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ABSTRACT: We present the results of discontinuous molecular dynamics simulations of a “coloring”
reaction performedonA-type homopolymers having length ranging from100 to 300 units in implicit solvents.
The transformation of selected A-type monomers to B-type units along the macromolecule produces A1-x-
co-Bx random copolymers, where x is the mole fraction of B (= degree of “coloring”). We demonstrate that
for a fixedA-B interaction strength the comonomer distribution ofA andB units inA1-x-co-Bx can be tuned
to range from “purely random” to “random-blocky” 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 results in a decrease in blockiness in the comonomer
distribution. In addition, decreasing the solubility of the B species in the implicit solvent increases the
tendency of the A1-xBx copolymer to form “random-blocky” sequences.

Introduction

Copolymers are macromolecules containing at least two distinct
chemical monomer units, say A and B. Depending on the distribu-
tionofAandBunits along the chain,wedistinguish amongdiblock
(...-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 anordered sequence distributionofmonomers,
random copolymers (RCPs), A-co-B, represent a special class of
copolymers, which possess a disordered sequence distribution of A
andB units. Over the past few decades, a series of papers have been
published which established that tuning the copolymer chemical
composition and comonomer 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 compatibilizers15-17 or adhesion promo-
ters.6-8,18-21 Recent efforts22 have concentrated on investigating
the role of the monomer distribution along the RCP backbone in
controlling the polymer’s physicochemical characteristics such as
the coil-to-globule transition temperature and conformation. To
that end, Chakraborty and co-workers investigated the bulk
properties of RCPs and observed that the tunability of the poly-
mer’s blockinessmay endowRCPswith the ability to act as pattern
recognition agents for similarly patterned surfaces.23-25

Having good control over both the chemical composition and
the comonomer sequence distribution in RCPs is essential for
manyapplications.While tailoring the content ofAandB inRCP
is relatively straightforward, adjusting the distribution of mono-
mers along the polymer backbone is not. Progress in this direction
was recently made by Khokhlov and co-workers, 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 co-workers 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 ulti-
mately 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 toward the center of the collapsed polymer. In their initial
work Khokhlov and co-workers 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 color-
ing” proceeded, Semler and Genzer performed computer simula-
tions that explored how variations in the conformation of the
parent coil over the course of the coloring reaction affect
the comonomer sequence distribution.29 But they assumed that
the solubilities of the colored and noncoloredmonomerswere the
same. Later, Khokhlov and collaborators considered how varia-
tions in the monomer solubility affect sequence distribution,
focusing on the case in which the newly colored monomer exhi-
bits a higher solubility in the solvent than the parent homo-
polymer.22 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
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than the original “uncolored” monomer A. This appears to have
been the case in recent experimental work by Genzer and co-
workers, 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 comonomer 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. Evi-
dence 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 co-workers 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 (noncolored)
homopolymer but also to the difference between the solubility of
the colored and noncolored monomers which triggered confor-
mational 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 can only be
deduced by following the “coloring” reaction using molecular
modeling. That is the motivation for the work presented here.

In this paper, we present the results of discontinuousmolecular
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 100-300
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-typemonomers, themonomer 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 is
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=|εBB|/
|εAA|) is varied from 0.5 to 10.0. In thismanner, the newly created
B unit can be modeled as either more or less soluble than A.
Interactions between nonbonded A and B units along the chain
are modeled as athermal, i.e., εAB=0. In a separate publication,
we address the effect of varying εAB on the system behavior.34

Finally, the distribution ofA andB units along the polymer chain
is calculated in order to determine the effect of solubility
and chain length on comonomer distribution in the A-co-B
copolymer.

Highlights of this work are as follows. The sequence distribu-
tion ofA andB species in the A-co-B copolymer is affected by the
interaction strengths acting between the A-A and B-B mono-
mers. At low kT/|εAA| the homopolymers adopt a tight globule
conformation; at high kT/|εAA| the coils expand. The boundary
between the two regimes defines the coil-to-globule transition
temperature,T*θ. 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 reactantwhile 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., εAA 6¼ εBB),

the chain conformation changes during the coloring reaction by
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 reconfi-
guration can take place; typically, reconfiguration requires a
minimum of 20% conversion of A to B. For high values of RBA

(i.e., very lowB solubility), the Bmonomers tend tomove 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/|εAA| (low kT and/or high |εAA|) and good B
solubility lead to the formation of tight globules and hence
produce A-co-B copolymers with increased tendency toward
random-blocky comonomer distribution. In contrast, high kT/
|εAA| (high kT and/or low |εAA|) plus good B solubility leads to
extended homopolymer conformations, which produce A-co-B
copolymers with random comonomer distribution. More inter-
esting and somewhat 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/|εAA| < T*θ we
observe an initial swelling of the copolymer as Bmonomersmove
into the globule away from the solvent. We also noted cases of
blocky copolymers formed in good solubility conditions (kT/
|εAA| . T*θ) due to poor B solubility; the formation of sub-
globules at the chain ends mimicked low solubility.

The remainder of the paper 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 con-
clude with a short summary and discussion.

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 potential. The potential energy for nonbonded
monomer-monomer interactions can be written as

UðrÞ ¼
¥ r < σ

-εij σereλσ

0 r > λσ

8>><
>>:

ð1Þ

where σ denotes the monomer diameter, λ is the width of the
square-well interaction, and εij is the depth of the square well
acting between monomers i and j. In this work, σ and λ are set to
1.0 and 1.5, respectively, for all A- and B-type monomers. The
diameter of the reactant particles,σR, 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, λR is irrelevant.
The interaction potential for all unlike interactions is set to zero,
i.e., εAB=0. The interaction potential for all like interactions (i.e.,
εAA and εBB) 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
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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 anothermonomer, orwhen, lacking enoughkinetic
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

riðtþtcÞ ¼ riðtÞþvitc ð2Þ
where ri and vi represent the ith monomer’s position and velocity,
respectively. At this point, two monomers collide, their new
postcollision 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 σ (1( δ) where δ is
a small number.38 This treatment makes the average bond length
between neighboring monomers equal to σ, which is close in
architecture to tangentially connected monomers. Nonbonded
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, εAA, i.e., kT/
|εAA|. For relatively low values of kT/|εAA| (say 1.0), monomers
lack the energy necessary to escape the square-well interaction;
here the polymers adopt compact configurations which corre-
sponds to low solubility. In contrast, high values of kT/|εAA| (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 corre-
sponds to good solubility. Thus, the solubility of the homopoly-
mers is measured by kT/|εAA|