions are included in (c).  
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Figure 3.4: Top-down view of twenty-five 100mers at T* = 1.2 at a surface density less than 

the critical surface density (left, a = 0.06) and greater than critical surface density (right, a 

= 0.065). Compressions were attempted once per 10,000 monomer collisions. 
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Figure 3.5: Orientation order parameter as function of surface density for (a) fifty 50mers 

and (b) twenty-five 100mers at various compression rates and T* = 1.2. 
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Figure 3.6: Mean-squared radius of gyration hysteresis data for fifty 50mers at T* = 1.2 

compressed/decompressed at two different rates. 
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Figure 3.7: Mean-squared radius of gyration hysteresis data for twenty 20mers 

compressed/decompressed at various reduced temperatures, T*. Compressions were 

attempted once per 2000 monomer collisions. 
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Figure 3.8: Mean-squared radius of gyration hysteresis data for twenty-five 100mers 

compressed/decompressed at various reduced temperatures, T*. Compressions were 

attempted once per 2000 monomer collisions. 
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Figure 3.9: End-monomer density profile for fifty 50mers compressed to surface density a = 

1.0 at T* = 1.2 and various compression rates averaged over three runs.  Picture on the left 

depicts a side view of monolayer formed during slow compression.  
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Figure 3.10: End-monomer density profile for twenty-five 100mers compressed to surface 

density a ≈ 0.85 at T* = 1.2 and various compression rates averaged over three runs.  
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Figure 3.11: Number of attempts per successful compression at T* = 1.2 for (a) twenty 

20mers and (b) fifty 50mers as a function of surface density at various compression rates. 
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Figure 3.12: Number of attempts per successful compression at T* = 1.2 for twenty-five 

100mers as a function of surface density at various compression rates. Picture on the left 

depicts trapped chains near the tethering surface for fastest compression case.  
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Figure 3.13: Change in surface density per change in reduced time (da/dt*) for twenty 

20mers as a function of reduced time at T* = 1.2 and various compression rates. 
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Figure 3.14: Change in surface density per change in reduced time (da/dt*) for fifty 50mers 

as a function of reduced time at T* = 1.2 and various compression rates.  
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Figure 3.15: Change in surface density per change in reduced time (da/dt*) for twenty-five 

100mers as a function of reduced time at T* = 1.2 and various compression rates.  
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CHAPTER 4  

 

SIMULATION OF HETEROPOLYMERS WITH ADJUSTABLE 

MONOMER SEQUENCES 

 

4.1. INTRODUCTION 

Copolymers are macromolecules containing at least two distinct chemical monomer 

units, say A and B.  Depending on the distribution of A and B units along the chain we 

distinguish among diblock (…-A-A-B-B-…), triblock (…-A-A-B-…-B-A-A-…), alternating 

(…-A-B-A-B-…), blocky (…-(A)n-(B)m-…), or random (…-A-B-B-A-A-A-B-…) 

copolymers.  While some copolymers possess an ordered sequence distribution of monomers, 

random copolymers (RCPs), A-co-B, represent a special class of copolymers, which possess 

a disordered sequence distribution of A and B units.  Over the past few decades, a series of 

papers has been published, which established that tuning the copolymer chemical 

composition and co-monomer sequence distribution profoundly affects the characteristics of 

random copolymers [1-14].  Of those characteristics intrinsic to the polymer, most work 

performed to date addressed the role of the chemical composition.  By judiciously choosing 

the A and B chemical species, RCPs have the potential to act as polymer blend 

compatibilizers [15-17] or adhesion promoters [6-8, 18-21].  Recent efforts [22] have 

concentrated on investigating the role of the monomer distribution along the RCP backbone 

in controlling the polymer’s physico-chemical characteristics such as the coil-to-globule 

transition temperature and conformation.  To that end, Chakraborty and coworkers 
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investigated the bulk properties of RCPs and observed that the tunability of the polymer’s 

blockiness may endow RCPs with the ability to act as pattern recognition agents for similarly 

patterned surfaces [23-25].   

Having good control over both the chemical composition and the co-monomer 

sequence distribution in RCPs is essential for many applications.  While tailoring the content 

of A and B in RCP is relatively straightforward, adjusting the distribution of monomers along 

the polymer backbone is not.  Progress in this direction was recently made by Khokhlov and 

coworkers who designed an elegant computational approach to tune the blockiness of RCPs 

[10-12, 26-28].  Their approach involves collapsing an A-homopolymer in a poor solvent and 

then “coloring” the outer exposed shell of the resulting globule with B species [26, 27].  

Khokhlov and coworkers reported that the A-homopolymers that were collapsed before 

“chemically coloring” exhibited random-blocky monomer sequences since only the 

monomers present on the periphery of the collapsed coil underwent chemical modification.  

The resulting sequence was called a “protein–like” copolymer (PLC).  In contrast, the A-

homopolymers that were fully expanded during the coloring process exhibited a random 

distribution of the “colored” species.  

It is of interest to consider how differences in the solubility of a homopolymer A and 

colored monomer B affect the sequence of the resulting copolymer.  One would expect that 

as the coloring reaction evolves, solubility of the newly-created monomers along the A-co-B 

copolymer affects the chain conformation and ultimately the distribution of the A and B units 

inside the RCP.  To this end, while coloring the A homopolymer with B species that are more 

soluble in the solvent should result in opening up the chain, B monomers that are less soluble 

than the A units would move towards the center of the collapsed polymer.  In their initial 

work Khokhlov and coworkers did not examine these questions since the coloring reaction 

was assumed to be instantaneous (i.e. the parent homopolymer coil was “frozen”).  Realizing 

that the coil’s conformation would likely change as the “chemical coloring”  proceeded, 

Semler and Genzer performed computer simulations that explored how variations in the 

conformation of the parent coil over the course of the coloring reaction affect the co-
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monomer sequence distribution [29].  But they assumed that the solubility of the colored and 

non-colored monomers were the same.  Later Khokhlov and collaborators considered how 

variations in the monomer solubility affect sequence distribution, focusing on the case in 

which the newly-colored monomer exhibits a higher solubility in the solvent than the parent 

homopolymer [30-32].  In that case, the originally-collapsed coil started to unfold as the 

coloring progressed, as expected.   

As mentioned earlier, there is also the possibility that the colored monomer B will 

exhibit lower solubility in the solvent than the original “uncolored” monomer A.  This 

appears to have been the case in recent experimental work by Genzer and coworkers, who 

carried out a coloring reaction by brominating parent polystyrene coils in selective solvents 

[30-32].  Bromination of styrene (S) monomers performed in chlorinated alkanes, such as 1-

chlorodecane (CD) and 1-chlorododecane (CDD), led to poly(styrene-co-4-bromostyrene) 

copolymers (PBrxS), where x is the mole fraction of 4-bromostyrene (4-BrS) units, which 

contained solvent-dependent co-monomer distributions.  As expected based on Khokhlov’s 

original ideas, bromination in a good solvent (CD) resulted in a random distribution of S and 

4-BrS, while bromination in a poor solvent (CDD) produced a random-blocky distribution of 

S and 4-BrS, as deduced by electro-optical Kerr effect measurements [30-32].  In addition, 

the colored (brominated) monomers in these experiments appeared to exhibit lower solubility 

than the uncolored (styrene) monomers.  Evidence for this hypothesis comes from 

preliminary (unpublished) in situ small-angle neutron scattering data indicating that the 

globule may have inverted over the course of the bromination process.  Genzer and 

coworkers concluded that the level of blockiness present in their final PBrxS RCP was related 

not only to the impact of the solvent quality on the parent (non-colored) homopolymer but 

also to the difference between the solubility of the colored and non-colored monomers which 

triggered conformational changes during the bromination process.  While limited 

experimental evidence for this interpretation exists [33], a complete understanding of how 

solubility differences between colored and uncolored monomers affect sequence blockiness 
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can only be deduced by following the “coloring” reaction using molecular modeling.  That is 

the motivation for the work presented here.  

In this chapter, we present the results of discontinuous molecular dynamics (DMD) 

simulations of polymer “coloring” reactions with special focus on the case in which the 

colored monomers have different solubility than the parent homopolymer.  A system of 

polymer molecules, modeled as chains containing 100 to 300 square-well monomers of A-

type (corresponding to styrene), is allowed to equilibrate at a selected reduced temperature.  

After equilibration, athermal reactant particles are placed in the simulation box.  When the 

reactant particles come in contact with A-type monomers, the monomer is “colored” to 

become a B-type monomer (corresponding to 4-BrS).  This “coloring” reaction is carried out 

until a desired number of the parent monomers are colored.  Since the solvent in our 

simulations is implicit, the solubility of A- and B-type monomers is adjusted by varying the 

A-A and B-B interaction strengths.  The ratio of B-B interaction strength to A-A interaction 

strength (RBA = |BB|/|AA|), is varied from 0.5 to 10.0.  In this manner, the newly-created B 

unit can be modeled as either more or less soluble than A.  Interactions between non-bonded 

A- and B-units along the chain are modeled as athermal, i.e., AB = 0.  In a separate 

publication, we address the effect of varying AB on the system behavior [34].  Finally, the 

distribution of A and B units along the polymer chain is calculated in order to determine the 

effect of solubility and chain length on co-monomer distribution in the A-co-B copolymer. 

Highlights of this work are as follows.  The sequence distribution of A and B species 

in the A-co-B copolymer is affected by the interaction strengths acting between the A-A and 

B-B monomers.  At low kT/|AA| the homopolymers adopt a tight globule conformation; at 

high kT/|AA| the coils expand.  The boundary between the two regimes defines the coil-to-

globule transition temperature, T*.  The conformation of the parent homopolymer dictates 

which part of the homopolymer is available to the reactant for coloring; good solvents expose 

the entire length of the chain to the reactant while poor solvents expose only the outer shell 

of the globule.  In general, when the solubility of the B monomers is not the same as the A 

monomers (i.e., AA≠BB), the chain conformation changes during the coloring reaction by 
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either expanding (when B is more soluble than A) or contracting (when B is less soluble than 

A).  We find that there exists a minimum degree of “coloring” before substantial chain 

reconfiguration can take place; typically, reconfiguration requires a minimum of 20% 

conversion of A to B.  For high values of RBA (i.e., very low B solubility), the B monomers 

tend to move toward the center of the globule, causing the globule to invert.  Lastly, we show 

how to choose the variables governing the copolymer bromination process (system 

temperature, RBA, and percent of “coloring”) to produce copolymers of specific blockiness.  

In general, low kT/|AA| (low kT and/or high |AA|) and good B solubility lead to the 

formation of tight globules and hence produce A-co-B copolymers with increased tendency 

towards random-blocky co-monomer distribution.  In contrast, high kT/|AA| (high kT and/or 

low |AA|) plus good B solubility lead to extended homopolymer conformations, which 

produce A-co-B copolymers with random co-monomer distribution.  More interesting and 

sometimes unexpected behavior occurs when the solubility of B is poor compared to that of 

A.  One might expect that in cases of poor B-solubility, the copolymer would contract in size 

during the coloring process; instead, at kT/|AA| < T we observe an initial swelling of the 

copolymer as B monomers move into the globule away from the solvent.  We also noted 

cases of blocky copolymers formed in good solubility conditions (kT/|AA| >> T*) due to 

poor B-solubility; the formation of sub-globules at the chain ends mimicked low solubility. 

The remainder of the chapter is organized as follows.  First, we describe the model and 

the simulation method used to model the “coloring” process.  Next, we present the results 

from our simulations and provide a discussion of these results.  We conclude with a short 

summary and discussion. 

 

4.2. MOLECULAR MODEL AND SIMULATION METHOD 

The model used to simulate polymers has been previously described [35-37]; thus, only the 

highlights and any deviations from previous work follow.  The polymer molecules are 

modeled as freely-jointed chains comprising monomers that interact via a square-well 
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potential.  The potential energy for non-bonded monomer-monomer interactions can be 

written as: 















r

r

r

rU ij

0

)(  ,                            (4.1) 

where  denotes the monomer diameter,  is the width of the square-well interaction, and ij 

is the depth of the square-well acting between monomers i and j.  In this work,  and are 

set to 1.0 and 1.5, respectively, for all A- and B-type monomers.  The diameter of the 

reactant particles, R is set to 0.175 and, as we are working at a low reactant concentration, 

we chose to model the reactant-reactant interactions as athermal; thus, R is irrelevant.  The 

interaction potential for all unlike interactions is set to zero, i.e., AB = 0.  The interaction 

potential for all like interactions (i.e., AA and BB) is varied.  The simulation method used 

here is discontinuous molecular dynamics (DMD), a fast alternative to traditional molecular 

dynamics.  Unlike traditional molecular dynamics, which employs a monomer-monomer 

interaction potential that is a continuous function of their separation (e.g., the Lennard-Jones 

potential), DMD replaces monomer-monomer interactions with a square-well, which 

incorporates short-range repulsions as well as long-range attractions.  The advantage of 

DMD over traditional molecular dynamics is that monomers need not be moved 

incrementally at short regularly-spaced time steps.  Instead, we are only concerned with the 

collision time, tij, at which a monomer reaches a discontinuity in its potential energy, U(r), 

e.g., when it undergoes core repulsion with another monomer, when it enters/leaves the 

square-well interaction of another monomer or when, lacking enough kinetic energy, it 

remains in a well.  Collision times for all monomers in the system are calculated, the 

minimum collision time for the system, tc, is chosen and all monomers are advanced forward 

according to: 

cc tttt *)()( iii vrr   ,    (4.2) 
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where ri and vi represent the i
th

 monomer’s position and velocity, respectively.  At this point, 

two monomers collide, their new post-collision velocities are calculated and this process is 

continued. 

 The length of the bonds between the monomers along the polymer chain fluctuates 

freely over the range  (1 ± )where  is a small number [38].  This treatment makes the 

average bond length between neighboring monomers equal to , which is close in 

architecture to tangentially-connected monomers.  Non-bonded monomers along a chain 

interact with the same potential as monomers on different chains.  The solvent is modeled 

implicitly since explicit treatment would require the addition of solvent molecules and is 

computationally intensive.  The solubility of our polymers in the implicit solvent is 

represented indirectly by the value of the ratio of the system reduced temperature, kT, and 

the potential of mean force between the monomers, AA i.e., kT/|AA|  For relatively low 

values of kT/|AA| (say 1.0), monomers lack the energy necessary to escape the square-well 

interaction; here the polymers adopt compact configurations which corresponds to low 

solubility.  In contrast, high values of kT/|AA| (say above 4.0) bestow sufficient kinetic 

energy to the monomers for them to escape square-well interaction with one another; as a 

result, the polymers adopt extended configurations which corresponds to good solubility.  

Thus, the solubility of the homopolymers is measured by kT/|AA|.  This implicit solvent 

model saves us the extra computational expense associated with introducing solvent 

molecules explicitly into the simulation. 

 The temperature is held constant throughout the simulation.  This is accomplished 

through the use of an Andersen thermostat, which allows the temperature to fluctuate about 

the average value, kT [39].  A ghost particle having no position or velocity is created with a 

random collision time, tg.  When, during the course of the simulation, the chosen minimum 

collision time equals or exceeds tg for the first time, a monomer is selected at random and its 

velocity is recalculated according to a Gaussian distribution on kT.  The ghost particle’s 

collision time is reset and normal collisions resume.  System temperature fluctuations are 
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allowed but should be neither too big nor too small.  See ref. [40] for further discussion on 

this topic.  

 In order to simulate the experimental coloring process, i.e., the bromination of 

polystyrene, a single homopolymer chain is placed in a box of fixed volume (typical box 

length = 150), where , the monomer diameter, is set to 1.  The polymer is equilibrated for 

several hundred million collisions at the chosen kT.  Next, the box is randomly filled with 

reactant particles at a ratio of three reactant particles per monomer unit.  This is the same 

ratio that was used by Jhon and coworkers in their experimental studies of bromination of 

polystyrene chains [30, 31].  A typical reactant particle packing fraction, i.e., volume of 

reactant particles divided by the volume of the box, is < 0.0001, which we calculate knowing 

the number of reactant particles (say 3*100) and the volume of the simulation box (150
3
 

3
).  

Because the reactant particle packing fraction is well below 1%, collisions between reactant 

particles are rare enough that they are not expected to affect the coloring process.  For this 

reason, we model the reactant-reactant interactions as athermal.  Upon contact between an A-

monomer and a reactant particle, the A-monomer is “colored” and converted from an A 

species into a B species.  The reactant particle is removed and then placed back in the box at 

a random location to maintain a constant reactant particle packing fraction.  This event 

corresponds in real experiments to the bromination of styrene by Br2 to create 4-BrS [30, 31].  

As we do not require the reactant particle to approach the chain at a specific angle to the 

backbone, all A-reactant interactions are considered effective and all A B conversions are 

accepted.  The reaction does not change the volume of the monomer; thus  = .  The 

chain moves according to Newton’s equation of motion throughout the coloring process.  The 

coloring reaction is run until the chain is composed of at least 60% B-particles.  Since we are 

interested not only in the A-co-B copolymer distribution but also the effects of coloring on 

the conformation of the chain, data are collected at regularly-spaced collision numbers on the 

polymer’s mean-square radius of gyration, <Rg
2
>, defined as: 
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where ri is the i
th

 monomer position and rCM is the center of mass for the chain; the 

summation is averaged over all chains in the system.   

Coloring reaction simulations on chains of length (N) ranging from 100 to 300 monomers 

were performed at kT/|AA| ranging from 0.04 to 8.0 to explore poor, theta, and good solvent 

conditions.  The ratio of the B-B interaction strength to the A-A interaction, RBA = |BB|/|AA|, 

was set to 0.5, 1.0, 5.0 and 10.0.  Each system was equilibrated over approximately 100 

million collisions in a box of size L = 150.  Subsequently, 3N reactant particles were added; 

each coloring reaction was run at least three times for each set of system conditions to 

produce average data at each temperature. 

 

4.3. RESULTS AND DISCUSSION 

We first located the theta temperature for our parent homopolymer systems.  Others have 

shown using lattice Monte Carlo computer simulations [41], that the theta temperature (T) 

for a long polymer chain with interactions of strength of AA = -1.0 occurs at T* ≈ 3.  At 

kT/|AA| < T*, corresponding to poor solvent conditions, polymers adopt a globule 

conformation; while at kT/|AA| > T*, representing good solvent conditions, polymers extend 

out in a coil conformation.  This trend was confirmed in our simulations, as seen from the 

radius of gyration data for 300-mers in Figure 4.1.  Polymers at temperatures up to 

kT/|AA|  2 adopt a globule formation (with <Rg
2
> values less than 10% of the chain’s 

length) while polymers at temperatures at or above kT/|AA|  6 extend in coil conformations.  

Thus, for our system, the coil-to-globule transition and hence the theta temperature, T, 

occurs at around kT/|AA| ≈ 3.  

 While the conformation of the parent homopolymer is affected only by the value of  

kT/|AA|, the conformation of the A1-xBx copolymer, where x is the “degree of coloring”, 

depends on, kT/|AA|, RBA, and N.  We demonstrate that the solubility difference between B 

and A, as measured by R, alters the conformation of the polymer; in addition, the 
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polymer’s ability to expand or contract is directly related to the polymer length.  In Figure 

4.2, we plot the mean square radius of gyration as a function of degree of coloring for chain 

lengths ranging from 100 to 300.  For this analysis, we set kT/|AA| = 0.2 and RBA = 10.0, 

which is equivalent to poor solvent conditions for the parent homopolymer and extremely 

poor solubility for B.  In general, the radius of gyration increases as the degree of 

polymerization, N, increases; this result is trivial.  Of greater interest, however, is the change 

in the radius of gyration as a function of the degree of coloring relative to the radius of 

gyration of the uncolored parent homopolymer.  For the shortest chains (N = 100), <Rg
2
> is 

independent of the degree of coloring.  Increasing N to 150 results in a modest increase of 

<Rg
2
> at ≈30% coloring.  For all systems above chain length 150, <Rg

2
> values spike rapidly 

at ≈20% coloring, clearly indicating that the newly-generated B segments affect the overall 

mean radius of gyration of the polymer.  These results reveal that the chain’s conformation is 

a function not only of kT/|AA| (as stated previously) but also a function of the amount of B 

and chain length.  

One would expect RBA to strongly influence the chain conformation and thus the size 

of the coil.  To analyze this, we varied RBA at the longest chain length, N = 300, since the 

strongest conformational changes are expected to occur for the longest chains [42].  The 

parameter, RBA, was varied from 0.5 to 10.0 in order to explore cases when the presence of 

the newly-created B units increases (RBA < 1) or decreases (RBA > 1) the solubility of the 

chain.  Recall that the value of kT/|AA| determines whether or not the polymer adopts a 

globular or coil conformation prior to the beginning of coloring.  Varying RBA allows us to 

fine tune the chain conformation during the coloring process and, as will be demonstrated 

later in the paper, ultimately affects the distribution of the A and B units along the chain.  

Setting RBA < 1 is expected to increase the solubility of the chain and hence lead to an 

increase of its size.  Setting RBA > 1 should have the opposite effect and lead to more 

compact chains. 

The value of RBA, however, has a much more complex effect on the size of the chain 

than one would expect.  When BB >> AA one might expect the globule size to decrease 
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(extremely poor solubility) with increasing coloring.  Instead, as can be seen by examining 

the data in Figure 4.2, the globule size increases with increased coloring, an effect, which is 

counterintuitive. As we will explain below, it is the interplay between the strengths of AA 

and BB that governs the final conformation of the random A1-xBx copolymer.  Figure 4.3 

shows the mean-square radius of gyration of A1-xBx as a function of the degree of coloring 

for 300-mers at RBA equal to 0.5 (close symbols) and 10.0 (open symbols), values 

corresponding to relatively good solubility and poor B solubility, respectively.  The data are 

taken at four values of kT/|AA|: 0.2, 1.6, 3.0, and 8.0.  There are several trends worth noting.  

At kT/|AA| below T* (i.e., 0.2 and 1.6), the mean radius of gyration of the globule prior to 

coloring is relatively small compared to the chain length (roughly <R
2

g>-values of 9 and 11, 

respectively).  At kT/|AA| = 3.0 (or T*), <R
2

g> prior to coloring increases to 100 and at 

kT/|AA| = 8.0, <R
2

g> reaches nearly 300 prior to any coloring.  Thus, the globule size of the 

parent homopolymer is a strong function of kT/|AA|.  Furthermore, the parent homopolymer 

globule determines which monomers are available for coloring; thus, we can infer that a large 

fraction of the chain segments are inaccessible at low kT/|AA| while the majority of the chain 

segments are exposed at high kT/|AA|. 

Looking at the change in <R
2

g> in Figure 4.3 for the copolymer A1-xBx as a function 

of the degree of coloring (x), we can infer how the solubility of the newly-formed B 

monomers affects the globule size during the coloring process.  At kT/|AA| = 0.2, <R
2

g>-

values for the two systems RBA = 0.5 and 10.0 are roughly equivalent over the range of 

0 ≤ x ≤ 0.15.  At this point, <R
2

g> for the RBA = 10.0 system increases rapidly, nearly 

doubling in value.  Since B solubility is very poor and AB = 0.0 (athermal), it is suspected 

that the B monomers have moved to the center of the globule away from the implicit solvent 

(into the globule), forcing the A monomers outward, thereby increasing <R
2

g>; thus, we can 

infer that the system with poor B-solubility has inverted during coloring.  This effect reaches 

a maximum between x = 0.2 and 0.3.  With additional coloring, the globule shrinks back 

towards the original size as B monomers formed on the outside are attracted to the growing 

B-core.  By comparison, <R
2

g> for RBA = 0.5 at kT/|AA| = 0.2 increases no more than 10% 
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over in the entire range of coloring.  The B monomers formed in the good B-solubility case 

are believed to have remained on the surface of the globule.  This will be discussed in more 

detail below when we introduce Figure 4.4. 

The main reason for B monomer migration toward the center when RBA >> 1 is the 

relative change in solubility during the coloring process.  While the coloring process begins 

at low or high homopolymer solubility as determined by the value of kT/|AA|, the formation 

of B monomers alters this solubility.  In Figure 4.3 (a), when kT/|AA| = 0.2 the system 

begins as a homopolymer globule in a poor solvent and, regardless of the solubility of B, 

remains in poor solvent throughout coloring (<R
2

g> is very low for both RBA = 0.5 and 10.0 

over the investigated range of coloring).  In Figure 4.3 (b) when kT/|AA| = 1.6 and 

RBA= 10.0, the B monomers start out on the surface and at x ≈ 0.20 the globule size expands 

as B monomers move to the core.  As the degree of coloring increases to x ≈ 0.60 the globule 

size starts to decrease. The overall change in globule size is minor compared to the change 

which occurs when RBA = 0.5.  For RBA = 0.5, the globule prior to x ≈ 0.20 hardly changes 

shape; the new B monomers are soluble and remain largely on the surface of the globule.  At 

x ≈ 0.40, however, the globule begins to expand rapidly and by x ≈ 0.50, the copolymer 

<R
2

g> increases 10 fold relative to the original homopolymer size.  This behavior can be 

explained by looking at the reduced temperature for both A and B monomers.  If we were to 

allow the A-homopolymer to completely convert to a B-homopolymer, the new reduced 

temperature from B’s point of view would be kT/(|AA|/RBA) = 1.6/0.5=3.2, which is above 

T*.  Thus, as the poor-solvent homopolymer is colored, it begins to expand as if it were in 

good solvent due to the solubility of B.  In essence, the good solubility of B reduces the 

effective theta temperature of the system as the chain is being colored. 

Next, we investigate the opposite trend, namely when poor solubility of B increases 

the effective theta temperate of the system during coloring.  When kT/|AA| = 3.0, [cf. Figure 

4.3 (c)] both parent homopolymers begin in an expanded conformation.  In good B solubility 

(RBA = 0.5), the chain slowly expands 2-fold as x increases from 0 to 0.5.  By comparison, in 

poor solubility (RBA = 10.0), the globule size decreases from <R
2

g> = 100 to 20 as x 
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increases from 0 to 0.5.  Here we note that the effective kT/|AA| relative to B is 

kT/(|AA|/RBA)  = 0.3, which is far less than T*; as such, the chain transforms from coil-to-

globule as the chain is colored.  In other words, the poor solubility of B increases the 

effective theta temperature of the system as the chain is being colored. 

The change in the globule conformation during the coloring process can be extreme.  

In Figure 4.3 (d), we plot <R
2

g> as a function of the degree of coloring for kT/|AA| = 8.0.  

Here the parent homopolymer is fully expanded at the beginning due to very good solvent 

conditions.  The radius of gyration for the good B-solubility system (RBA = 0.5) does not vary 

much over the range of coloring; it fluctuates around <R
2

g> = 200 for most of the coloring 

process.  In contrast, the chain size in the poor B-solubility system (RBA = 10.0) is a strong 

function of degree of coloring: <R
2

g> ≈ 250 at 0% coloring and decreases to <R
2

g> ≈ 25 at 

x ≈ 0.50.  The decrease in globule size is due to the newly-created B monomers collapsing 

inward, away from the implicit solvent. This system (kT/|AA| = 8.0, RBA = 10.0) will be 

discussed further in Figure 4.9. 

The results presented in Figure 4.3, are summarized in Table 4.1, which shows that 

the changes in chain conformation during the coloring process can be divided into four major 

categories, depending on the initial conformation of the parent homopolymer (globule or 

coil) and the relative solubility of B (more or less soluble).   
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Table 4.1 

Effect of parent conformation and B solubility on copolymer  

conformation during the coloring process 

PARENT 

CONFORMATION 

B MONOMER 

SOLUBILITY 

CHANGE IN <RG
2> 

UPON INCREASING X 

Coil (soluble) 

kT/|AA| > T 

Good 

kT/|BB| > T 

Minor increase or no change 

Coil (soluble) 

kT/|AA| > T 

Poor 

kT/|BB| < T 

Slow contraction 

Globule (insoluble) 

kT/|AA| < T 

Good 

kT/|BB| > T 

Rapid expansion at x ≈ 0.30, 

followed by slow expansion 

Globule (insoluble) 

kT/|AA| < T 

Poor 

kT/|BB| < T 

Rapid expansion at x ≈ 0.20, 

followed by slow collapse 

 

It is apparent that the model proposed in the original Khokhlov’s work, i.e., in which an A-

type homopolymer does not change its conformation as the outer surface is colored, is 

improbable.  More specifically, the only case where this model could be justified is when 

good-solubility B monomers form on the surface of a collapsed parent globule homopolymer 

(poor solubility) that remains a globule during the coloring process.  When the newly-formed 

B monomer has a different solubility than the original A-monomer, the conformation of the 

chain changes during the coloring process.  This could be critical in the design of new 

copolymers with selected A-co-B blockiness, as will be discussed below.   

It is useful to understand how the formation of a B-monomer changes the co-polymer 

conformation that the next reactant particle will encounter.  Here we describe how the 

location of the B monomers changes during the coloring process.  In Figure 4.4, we present 
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snapshots of characteristic conformations of A1-xBx copolymers as a function of the degree of 

coloring (x) for varying RBA (= |BB|/|AA|) at kT/|AA| = 0.2, i.e., in a poor solvent system.  

The degree of coloring increases from left to right, while the solubility of B decreases from 

top to bottom.  In the top row, B is more soluble than A (RBA = 0.5) and accordingly all B 

units (colored red) remain on the outer shell of the globule during the coloring reaction.  

There is little B-B clustering on the surface as the B-units do not tend to associate at this 

solubility.  In the second row, when the solubility of B equals that of A (RBA = 1), the B units 

remain on the surface with little B-B clustering since neither monomer has a preference for 

like monomers.  In the third row, B solubility is worse than A (RBA = 5.0).  Here the B units 

initially form on the surface (cf. A0.90B0.10) and as the coloring proceeds tend to form islands 

on the surface because of strong B-B interaction (cf. A0.80B0.20).  Coloring to 40% (cf. 

A0.60B0.40) distorts that the shape of the globule as the B monomers move toward the center of 

the copolymer.  At 50% coloring (cf. A0.50B0.50) B has now formed a nucleus inside the 

globule.  Finally, in the fourth row, for very poor solubility of B (RBA = 10.0), relatively little 

coloring is required (cf. A0.80B0.20) for the copolymer to form a distinct B nucleus. 

We now return to the observations discussed earlier in Figure 4.2.  Recall that for the 

short polymers we detected very small variations in <Rg
2
> with increasing degree of coloring 

but for the longer macromolecules we observed substantial increases in <Rg
2
> once they 

reached a “critical” degree of coloring.  Results presented in Figures 4.3 and 4.4 reveal that 

for RBA >> 1 the B segments tend to burrow into the globule in order to shield themselves 

from the solvent.  This inversion process (i.e., the tendency of the B units to traverse to the 

interior of the coil) does not cause substantial variation in coil size for low molecular weight 

polymers because they are not large enough to shield a portion of the polymer from the 

solvent.  In contrast, the inversion process has a significant impact on the overall size of the 

macromolecules for high molecular weight polymers (N > 150) which are large enough to 

shield a portion of the polymer from the solvent; thus, high MW polymers are capable of 

adopting more compact globular conformations.  
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Recall that a main thrust of this work is to understand how varying the molecular 

parameters of the system (i.e., kT/|AA|, BBAA, and x) affect the distribution of A and B 

units along the A1-xBx copolymer.  To that end, it is necessary to quantify the “blockiness” or 

“randomness” of the polymer.  In Figure 4.5, we show a 300-mer of composition A0.5B0.5 in 

an extended conformation at kT/|AA| = 8.0.  Based on the earlier work by Khokhlov et al. 

[26], we assign the values 1 and -1, denoting the units A and B, respectively, to the 

monomers.  What results when we plot these values as a function of the monomer location 

along the macromolecule is a “barcode” plot (seen in the bottom of Figure 4.5).  Bar code 

plots of a blocky A1-xBx copolymer would display wide black and white patches while plots 

of truly random copolymers would display many thin black and white strips.  The utility of 

this type of plot lies in its ability to illustrate the differences between polymers with the same 

percent bromination but different co-monomer distributions.  Figure 4.6 shows barcode plots 

for A0.5B0.5 at kT/|AA| equal to (a) 0.2, (b) 0.6, (c) 0.8 and (d) 1.2 for 300-mers, all having the 

same B-solubility (RBA = 5.0).  Visual inspection of the data in Figure 4.6 reveals that while 

these polymers contain the same numbers of A and B, the distribution of A and B along the 

copolymer depends on the value of kT/|AA|.  To that end, the kT/|AA| = 0.2 case shows a 

large number of wide white and black sections (blocky copolymer).  At kT/|AA| = 0.6, the 

strips are beginning to thin (i.e., the copolymer is becoming more random); further thinning 

occurs at kT/|AA| = 0.8.  Finally, at kT/|AA| = 1.2, the barcode plot is composed mostly of 

thin strips, signifying a significant degree of randomness.  Hence, the data reveal that one can 

effectively control the degree of randomness by simply varying kT/|AA|. 

 In order to quantify the degree of randomness along A1-xBx sequence, we slide a 

window of size  monomers along the length of the chain, while counting the number of 

occurrences, (), of a “1” within this window.  (Alternatively we could count the 

occurrences of a “-1”.)  We define the dispersion of “1” as: 

  2
- )()(22  D      (4.4) 
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where dispersion is a general measure of the spread of the 1’s along the length of the chain.  

For random copolymers, dispersion should be low or near zero (1’s are spread evenly 

throughout the chain); for blocky copolymers, dispersion is high (1’s are grouped together) 

and increases as chain length increases.  The data in Figure 4.7 depict the dispersion, D
2
(), 

plotted as a function of window size, , ranging from  2 to N (the entire length of the 

chain).  It is known that the dispersion can be described by the power law, D( ~ 

 [43].  

Accordingly, we select a sufficiently large fraction of the chain, say, the initial ¼ of the 

chain, and plot log(D) vs. log(  This plot, shown in the inset to Figure 4.7, for a 300-mer 

A0.5B0.5 at kT/|AA| = 0.2 and RBA = 0.5 gives a slope of 0.603.  Based on the original work of 

Stanley and coworkers [42], copolymers whose log(D) vs. log() slope is above 0.5 show 

long-range correlation, which is equivalent to “random-blocky” sequences.  If the slope is 

smaller than 0.5 (i.e., no long-range correlation), we classify the copolymer as “random”.  

This analysis of dispersion, D
2
(), is useful as shown in the data and discussion that follows. 

We tested the effect of the parent homopolymer solubility and the B-solubility on the 

blockiness of copolymers by conducting multiple simulations at kT/|AA| ranging from 0.04 

to 8.0 and various values of RBA.  Blockiness values were elucidated from the slope of log(D) 

vs. log() plots (cf. Figure 4.7).  The resulting slopes for the 300-mers are presented in 

Figure 4.8.  Four significant trends can be noted.  First, decreasing the solubility of the B-

monomers [moving from Figure 4.8 (a) to Figure 4.8 (d)], decreases the blockiness of the 

A0.5B0.5 copolymers.  For the case of good B-solubility [cf. Figure 4.8 (a)], most data lie in 

the random-blocky region.  By comparison, for the case of poorest B-solubility [cf. Figure 

4.8 (d)], most data lie in the random region.  The increase in the randomness of the 

copolymer as the B solubility decreases is due to the inversion shown in Figures 4.3 and 4.4 

which was discussed earlier.  Second, for most RBA values, the blockiness of the copolymer 

is not highest at the lowest reduced temperature (kT/|AA| = 0.04) where the A solubility is 

the poorest; instead, the maximum blockiness value for all four sets occurs at 0.4 

< kT/|AA| <1.2.  Obviously a certain degree of insolubility (low kT/|AA|) is required to 

promote coloring along the outer surface.  However, near kT/|AA| = 0 the coil is likely very 
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tightly packed, which hinders its reorientation; newly-formed B monomers cannot move 

aside to allow for coloring to occur at the adjoining monomer.  Third, over the range of 

kT/|AA| from 1.0 to T* (≈3), increasing kT/|AA| promotes the randomness of the co-

monomer distribution.  This trend is expected because the parent homopolymer is more likely 

to adopt coil-like conformations (cf. Figure 4.1), allowing coloring to occur along the length 

of the chain.  Fourth, at values of kT/|AA| from T* ≈ 3.0 to 8.0, the co-monomer distribution 

for most systems becomes slightly more blocky with increasing kT/|AA|.  The latter trend is 

somewhat surprising given that one would expect the randomness to increase with increasing 

kT/|AA|.  Apparently, while A is relatively coil-like, the difference in solubility of B relative 

to A causes pronounced changes in the coil conformation that result in increased random-

blocky character of the co-monomer sequences.  For example, if one colors a parent chain 

initially at kT/|AA| = 8.0 (good solubility) to A0.5B0.5 with RBA = 10.0, kT/|BB| is 0.8 (poor 

solubility).  Thus, there is an initial tendency of the copolymer to produce random sequences 

of A and B with increasing kT/|AA|, but this is often followed by a reversal to random-blocky 

character with higher kT/|AA|.  In the following section, we will attempt to provide 

molecular insight into the observed high-kT/|AA| behavior. 

The results discussed thus far indicate a clear trend: Increasing kT/|AA| opens up the 

globule and allows the chain to adopt a coil-like conformation.  While this situation is 

generally perceived to lead to more random co-monomer distributions, decreasing the 

solubility of B may offset this effect by increasing the blockiness in the co-monomer 

sequence along the chain.  For instance, the data presented in Figure 4.8 indicates that for 

high kT/|AA| and most values of RBA, the A0.5B0.5 copolymers exhibit an increased tendency 

to form random-blocky sequences upon increasing kT/|AA|.  More detail concerning the 

mechanism responsible for the formation of such copolymers can be elucidated by examining 

the copolymer conformations at various degrees of coloring.  In Figure 4.9 we present 

snapshots of A1-xBx conformations at increasing values of x (ranging from 0 to 0.5) for 

kT/|AA| = 4.0 and RBA = 10.0.  Recall that T*  3 (cf. Figure 4.1).  Initially, the A 

homopolymer adopts a coil-like conformation.  As the coloring commences, the distribution 
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of the B segments along A1-xBx is initially random, up to x  0.2.  Further increase in the 

degree of coloring leads to a collapse of the chain at segments with high B population.  This 

effect further intensifies as the reaction proceeds to higher degrees of coloring.  The chain, 

while extended overall, now contains small globules at both chain-ends that exhibit random-

blocky character; these sub-globules hold a high proportion of B-monomers at an effective 

local solubility of kT/|BB| = 0.4.  Thus, despite the initial high-kT/|AA| conditions, which 

generally promote a random distribution of B (and consequently A), the strong B-B 

interaction instead causes the chain to collapse and mimic low-kT/|AA| conditions which, in 

turn, results in an increased degree of blockiness of the B units.  This picture also reveals that 

the blockiness in the co-monomer distribution along the chain will likely not be uniform.  

There may be regions of higher randomness (i.e., in the middle of the chain) that coexist with 

regions of higher random-blocky character (i.e., the chain ends).  This result also explains the 

rather large error bars in the log(D) vs. log() plots presented in Figure 4.8.  Note that we 

have not attempted to further analyze the uniformity of the distribution of the sequences 

along the chain; this will be addressed in an upcoming publication. 

 From the previous discussions and the conformation snapshots presented in Figure 

4.9, it is apparent that the conformation and the blockiness of the colored copolymer is a 

function of percent coloring.  Up to this point, we have mainly considered the case x = 0.5, 

where the blockiness of the copolymer might be assumed to be at its highest possible value.  

The situation is more complex, however, prompting us to revisit the results in Figure 4.8 so 

as to stress the effect of the degree of coloring on the sequence distribution in A1-xBx 

copolymers. 

To investigate all values of x, in Figure 4.10 we plot D
2
() as a function of both  and 

the degree of coloring for A1-xBx 300-mers for RBA = 5.0 at kT/|AA| equal to a) 0.2 and b) 1.2 

(we have included the corresponding contour plots as well.)  Examination of the 

kT/|AA| = 0.2 case [Figure 4.10 (a)] reveals that the dispersion (and, thus blockiness) in co-

monomer distribution increases with increasing degree of coloring, reaches a maximum at 

about 50-60% of coloring, and then decreases as one produces A1-xBx copolymers with a 
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large content of B.  Turning now to the case of kT/|AA| = 1.2 [Figure 4.10 (b)], the situation 

changes dramatically.  Starting from the A homopolymer, addition of B segments to the 

A1-xBx copolymers does not seem to lead to any significant blockiness in A (or B) segments 

over the range x = 0.0 to x = 0.3.  At this point, blockiness increases slightly and then 

remains relatively constant through the range of 0.3 < x < 0.6 before increasing to a 

maximum blockiness around x = 0.75.  We observe that the relationship between degree of 

coloring and blockiness in Figure 4.10 (b) is not as smooth or direct as in Figure 4.10 (a) 

and that coloring to A0.5B0.5 would not necessarily produce random copolymers with the 

highest degree of blockiness.  It becomes apparent that the maximum blockiness values seen 

in Figure 4.8 might be improved upon by halting the coloring process at a lower degree or 

extending the process past x = 0.5.  The latter point will be addressed in more detail in future 

work. 

 

4.4. CONCLUSION 

We provide molecular-level insight into recent experimental work on the bromination of 

parent homopolymer polystyrene in selected solvents.  Discontinuous molecular dynamics 

simulation is employed to explore how the distribution of segments in A-co-B copolymers 

formed by “coloring” a homopolymer comprised of A-type monomers with a B chemical 

species depends on the system temperature, monomer solubilities and extent of ”coloring” 

[31].  Here we have modeled the solubility of the monomers by adjusting the monomer-

monomer interaction potential, ij; for all unlike interactions, AB = 0, and for like 

interactions, AA and BB, is varied.  The solubility of the parent A-type homopolymer was 

varied by altering the system reduced temperature (kT/|AA|), thereby regulating the initial 

polymer conformation prior to coloring.  We simulated the “coloring” procedure for various 

combinations of kT/|AA| and RBA = |BB|/|AA| and examined how the polymer conformation 

and resulting sequence depended on the degree of “coloring”, x.  We stress several trends 

observed and reported on in this study.  First, increasing kT/|AA| leads to a decrease in 
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blockiness in the co-monomer distribution; exceptions to this trend are discussed.  Second, 

increasing the degree of “coloring” also decreases blockiness.  Lastly, we detect increased 

“random-blocky” character of the resultant A1-xBx copolymer upon decreasing the solubility 

of the B species (expressed here in terms of RBA = |BB|/|AA|).  Some counterintuitive trends 

were found, however.  For instance, it was shown that poor B-solubility initially causes the 

copolymer to swell as B monomers move into the globule away from the solvent.  We also 

demonstrated that when the parent homopolymer is soluble but the colored monomer is 

highly insoluble (kT/|BB| < T), the resulting copolymer can be blocky due to the formation 

of sub-globules.  These results and discussion could guide experimenters in developing 

copolymers with specific A-B patterning, allowing them to tailor-make copolymers for 

further research into miscibility, surface adsorption and other research areas. 
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4.6. FIGURES 

 

 

 

Figure 4.1: Mean-square radius of gyration of a 300-mer containing monomers of type A as a 

function of kT/|AA|.  The line is meant to guide the eye.  The insets denote the conformations 

of the low-temperature globule (kT/|AA| = 0.2) and high-temperature coil (kT/|AA| = 8.0).
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Figure 4.2: Mean-square radius of gyration as a function of the degree of coloring (i.e., the 

mole fraction of B units, x, in A1-xBx) for polymers of chain length ranging from 100 to 300 

at RBA (=|BB|/|AA|) = 10.0 and kT/|AA| = 0.2 (poor solvent). 
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Figure 4.3: Mean-square radius of gyration, <Rg
2
>, as a function of the degree of coloring, x 

(i.e., the mole fraction of B units, x, in A1-xBx) for 300-mers at RBA (=|BB|/|AA|) = 0.5 

(closed symbols) and 10 (open symbols) and various reduced temperatures (kT/|AA|) equal to 

a) 0.2, b) 1.6, c) 3.0 and d) 8.0.  The error bars were obtained by averaging over 3 simulation 

runs. 



 

 

113 

 

 

 

 

Figure 4.4: Conformation of a 300-mer A1-xBx prepared by “coloring” a parent A 300-mer 

(grey balls) with the coloring species (red balls) to various degrees of coloring, x, ranging 

from 0 to 0.5 at kT/|AA| = 0.2 and RBA=|BB|/|AA| = 0.5, 1.0, 5.0 and 10.0. 
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Figure 4.5: (Top) Snapshot of the conformation of a A0.5B0.5 300-mer at kT/|AA| = 8.0 and 

RBA (=|BB|/|AA|) = 0.50. The A and B units in the copolymer are depicted by grey and red 

balls, respectively. (Bottom) Corresponding barcode plot for the same 300-mer.   
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Figure 4.6: Barcode plots for A0.5B0.5 300-mers at RBA (=|BB|/|AA|) = 5.0 and kT/|AA| equal 

to: a) 0.2, b) 0.6, c) 0.8, and d) 1.2. 
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Figure 4.7: Dispersion plot for a 300-mer A0.5B0.5 at kT/|AA| = 0.2 and RBA 

(=|BB|/|AA|) = 5.0.  The inset depicts a log(D)-log() plot for the first 100 monomers of the 

chain. 
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Figure 4.8: Slope of the log(D) vs. log() plot as a function of the reduced temperature 

(kT/|AA|) for A0.5B0.5 300-mers at RBA (=|BB|/|AA|) equal to: a) 0.5, b) 1.0, c) 5.0, and d) 

10.0.  The colored regions separate the random-blocky (grey) and random (yellow) co-

monomer sequences.  The error bars were obtained by averaging over 3 simulation runs. 
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Figure 4.9: Conformations of A1-xBx 300-mers at kT/|AA| = 4.0 and RBA (=|BB|/|AA|) = 5.0 

at various degrees of coloring, x, ranging from 0 to 0.5. The A and B units in the copolymer 

are depicted by grey and red balls, respectively. 
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Figure 4.10: Dispersion as a function of the window size, , and degree of coloring, x, for 

A1-xBx 300-mers at a) kT/|AA| = 0.2 and b) kT/|AA| = 1.2. Shown as 3-D plot and contour 

plot. 
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CHAPTER 5  

 

EFFECT OF TETHERING ON MONOMER SEQUENCE IN HAMS 

 

5.1. INTRODUCTION 

Controlling the chemical composition and architecture of polymeric materials is important in 

many technological applications.  While in most instances, the resulting polymer can be 

prepared conveniently using a variety of existing synthetic methods, in other situations 

generating functional polymers may be challenging due to various reasons.  These may 

include the difficulty of finding a suitable polymerization media needed for such 

polymerization, the inability of existing synthetic methods to polymerize certain monomers, 

or complications arising from uncontrolled chemical side-reactions on a given monomer 

during the polymerization process.  These barriers can be overcome to some extent by 

implementing post-polymerization protocols (PPPs) where a parent homopolymer is 

modified chemically with a selective reagent.  Recent years witnessed increased interest in 

utilizing PPPs in creating specialty polymers.  In fact, some industrial processes, such as 

modification of polyolefins [1], have employed PPP routinely.  Progress in the field of PPP 

has recently been documented in a comprehensive review by Gauthier and coworkers [2]. 

 While PPP can be considered as a convenient means of converting a polymer made of 

A segments to a macromolecule comprising B units by chemically converting A into B, there 
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exists a vast class of materials in between those two extremes that involve A1-xBx 

copolymers, where x is a fraction of the A units that have been converted chemically into B 

moieties.  By adjusting the degree of chemical modification of the parent homopolymer, one 

can thus prepare heteropolymers consisting of various chemical functionalities along the 

polymer backbone.  In most instances the distribution of the newly-added B units in resulting 

chains is random, resulting in A1-xBx random copolymers (RCPs).  However, by fine-tuning 

the condition of the PPP chemical reaction one can also alter the degree of randomness of the 

A and B species.  In the late 1990s Khokhlov and coworkers devised a clever methodology 

for adjusting the spatial distribution of the coloring B species in A1-xBx RCPs [3].  

Specifically, their computer simulations studies have demonstrated that the distribution of the 

B units in A1-xBx RCPs can be fine-tuned by varying the solvent quality and thus the size of 

the parent homopolymer before and during the chemical modification step.  Khokhlov and 

coworkers demonstrated that “chemical coloring” of an A-homopolymer placed in a poor 

solvent resulted in chemical modification of those A segments that resided close to the 

periphery of the collapsed globule [4,5].  The resultant co-monomer sequence was not truly 

random, but random-blocky, comprising longer consecutive runs of the coloring B species 

along the macromolecule.  By contrast, chemical modification of a homopolymer under good 

solvent conditions produced, as expected, “truly random” distributions of A and B units in 

the polymer.  Genzer and Semler later extended the method of Khokhlov and coworkers by 

allowing the copolymer to reconfigure during the “coloring” process [6], based on the 

reasonable expectation that the copolymer’s conformation would evolve during the 

“coloring” process.  They did not, however, consider the effect of different solubility of A 

and B.  Khokhlov and collaborators later considered the case, in which the newly-added 

monomers exhibit a higher solubility in the solvent than the parent homopolymer [7].  Most 

recently, we examined situations, in which the colored monomer exhibited lower, identical or 

greater solubility than the original “uncolored” monomer [8].  We found, in agreement with 

Khokhlov, that increasing the solubility of B resulted in RCPs with random co-monomer 

distributions while decreasing the B solubility increased the “random-blocky” character of 
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the final A1-xBx RCP.  In cases of extremely poor B solubility, we observed polymer 

inversions during the coloring process where the outer monomers of the globule moved 

inward, causing a large increase in the effective size of the collapsed polymer.  Experimental 

studies pertaining to the formation of heteropolymers with adjustable monomer sequences 

(HAMS) have also been reported.  Early efforts have been reviewed in ref. 9.  Recent work 

by Genzer and coworkers involved the formation of HAMS by exposing polystyrene chains 

to bromine [10-13].  By suitably controlling the solvent quality, poly(styrene-co-4-

bromostyrene) HAMS were formed and then characterized by a suite of analytical methods.  

Unique bulk and interfacial properties associated with tuning co-monomer sequences were 

also documented. 

Previously we employed computer simulations based on discontinuous molecular 

dynamics algorithm [8] to explore systematically the effect of temperature, solubility of the 

parent homopolymer, solubility of the “colored” species, and the degree of coloring on the 

resultant co-monomer sequences in HAMS.  We have analyzed the “degree of blockiness” in 

the HAMS by evaluating the dispersion of A and B monomer by invoking the method 

originally introduced by Peng [14] and Khokhlov [15].  The dispersion (D), defined 

rigorously below, is a measure of the degree of randomness of the A/B distribution in A1-xBx 

RCPs.  While we classify copolymers with slope of D < 0.5 as random, copolymers with 

slope of D > 0.5 are considered random-blocky. By comparison, slope of D for “truly 

random” and diblock copolymers would tend to approach 0 and 1, respectively.  One of the 

punch lines to our previous simulation work was that there exists a limit to the blockiness 

that can be achieved; slope of D in excess of 0.7 cannot be achieved by varying the system 

temperature, solubility, or degree of coloring.  Herein we propose a method which would 

allow experimenters to create copolymers spanning the entire range of “blockiness”, from 

random to random-blocky to near diblock.   

 Our methodology is based on “chemical coloring” of macromolecules grafted to flat 

impenetrable surfaces.  As stated above, previous studies employed chemical coloring by 

placing the parent homopolymers in selective solvents and subsequently letting the chemical 
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reagent modify the units on the homopolymer that were sterically accessible.  Since the 

parent homopolymer adopted either a coil or globule conformation and, most importantly, 

was always isolated, the chemical modification occurred along the entire backbone of the 

macromolecule.  Selective shielding of specific portions of the chain was not possible.  This 

limitation can be overcome by tethering the parent chains to a surface prior to coloring.  Not 

only does the surface restrict the approach of the reactant to one end of the chain, but 

neighboring chains would also laterally shield each other depending upon the chain grafting 

density.  We present the results of discontinuous molecular dynamics (DMD) simulations of 

“coloring” reactions on homopolymers tethered on an impenetrable flat surface leading to 

random copolymer (RCP) tethers.  Specifically, we explore the effect of the grafting density 

of the parent polymer and the interplay between the solubilities of the unmodified and 

modified segments along the polymeric grafts on the co-monomer distribution in RCPs.  We 

proceed by allowing homopolymer grafts containing various numbers of square-well 

monomers (50-, 100-, and 300-mers) to equilibrate at a select temperature and surface 

density.  After equilibration, athermal reactant particles are placed in the simulation box.  

When the reactant particles come in contact with A-type monomers, the monomers are 

“colored” to become B-type monomers; this “coloring” reaction is carried out until a desired 

number of B-type monomers is achieved producing A1-xBx RCPs, where x is the 

mole/number fraction of the B segments.  Since the solvent in our simulations is implicit, the 

solubility of A- and B-type monomers can be adjusted by varying the system reduced 

temperature, kT/|AA|, and the B-B interaction strength, BB.  The ratio of the B-B interaction 

strength to the A-A interaction strength (RBA = |BB|/|AA|), is varied from 0.5 to 10.0.  In this 

manner, the newly-created B unit can be modeled as either more (|BB|<|AA|) or less 

(|BB|>|AA|) soluble than A.  Interactions between non-bonded A- and B-units along the chain 

are modeled as athermal, i.e., AB = 0.  The distribution of A and B units along the polymer 

chain is calculated to determine the effect of solubility, chain length, surface density and 

temperature on the co-monomer distribution of the surface-tethered random copolymer.  

While chemical coloring of surface-tethered homopolymers has been performed 
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experimentally by several groups [16-21], no quantitative information exists on the 

distribution of the coloring species in the resultant copolymers. 

 Highlights of this work are as follows.  The monolayer density profile, end-monomer 

probability profile, and the sequence distribution of A and B species along the A1-xBx RCP 

are all functions of the parent homopolymer solubility, kT/|AA|, and RBA.  The blockiness of 

short copolymers formed at low surface density (especially below the mushroom-to-brush 

overlap density) is similar to that of copolymers formed in the bulk due to the low level of 

chain-chain interactions.  When chain length is increased to the point where neighboring 

chains overlap, the blockiness increases with increasing surface density.  In general, 

increasing the system temperature reduces copolymer blockiness.  High temperatures 

promote the extension of the chains away from the tethering surfaces, allowing for reactions 

along the length of the polymers; low temperatures promote the collapse of the chains, 

concentrating the reactions at exposed portions of the polymer.  The effect of the surface 

density on blockiness depends on the chain length.  In general, for a given increase in surface 

density, the blockiness of a longer-chained system increases more than that of a shorter-

chained system.  Increasing surface density at temperatures below the theta-temperature (T) 

has little effect on blockiness but has a large effect at temperatures above T.  In particular at 

kT/|AA| >> T and high surface density, the distribution of the segments in the brush 

resembles closely that of diblock copolymers where the block close to the surface comprises 

primarily unmodified segments A and the block at the periphery of the tethered chain is made 

of a A1-xBx RCP, where x is the extent of coloring.  We also discuss how the coloring 

develops as a function of the solvent quality for both A and B units as well as the grafting 

density of the parent homopolymer on the flat surface.  As will be demonstrated, grafting 

plays a pivotal role in determining the co-monomer distribution along the random 

copolymers, which can range from “truly random” to diblock copolymer-like. 

The remainder of the chapter is organized as follows.  First, we describe the 

computational model used for modeling the surface and the “coloring” process that leads to 

tethered random copolymers with tunable co-monomer sequence distributions.  Next, we 
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present the results from our simulations.  We conclude with a short summary and discussion 

of our results. 

 

5.2. MOLECULAR MODEL AND SIMULATION METHOD 

The model and method used to simulate the formation of random-blocky copolymers 

have been previously described [8].  The model and method employed to simulate the 

behavior of tethered polymer systems have been described in our previous work [22].  Thus, 

only highlights and deviations from these works are presented here. 

A polymer molecule can be modeled as a freely-jointed chain of monomers that interact 

via a square- potential.  The potential energy between non-bonded monomers i and j 

separated by distance rij is: 









ij

ijij
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)r(U  ,                                                   (5.1)  

where  is the monomer diameter,  is the width of the square-well interaction and ij is the 

depth of the square-well interaction.  In this work, we have set  and  to 1.0 and 1.5, 

respectively, for all A- and B-type monomers to maintain consistency with previous work.  

The reactant particle diameter, R is set to 0.175; since the concentration of our reactant is 

very low, we can model the reactant-reactant interactions as athermal; thus, R is irrelevant.  

The interaction potential for all unlike interactions is set to zero, i.e., AB = 0; the effect of 

non-zero AB will be addressed in a future publication [23].  

The simulation method used here utilizes the discontinuous molecular dynamics 

(DMD) scheme, a fast alternative to traditional molecular dynamics (MD).  Unlike 

conventional MD, which employs an interaction potential between monomers that is a 

continuous function of their separation (e.g., the Lennard-Jones potential), DMD replaces 

monomer-monomer interactions with a square-well potential, which incorporates short-range 

repulsions as well as long-range attractions.  The advantage of DMD over traditional MD is 
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that monomers need not be moved incrementally at short regularly-spaced time steps.  

Instead, we are only concerned with the collision time, tij, at which a monomer reaches a 

discontinuity in its potential energy.  Collision times for all monomer-monomer pairs in the 

system are calculated; the minimum collision time of the system, tc, is chosen and all 

monomers are advanced forward according to: 

cc t)t()tt( iii vrr              (5.2) 

where ri and vi represent the i
th

 monomer’s position and velocity, respectively.  At this point, 

two monomers collide, their new post-collision velocities are calculated and this process is 

continued. 

 Each polymer molecule is modeled as a freely-jointed chain of monomers.  In order 

to account for chain connectivity in DMD, we employ the Bellemans approximation which 

allows bonded monomers to fluctuate over distance  (1 ± )where  is 0.100 [24]; the 

average bond length is approximately  and, therefore, the chains are close in architecture to 

tangentially-connected monomers.  Non-bonded monomers along a chain and monomers on 

differing chains interact via the square well potential given in Equation (5.1).  The chains are 

attached at one end to an anchor point on an impenetrable, neutral surface (designated as 

z = 0).  The length of the anchoring bond is allowed to fluctuate over the range  (1 ± )  

Anchoring points are arranged in grid-like fashion and fixed throughout the simulation; the 

monomers are allowed to explore all space above the surface.  The solvent is modeled 

implicitly since explicit treatment would require the addition of solvent molecules and is thus 

computationally intensive.  For relatively low values of kT/|ij| (say, 1.0), monomers lack the 

energy necessary to escape the square-well interaction; here the polymers adopt compact 

configurations which corresponds to low solubility.  By comparison, high values of kT/|ij| 

(say, above 4.0) bestow sufficient kinetic energy to the monomers for them to escape square-

well interaction with one another; as a result, the polymers adopt extended configurations 

which correspond to good solubility.  Thus, the solubility of the homopolymers is measured 

by kT/|ij|.  The implicit solvent model saves us the extra computational expense associated 
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with introducing solvent molecules explicitly into the simulation.  Lastly, system temperature 

kT/|AA| is regulated through the use of an Andersen thermostat [25]. 

In order to simulate the experimental coloring process, i.e., the bromination of 

polystyrene [10-13], M polymers comprising N square-well monomers each are attached to a 

surface at various surface densities, .  We define  = M/S, where M is the number of 

homopolymers and S is the area of the tethering surface in units of 
2
; we have set  the 

monomer diameter to 1. For our work, we have focused on two grafting densities: 0.001 and 

0.010 polymers/area.  The width and length of the surface were identical and periodic 

boundary conditions are employed in the x- and y-directions [26]; thus a monomer which 

leaves the box on one side re-enters on the opposite side.  The surface is placed at z = 0 and; 

no periodic boundary conditions are employed in the z-direction.  The M homopolymers are 

assigned velocities according to a Gaussian distribution at the chosen reduced temperature, 

kT/|AA|.  After equilibration, the box is filled randomly with reactant particles at a ratio of 

three reactant particles per monomer unit.  The particles are assigned velocities based on the 

system temperature.  Because the reactant packing fraction is well below 1%, collisions 

between reactant particles are rare enough that they are not expected to affect the coloring 

process.  For this reason, we model the reactant-reactant interactions as athermal (BB = 0).  

Collision times are calculated for all monomer-monomer pairs and monomer-floor 

interactions; standard DMD interactions (e.g., hard core repulsion, bounce/dissociation and 

capture) are applied.  Upon contact between an A-monomer and a reactant particle, the A-

monomer is “colored” and converted from A into B species.  The reactant particle is removed 

and then randomly placed back into the box to maintain a constant packing fraction.  This 

event corresponds in real experiments to the bromination of styrene by Br2 to create 4-BrS 

[10-13].  As we do not require the reactant particle to approach the chain at a specific angle 

to the backbone, all A-reactant interactions are considered effective and any A  B 

conversion is accepted.  The reaction does not change the volume of the monomer; thus 

 = .  
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In this work, we present simulation results for the coloring of M polymers of length N 

ranging from 50 to 300 monomers; typically, M was set to 16.  As stated earlier, the polymer 

grafting density was set to  = 0.001 and 0.010 polymers/area.  Reduced temperature kT/|AA| 

was varied from 0.2 to 8.0 in order to span poor, theta, and good solvent conditions.  The 

ratio of B-B interaction strength to A-A interaction strength, RBA (= |BB|/|AA|) was set to 0.5, 

1.0, 5.0 and 10.0.  In this manner, the solubility of the newly-created B unit could be 

modeled as either more (i.e., |BB|/|AA| < 1) or less (i.e., |BB|/|AA| > 1) soluble than that of A.  

Each system was equilibrated over approximately 300 million collisions, after which 900 

reactant particles were added.  Each coloring reaction was run at least three times at each set 

of conditions to produce average data at each temperature.  The coloring reactions were run 

until the chain was composed of at least 60% B-particles.  Results for these systems are 

described in detail in the next section. 

 

5.3. RESULTS AND DISCUSSION 

In our previous publication we reported on the formation of random copolymers with 

tunable co-monomer sequence distributions by “coloring” homopolymers in selected implicit 

solvents [8].  We have shown that the co-monomer distribution in the A1-xBx copolymer, 

where x denotes the degree of coloring, can be tuned by adjusting the solubility of the parent 

homopolymer and the newly-added coloring species in A1-xBx.  In order to quantify the co-

monomer distribution in the random copolymer, we adopted the analysis first described by 

Peng et al. [14], who defined the dispersion of A-monomers in A1-xBx (D) to be: 

      222D   ,    (5.3) 

where () denotes the number of occurrences of A in a “window” of width .  For random 

copolymers, the dispersion should be low or near zero because the A segments are spread 

evenly throughout the chain; for blocky copolymers, the dispersion should be high because 

the A monomers are grouped together.  The slope in a plot of log D vs. log  defines the 
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blockiness: slope < 0.5 has been a signature of “random” copolymers while slope > 0.5 

denotes “random-blocky” sequences.  In Figure 5.1 we present a summary of selected results 

obtained from the bulk “coloring” reactions in terms of dispersion as a function of the degree 

of coloring.  Specifically, in the left panel we plot the values of the slope in the log D vs. log 

 plot; the right panel depicts representative co-monomer sequences (in terms of a “bar code 

plot [8]) in random copolymers having either 15 or 60% of coloring for the sets (A)-(D) 

defined in the left part of Figure 5.1.  For kT/|AA| = 0.2 (good solvent conditions) chain 

coloring results in either random copolymers or random-blocky copolymers, depending on 

whether the solubility of the newly-added B species is better than (RBA < 1) or worse than 

(RBA > 1) that of the original homopolymer.  In contrast, homopolymers in their collapse 

globule conformation always produce random-blocky copolymers regardless of the solubility 

of the B segments in the A1-xBx RCPs.  In general, the tendency of creating random or 

random-blocky copolymers increases with increasing the degree of coloring (x) but is 

expected to revert eventually with further increase in the degree of “coloring” (data not 

shown).  In the same plot we present the degrees of blockiness or diblock copolymers 

(DBCPs) with variable degree of coloring (green squares).  As expected, the degree of 

blockiness in the ordered sequences of DBCPs is much higher than that in the A1-xBx RCPs.  

In order to explore the effect of confinement on the distribution of the A and B 

segments in the A1-xBx RCPs, we perform coloring reactions on A homopolymers made of 

50-, 100-, and 300-mers tethered to surfaces in two grafting densities:  = 0.001 and 0.010 

polymers/area.  The conformation of the chains depends on the solubility of the chain in the 

solvent and the interplay between the chain length and the spacing on the surface.  In Figure 

5.2 and Figure 5.3 we present typical conformations of 50-, 100-, and 300-mers tethered to a 

flat surface at densities  = 0.001 (left panel) and 0.010 (right panel) polymers/area under 

good solvent conditions (kT/|AA| = 8.0) and poor solvent conditions (kT/|AA| = 0.2) , 

respectively.  In Figure 5.4 we plot the normalized grafting density (4Rg
2
) as a function of 

the solubility of the grafted chain (kT/|AA|).  Depending on 4Rg
2
 the chains are either in the 

mushroom (4Rg
2
 << 1) or stretched brush (4Rg

2
 >> 1) regimes.  From the data in Figure 
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5.4(a) ( = 0.001), very little overlap exists under both poor (low kT/|AA|) and good 

(kT/|AA|) solvent conditions for all chain lengths studied.  The only exception was our 

longest chain length system at high kT/|AA|.  By increasing the density of the polymers on 

the surface ten-fold [cf. Figure 5.4(b)], one expects large crowding that eventually would 

result in strong stretching of long tethers away from the surface.  Thus, while 50-mers remain 

isolated at the higher grafting density, 100-mers start to overlap considerably with increasing 

kT/|AA|.  The 300-mers overlap at all solubilities and the overlap is particularly strong at 

high kT/|AA|.  As will be demonstrated later in the paper, the grafting density of polymers on 

the surface plays a pivotal role in governing the distribution of the monomers after the 

coloring reaction. 

 We commence our discussion by considering A-type homopolymers of length N = 50 

tethered to a neutral, impenetrable surface at surface densities  = 0.001 and 0.010 

polymers/area.  The coloring process was performed for RBA = 0.5, 1.0, 5.0 and 10.0 over 

kT/|AA| ranging from 0.2 to 8.0 until a minimum of 50% coloring (e.g., A-B distribution of 

A0.5B0.5) had been achieved.  In Figure 5.5 we plot the slope of log D vs. log  (the 

“blockiness”) as a function of reduced temperature for 50-mers at four values of RBA.  Two 

general trends are evident in the data.  First, the maximum blockiness for the system at 0.010 

polymers/area (found at kT/|AA| = 1.0) does not occur at our lowest investigated temperature 

(kT/|AA| = 0.2).  While both of these temperatures are below T (as in our previous work [8], 

T = 3.0) the high frequency of polymer entanglement at 0.010 polymers/area restricts the 

rearrangement of the monolayer and thus, this system requires better solubility to help 

rearrange the polymers during the coloring process than the lower density system [27].  

Secondly, an increase in the reduced temperature leads to an increase in copolymer 

randomness.  This is consistent with the accepted notion that increasing kT/|AA| (or 

equivalently the homopolymer solubility) leads to a more fully extended polymer, resulting 

in a more random coloring process.  There is, however, an exception at very poor B-

solubility [cf. Figure 5.5(d)].  Increasing kT/|AA| from 6.0 to 8.0 leads to an increase in 

blockiness; this is the result of the formation of sub-globules along the chain and was 
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discussed in reference 8.  We note that in the data shown in Figure 5.5, the ten-fold increase 

in surface density has an insignificant effect on blockiness.  Values for blockiness at the two 

surface densities over the entire range of kT/|AA| differ by no more than 10%.  This is not 

surprising given that at both grafting densities the chains are relatively isolated on the surface 

(cf. Figures 5.2-5.4). 

 In order to examine the effect of surface density on blockiness further we next 

increase the chain length to 100.  In Figure 5.6, we plot the slope of log D vs. log  for 100-

mers as a function of kT/|AA| for RBA = 0.5, 1.0, 5.0 and 10.0.  We observe the following 

trends.  First, blockiness is typically maximum for both systems (0.001 and 0.010 

polymers/area) at kT/|AA| < T.  Secondly, increasing kT/|AA| leads generally to an increase 

in A-B randomness.  We notice, however, that with the exception of 50-mers increasing  

from 0.001 to 0.010 polymers/area for 100-mers for good solvent conditions and RBA = 0.5 

and 1.0 results in an increase in blockiness across all kT/|AA|.  This result can be correlated 

with the crowding of the parent homopolymer, discussed earlier in Figure 5.4, especially at 

high kT/|AA|.  We do note, however, that copolymer blockiness for RBA = 5.0 and 10.0 

shows less dependence on surface density than for RBA = 0.5 and 1.0.  We surmise that for 

these two poor B-solubility systems, kT/|BB| is always <T.  This case of poor B-solubility 

negates the effect of the increase to high surface density.  

 Lastly, we investigate polymers of chain length equal to 300.  Based on the data in 

Figure 5.4 the low density system approaches the overlap regime but the high density state is 

well above the overlap concentration.  In Figure 5.7 we plot the slope of log D vs. log  for 

300-mers versus reduced temperature.  We observe that for all RBA, maximum blockiness for 

the systems at low surface density occurs around kT/|AA| = 1.0 or 2.0 (below T); increasing 

kT/|AA| leads to a decrease in blockiness.  The dashed lines in Figure 5.7 depict the 

blockiness values collected from our previous work pertaining to the bromination of 300-

mers in bulk [8].  There is little difference in the blockiness of copolymers which were 

colored using the bulk method versus those colored while tethered at  = 0.001 

polymers/area.  In order to illustrate this point, in Figure 5.8 we show a simulation snapshot 
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of 300-mers of composition A0.5B0.5 tethered at  = 0.001 polymers/area, kT|AA| = 1.0 and 

RBA = 5 (poor solubility conditions) as well as a 300-mer colored in the bulk at the same 

system conditions.  At low surface density, each tethered polymer adopts a conformation as if 

it were in the bulk.  Returning to Figure 5.7, blockiness for our system at  = 0.010 

polymers/area is relatively independent of kT/|AA|, although admittedly there is some loss at 

low kT/|AA|.  The increase in surface density has resulted in a significant increase of 

blockiness (compared to 0.001) across all kT/|AA|.  

 While blockiness for 300-mer systems increased for all temperatures as we increased 

surface density the mechanism for the increase in blockiness is determined by the relative 

values of kT/|AA| and T.  First, in Figure 5.8 we present a snapshot of 300-mers tethered at 

 = 0.010 polymers/area at kT/|AA| = 1.0 (below T); there exist large gaps in surface 

coverage due to poor solubility conditions which promotes interaction between the chains.  In 

Figure 5.9, we plot the density profile for all monomers from the low and high density 

systems at kT/|AA| = 1.0 and RBA = 5 (poor solubility conditions).  There is very little 

difference between the distributions; most monomers fall between z = 0 and 10 with a peak 

near z = 4.  In the inset of Figure 5.9, we plot the density profile of all end monomers, e(z), 

at these same conditions and note that all chain-ends fall between z = 0 and 10 as well for 

both densities.  Thus, at kT/|AA| < T, the increase in blockiness as the surface density is 

increased from 0.001 to 0.010 monomers does not arise from the change in surface density; 

rather the increase in blockiness at low temperature is likely a result of individual chains 

shielding or encapsulating other chains.  It is probable that at low density and kT/|AA| < T, 

chains are either mostly A- or mostly B-species; this would result in all chains being 

similarly classified as “blocky” although the composition of B-species would vary among 

chains. 

 Figure 5.10 depicts a snapshot of a system of 300-mers at  = 0.010 polymers/area at 

kT/|AA| = 6.0 (thus, above T).  The chains are capable of extending from the surface due to 

the increase in solubility.  Consequently, coloring has occurred largely toward the free ends 

of the chains and is notably deficient near the surface.  The density profiles for low and high 
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grafting density systems at kT/|AA| = 6.0 are plotted in Figure 5.11.  At  = 0.001, 

monomers are present over the range z = 0 to 60 but are concentrated near z = 10 (relatively 

close to the surface).  At  = 0.010, the maximum of the probability distribution shifts to 

z ≈ 30; increasing surface density leads directly to chain extension.  A similar effect in the 

end-monomer profile is seen in the inset to Figure 5.11.  Specifically, increasing  leads to a 

shift of end monomers from approximately z = 10-20 ( = 0.001 polymers/area) to z = 30 

( = 0.010 polymers/area); chain ends move away from the surface due to chain 

straightening.  The increase in blockiness for long-chained systems at kT/|AA| > T is a direct 

result of chain extension due to increased grafting density.  For systems with low  and high 

kT/|AA| (good solvent conditions), the distribution of A and B segments is more uniform 

along the chain relative to the coloring performed under high . 

 We further demonstrate the effect of the grafting density on the distribution of 

original (A) and colored (B) units by considering a system of sixteen 300-mers grafted to flat 

solid substrates at  = 0.001 and 0.010 polymers/area.  In Figure 5.12 we present snapshots 

of typical conformations (upper panel) and the corresponding average “bar codes” (lower 

panel) at 50% coloring (i.e., A0.5B0.5) for kT/|AA| = 6.0 and RBA = 5.0.  Visual inspection of 

the conformations shown in Figure 5.12 reveals that the distribution of the A and B segments 

along the polymer backbone depends strongly on the grafting density of the polymer on the 

surface.  A quantitative information about the distribution of A and B units can be obtained 

by recording the type of the monomer (A = +1 and B = -1) as a function of its position in the 

chain (position “0” denotes the surface while position “300” corresponds to the end monomer 

of the polymeric tether) for each chain and calculating the so-called “monomer type index” 

(MTI) by averaging the various occurrences of A and B for each position along the 

macromolecule over all sixteen tethers.  MTI ranges from +1 (A monomers only) to -1 (B 

monomers only).  Hence, MTI = 0 represents an equal occurrence of both A and B species 

while MTI = 0.5 denotes situations where the concentration of A units is three times higher 

than that of B.  The MTI values as a function of the monomer position corresponding to the 

low and high grafting densities under consideration are plotted in the lower panel of Figure 
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5.12.  For A0.5B0.5 RCPs tethered at  = 0.001 polymers/area (left panel), the MTI fluctuates 

around 0 over the entire length of the copolymer denoting that both A and B segments are 

distributed uniformly and randomly along the length of the chains.  Increasing  to 0.010 

polymers/area (right panel) results in a “diblock copolymer like” sequence distribution in the 

A0.5B0.5 RCP.  The average MTI in the block near the wall is ≈0.5 indicating that, on average, 

≈75% of the monomers are of type A (i.e., uncolored).  In contrast, the top block has an 

average MTI equal to ≈-0.5 indicating that, on average, ≈75% of the A monomers have been 

converted into B due to chemical coloring. 

 From the previous discussion it is clear that the interplay between chain length and 

surface grafting density offers the ability to adjust copolymer blockiness over a wide range of 

values.  In Figure 5.13, we replot the data presented earlier in Figures 5.5-5.7 as a degree of 

blockiness (i.e., the “slope” from log D vs. log ) for HAMS produced at  = 0.010 vs. 

degree of blockiness for HAMS generated at  = 0.001.  The data is presented for chain 

lengths N = 50, 100 and 300.  Each data set contains the values of blockiness calculated at 

various kT/|AA|, ranging from 0.2 to 8.0.  The sizes of the individual symbols in Figure 5.13 

represent the measure of kT/|AA|; thus, symbol sizes increase as kT/|AA| increases from 0.2 

to 8.0.  The diagonal dashed line represents the equality in the degree of blockiness between 

the two grafting densities.  Data that reside above the diagonal line denote situations where 

the degree of blockiness detected in systems with  = 0.010 is higher than that at  = 0.001.  

By exploring the data in Figure 5.13 one arrives at several conclusions.  First, for all systems 

studied, the blockiness increases with increasing  and N.  This result is obvious as 

increasing chain crowding by either increasing  or by increasing N results in preferential 

coloring of the upper parts of the grafted chains, as documented earlier.  While for 50- and 

100-mers there does not seem to be a clear trend in the blockiness with varying kT/|AA| (due 

to insufficient chain crowding), there is a clear increase in the degree of blockiness with 

increasing kT/|AA| for the 300-mer systems.  Finally, decreasing the solubility of B relative 

to that of A (i.e., larger RBA values) leads to a decrease in blockiness.  This is because the 

colored parts of the chain tend to move inward in order to minimize the number of contacts 
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with the solvent.  The optimal conditions leading to the production of RCPs with high 

degrees of blockiness involve densely packed, large chains and solutions conditions that are 

nearly similar for both the parent A units as well as the newly-added B segments. 

 As a final installment in our study we provide a brief overview of the kinetics of 

chemical coloring of surface-grafted chains.  In the discussion that follows we only restrict 

ourselves to the case of 300-mers because at this chain length the effects that will be 

described below are magnified.  We commence with the description of 300-mers colored 

under good solvent conditions.  In Figure 5.14 we plot the average “bar codes” for  = 0.001 

(left column) and 0.010 (right column) for kT/|AA| = 8.0 and RBA = 0.5 (top row) and 10.0 

(bottom row).  The data can be split into 2 categories, depending on the value of .  At low 

grafting densities (left column), increasing the degree of coloring results in a higher 

concentration of the colored units inside the copolymer.  These units are distributed 

uniformly along the chain.  This behavior is not surprising given that in this regime the grafts 

are well-separated and accessible to the coloring species.  Decreasing the solubility of the 

coloring units B (i.e., moving from the top- to bottom-left panel) does not have a major effect 

on the co-monomer distribution along the chain.  By increasing the density of the 

homopolymers on the surface (right column), the part of the chain close to the surface gets 

effectively shielded from the coloring moieties because of steric hindrance.  Therefore, only 

the top portions of the grafts undergo coloring.  The resultant distribution of monomers 

inside the grafted macromolecule starts to resemble that of a DBCP.  For relatively small x 

(<0.2), the DBCP consists of a bottom block made primarily of A species while the top block 

comprises an A1-xBx RCP, with increased concentration of the B units.  By increasing the 

degree of coloring, the top block gets progressively enriched in the B units while the bottom 

block also starts to develop an A1-xBx RCP-like structure.  Unlike the case of low grafting 

density, the solubility of B has a clear effect on the distribution of the A and B units inside 

the RCP.  Specifically, the length of the top block, richer in the B species relatively to the 

bottom block, increases with increasing RBA (decreasing B solubility).  This behavior is 

associated with conformational changes of the top portion of the graft that starts to bend 
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inward during the coloring process in order to minimize the number of unfavorable contacts 

between B and the solvent.  As a result, a larger portion of the chain close to the surface gets 

exposed to the coloring species.  Increasing RBA thus results in DBCP-like co-monomer 

distributions that are not as well-developed as those seen for small RBA values. 

 Finally, we examine the kinetics of chemical modification of homopolymer grafts 

under poor solvent conditions.  Figure 5.15 depicts the average “bar codes” for  = 0.001 

(left column) and 0.010 (right column) for kT/|AA| = 1.0 and RBA = 0.5 (top row) and 10.0 

(bottom row).  In analogy to the case of good solvent conditions for the homopolymer brush 

discussed previously, the data can be divided into two classes, depending on the grafting 

density of the parent homopolymer.  At low  coloring occurs relatively uniformly along the 

macromolecule regardless of the solubility of the B units in the solvent.  In contrast to the 

good solvent condition for the parent homopolymer, however, there is a considerable 

increase in the degree of coloring of the segments that are in the vicinity of the surface.  This 

behavior can be attributed to the original conformation of the parent homopolymer brush 

that, due to the collapsed conformation (cf. Figure 5.3), offers accessibility for the coloring 

units.  Increasing  results in different co-monomer distributions in the A1-xBx homopolymer 

relative to the low  situation.  Specifically, the co-monomer distribution in the resultant 

homopolymer depends on the conformation of the collapsed coil in the system.  From Figure 

5.3, under these conditions the coils are no longer isolated but rather form a co-continuous 

pattern that is stabilized by the interactions with neighboring chains.  As a result, the 

chemical pattern during the chemical coloring reflects the instantaneous conformation of the 

parent homopolymer in the multi-chain assembly of collapsed chains.  The distribution of the 

coloring species in this case differs from that of the brush colored under good solvent 

conditions (cf. Figure 5.14).  There are clear signs of non-structural uniformity in the final 

co-monomer distribution that result from the initial conformation of the parent brushes after 

solvent quality was set to poor.  The instantaneous distribution of A and B species in the 

copolymer is expected to vary depending on the degree of confinement of the parent tethered 

homopolymer.  While for RBA = 0.5, the final chemical composition pattern is set by the 
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initial conformation on the parent homopolymer, increasing RBA to 10.0 (i.e., decreasing the 

solubility of the B unit) leads to local rearrangement of the chain conformation with 

increasing the degree of coloring.  At x = 0.3, the chain average conformation remains fixed 

and further supply of the coloring species results in more pronounced differentiation of the 

colored and non-colored regions along the grafted macromolecule. 

 

5.4. CONCLUSION 

This work extends our previous efforts aimed at demonstrating that the monomer sequence 

distribution in RCP can be adjusted by varying the system temperature, monomer solubility, 

and the degree of modification during “chemical coloring” of homopolymers.  Specifically, 

we demonstrate that in addition to the aforementioned parameters, the blockiness in co-

monomer distribution in A1-xBx RCPs can be by adjusted by varying the grafting density of 

the attached A-type homopolymers before performing the coloring reaction that converts 

selected A units in the homopolymer into B moieties.  We observe several trends in our 

simulation data.  First, the choice of the grafting density of the homopolymer on the surface 

affects the blockiness in the resulting copolymer.  When parent homopolymers are attached 

at low surface density the coloring process produces blockiness values equivalent to those 

found when performing the coloring process in bulk.  While under good solvent conditions 

RCPs are formed that possess “truly random” distribution of the co-monomer units, the 

degree of blockiness in the co-monomer distribution increases when the chemical coloring is 

carried out under poor solvent conditions.  Above the mushroom-to-brush coverage density, 

an increase in surface grafting density generally leads to an increase in blockiness.  For 

kT/|AA| < T, where T is the theta temperature, polymers do not extend but rather collapse 

together, limiting access to large portions of chains and producing moderate degrees of 

blockiness.  For kT/|AA| > T, there is a large increase in blockiness that is due to polymer 

extension into the bulk, which encourages coloring that commences at the free end and 

proceeds toward the surface.  Secondly, an increase in chain length results in an increase in 



 

 

138 

 

blockiness for all temperatures if the surface density is above the mushroom-to-brush 

coverage density.  Increasing chain length magnifies the effect of increasing surface density; 

i.e., for an equivalent increase in surface density, longer chain lengths become relatively 

more blocker than shorter chain lengths.  We surmise here that the combination of long chain 

length and high surface density should theoretically lead to near-perfect diblock copolymers.  

Varying the monomer solubility and system temperature provides only a small variations in 

blockiness (i.e., “fine tuning”), while altering the surface density and chain length in 

polymeric grafts results in large changes in the co-monomer distribution (i.e., “coarse 

tuning”).  By utilizing all of these system variables (i.e., kT/|AA|, RBA, , chain length, and 

degree of coloring), researchers should be able to predict and tune the chemical composition 

as well as co-monomer distribution in grafted HAMS for their specific end-use.   

 We also studied the time-dependency of the coloring process in grafted polymer 

systems.  For well-solvated macromolecular grafts the final distribution of the co-monomers 

in the resultant AB copolymer depended on the density of the polymeric grafts on the 

surface.  While in sparsely-grafted systems, chemical coloring proceeds uniformly along the 

chain, increasing the grafting density of the parent homopolymers resulted in producing 

DBCP-like structures; the top portion of the chain underwent a higher degree of chemical 

coloring relative to the bottom section.  Decreasing the solubility of B resulted in an increase 

of length of the top, heavily-colored portion of the graft and a concurrent decrease of length 

in the bottom, less-colored portion.  Under poor solvent conditions the chemical modification 

of grafted chains with a relatively low surface density resulted in RCPs with a relatively 

uniform distribution of the A and B units along the chain, though a higher content of the B 

coloring units was detected close to the anchoring end, relative to the case of chemical 

modification under good solvent conditions.  Chemical coloring of densely packed collapsed 

homopolymer anchors resulted in co-monomer sequences that reflected the conformation of 

the parent homopolymer brushes in interconnected multi-chain clusters on the surface. 

There are obvious extensions that may take the results presented and discussed here to the 

next level.  For instance, the importance of grafting density illustrated in this work may be 
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further extended by investigating the formation of surface-anchored HAMS on surfaces with 

different geometries.  While HAMS formed on polymers grafted to convex surfaces (i.e., 

small particles) would approach the limit of the HAMS formed in the bulk, extending the 

coloring scheme to polymers tethered to concave geometries (i.e., pores) is expected to 

exhibit even higher degrees of blockiness than those reported here for flat surfaces.  Work is 

currently in progress to test these predictions.  In addition, one may generalize the present 

approach to include the effect of size of the coloring species and that of the newly-colored 

unit.  To that end, all experimental realizations of the present coloring schemes utilize 

coloring units whose volume is larger than that of the monomer in the parent tether [16-21].  

As was recently discussed, the increased volume of the coloring unit (in addition to smaller 

reactivity) was likely responsible for some difficulties in preparing HAMS brushes with 

higher degree of coloring [21].  Finally, the present work may provide design guidelines that 

go beyond those pertaining to the formation of grafted HAMS.  Specifically, one can 

envision situations where the coloring species are replaced with non-polymeric objects, such 

as metallic or oxide nanoparticles, thus producing polymer-based composites grafted to 

surfaces.  Such systems have been realized experimentally [28-37] and studied theoretically 

[38].  Results from those studies indeed reveal that the penetration depth of the nanoparticles 

inside polymeric grafts depends on the interplay between chain length, grafting density, and 

the size of the nanoparticle [34, 36-38]. 
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5.6. FIGURES 

 

 

 

 

 

Figure 5.1: (left) Average blockiness, defined as the slope of log(D) vs. log() [see text for 

explanation] as a function of the percent of coloring in diblock copolymers () and random 

copolymers with kT/|AA| = 0.2 [RBA = 0.5 () and RBA = 10.0 ()] and kT/|AA| = 8.0 

[RBA = 0.5 () and RBA = 10.0 ()].  (right) Examples of “bar code” plots for random 

copolymer systems (A)-(D) marked in the left figure.  For each system, the top and bottom 

bar codes correspond to 15 and 60% of coloring, respectively. 
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Figure 5.2: Snapshots of conformation of homopolymers on flat solid substrates (from top to 

bottom: 50-, 100- and 300-mers) at kT/|AA| = 8.0 with surface grafting densities  = 0.001 

(left panel) and 0.010 (right panel) polymers/area. 
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Figure 5.3: Snapshots of conformation of homopolymers on flat solid substrates (from top to 

bottom: 50-, 100- and 300-mers) at kT/|AA| = 0.2 with surface grafting densities of  = 0.001 

(left panel) and 0.010 (right panel) polymers/area. 
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Figure 5.4: Reduced grafting density of 50-mers (), 100-mers (), and 300-mers () as a 

function of the reduced temperature (kT/|AA|) at surface grafting densities of  = 0.001 (a) 

and 0.010 (b) polymers/area. 
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Figure 5.5: Blockiness versus reduced temperature (kT/|AA|) for A0.5B0.5 50-mers at surface 

grrafting densities  = 0.001 and 0.010 polymers/area and varying RBA. 
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Figure 5.6: Blockiness versus reduced temperature (kT/|AA|) for A0.5B0.5 100-mers at surface 

densities  = 0.001 and 0.010 polymers/area and varying RBA. 
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Figure 5.7: Blockiness versus reduced temperature (kT/|AA|) for A0.5B0.5 300-mers at surface 

densities  = 0.001 and 0.010 polymers/area and varying RBA.  The dashed lines denote 

blockiness data for “coloring” performed in bulk. 
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Figure 5.8: Conformations of sixteen A0.5B0.5 300-mers (A = grey, B = red) tethered at 

surface densities  = 0.001 and 0.010 polymers/area for kT/|AA| = 1.0 and RBA = 5.0.  A 

snapshot of a typical bulk conformation of a corresponding bulk chain is also shown. 
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Figure 5.9: Probability distribution for A0.5B0.5 300-mers tethered at surface densities 

 = 0.001 and 0.010 polymers/area for kT/|AA| = 1.0 and RBA = 5.0.  The inset data denote 

the end-monomer probability distribution. 
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Figure 5.10: Sixteen A0.5B0.5 300-mers (A = grey, B = red) tethered at  = 0.010 

polymers/area for kT/|AA| = 6.0 and RBA = 5.0.   
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Figure 5.11: Probability distribution for A0.5B0.5 300-mers tethered at surface densities 

 = 0.001 and 0.010 polymers/area for kT/|AA| = 6.0 and RBA = 5.0.  The inset data denote 

the end-monomer probability distribution. 
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Figure 5.12: Position along A0.5B0.5 300-mers as a function of monomer type (B = -1, 

A = +1) tethered at surface densities  = 0.001 (left panel) and 0.010 (right panel) 

polymers/area for kT/|AA| = 6.0 and RBA = 5.0.  Typical chain conformations are shown for 

each case in the upper part (A = grey, B = red). 
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Figure 5.13: Average blockiness at  = 0.010 polymers/area plotted against the average 

blockiness at  = 0.001 polymers/area for A0.5B0.5 of various chain lengths and kT/|AA| 

(ranging from 0.2 to 8, represented by the increasing size of the symbols) for RBA equal to 

0.5 (a), 1.0 (b), 5.0 (c) and 10.0 (d).  The dashed lines denote situations where the average 

blockiness is equal for both surface tethering densities. 
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Figure 5.14: Position along A1-xBx 300-mers at five different degrees of coloring ranging 

from 10 to 50% as a function of monomer type (B = -1, A = +1) tethered at surface densities 

 = 0.001 (left panel) and 0.010 (right panel) polymers/area for kT/|AA| = 8.0 and RBA = 0.5 

(top panel) and 10.0 (bottom panel). 
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Figure 5.15: Position along A1-xBx 300-mers at five different degrees of coloring ranging 

from 10 to 50% as a function of monomer type (B = -1, A = +1) tethered at surface densities 

 = 0.001 (left panel) and 0.010 (right panel) polymers/area for kT/|AA| = 1.0 and RBA = 0.5 

(top panel) and 10.0 (bottom panel). 
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CHAPTER 6  

 

FUTURE WORK 

 

We have performed simulations on the formation of mechanically-assembled monolayers 

(MAMs) and on the creation of heteropolymers with adjustable monomer sequences 

(HAMs). In this chapter we suggest possible directions for future work based upon our 

findings in Chapters 2 through 5.  We also indicate any preliminary results that have already 

been collected. 

 

6.1. SIMULATION OF MORE ADVANCED MAMS 

Mechanically-assembled monolayers were first created by Genzer and coworkers by 

grafting oligomers such as polyacrylamide and semiflourinated molecules onto a 

polydimethylsiloxane or PDMS surface. Although these oligomers are fairly complex  with 

side chains, constrained backbone and torsional angles and  multiple monomer sizes, we have 

limited our modeling  efforts  to  simpler models (e.g. “pearl necklace”) in the interests of 

reducing computation time (cf. Figure 6.1).  The next step would be to make our molecular 

model more realistic by implementing the pseudobonds that are necessary to replicate alkane 

backbone angles and cis- and trans-conformations; additionally, monomer sizes should be set 

according to the molecule they represent (i.e. carbon or fluorine). It has been surmised that if 

one could prepare novel hydrophobic brushes from alkane-based chains, the cost of creating 

MAMs on a large scale could be lowered enough to make the process economically feasible. 

Advancements in this vein are already underway as researchers attempt to graft alkane 

oligomers to stretchable surfaces. We have also begun collecting preliminary data from 

simulations of the formation of alkane-based monolayers (Figure 6.2).  By monitoring 
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specific system characteristics such as chain ordering, packing fraction and crystallinity, one 

should be able to observe the transition from poorly-aligned systems at low surface density to 

hydrophobic, well-organized systems at high surface density; this can be observed for MAMs 

at varying system temperature and chain length. Also, one might be able to observe the 

dynamics of alkane layer formation to find out if individual chains align longitudinally first, 

thereby acting as a “seed” for the propagation of ordering, or if the entire layer slowly comes 

together as a whole? 

 

6.2. SIMULATE WETTING PROCESS 

Experimenters turned to mechanically-assembled monolayers as a way to increase the 

grafting density of the chains above the values typically found with self-assembled systems. 

In general, higher grafting density leads to fewer defects in the monolayer and, consequently, 

better overall barrier properties. Experimenters test the barrier property of MAMs by placing 

a drop of deionized (DI) water on the surface and measuring the contact angle of the drop of 

water with the MAM surface. The water contact angle can be plotted as a function of the 

initial deformation in the PDMS substrate, x, as shown in Figure 6.3. 

 In order to do a better job of replicating the wetting of a mechanically-assembled 

monolayer via simulation we need to have a better molecular model for water monomers and 

square-well parameters for the interaction between the water and homopolymer unit. Having 

done that, one could use discontinuous molecular dynamics to simulate the contact of a water 

droplet of determined size with a formed MAM. By using the power of molecular–level 

simulation, one should be able to quickly compare the wetting process on a variety of end-

monomer types and substrate extensions. 
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6.3. INVESTIGATE EFFECT OF A-B INTERACTION (HAMS) 

At this point in our research on the formation of heteropolymers with adjustable 

monomer sequences, we have investigated the effect of many different variables (i.e. 

solubility, chain length, degree of coloring) on chain conformation and sequence blockiness 

but we have neglected one notable characteristic of all copolymer systems: the interaction 

between the various types of “mers” along the chain. For ease of computation and reduction 

of variables, we have set the interaction between A- and B-type monomers (AB) to zero for 

all data presented in Chapter 4 and 5.  Since each type of monomer on the chain has a 

different degree of interaction with our implicit solvent, it stands to reason that A and B have 

a non-zero degree of solubility with one another. Depending on the interaction between A 

and B, this AB parameter can be negative (A and B are attracted to another) or positive (A 

and B repel one another) or zero (athermal interaction). One also has a choice in the method 

of calculating this cross interaction energy:  

 

AB = ½ (AA+ BB), the arithmetic average or  

AB = √ (AA* BB), the geometric average.  

We have begun preliminary collection of data on the blockiness of copolymers as we adjust 

AB over a range from attractive to repulsive values. We expect to report and publish our 

findings shortly. 

 

 

6.4. INVESTIGATE DIFFERENT TETHERING SURFACES 

All of the simulations that were carried out to collect data for Chapter 5 (Effect of 

Tethering on Monomer Sequences in HAMs) were conducted on two-dimensional surfaces. 

Grafted polymers were shielded from the coloring process on one end due to the very nature 

of being grafted to a neutral, impenetrable surface. Portions of the chains were also shielded 
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from the coloring process by neighboring chains. We showed in Chapter 5 that the degree of 

shielding was not necessarily equivalent for all chains, especially at low solubility. However, 

if one were to graft the chains to a sphere, the coloring process may become more 

controllable. 

We could attach chains of varying length to a sphere (whose radius could also be 

adjusted) to investigate the effects of the number of arms (typically referred to as f) and the 

grafting density, a, as well as other previously-studied variables (i.e. system temperature, 

solubility, degree of coloring) on copolymer blockiness and the location of B-units. See 

Figure 6.4. One might expect that as f or a increases, the system would appear as a tightly-

packed two-dimensional system near the tethering surface; however, at the non-grafted end 

of the chains, the system would appear loosely-packed with less chain-chain interaction. 

Thus, it would be worth investigating the location of B-type monomers along the length of 

the chain. In Chapter 5, we saw blocky copolymers formed at low surface density and 

surmised that one explanation  for this was that entire chains were being shielded by 

neighboring chains: in other words, while all chains were blocky, some were mostly A and 

some were mostly B. By grafting to a sphere, however, access to the chains would be 

uniform for all chains (from the non-grafted end toward the tethering surface) and 

researchers should be able to create a system of random-blocky copolymers with minimal 

disparity in blockiness.  
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6.5. FIGURES 

 

 

 

 

 

 

Figure 6.1: Representation of a system of organosilane molecules attached to a surface and 

then compressed to high surface density. 
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Figure 6.2: System of twenty 50mers at low grafting density (left picture) and after 

compression to high grafting density (right). Note the chain ordering in the right picture. 
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Figure 6.3: Experimental measurement of the contact angle formed by a droplet of water on 

the surface of a mechanically-assembled monolayer. 
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Figure 6.4: Possible conformation of polymers attached to a sphere prior to introduction of 

coloring species. 
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APPENDICES 
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APPENDIX A. 

 DETERMINATION OF CRITICAL COVERAGE DENSITY 

 Within this work, we have defined surface density, a, as a ≡ M / S, where M is the 

number of chains and S is the area of the surface. If one inscribes in a grid-like manner M 

tangential circles of diameter 2∙Rg on a surface, then substitution leads us to a = 

M/(4∙M∙Rg
2
) = ¼∙ Rg

-2
 . Additionally, we know that the radius of gyration (Rg) for bulk 

polymers of length N in poor solvent scales as N
1/3

. Upon substitution, this produces our final 

equation for critical coverage density: c ~ ¼ ∙ N
-2/3

 (eq.5.4). 

 

 


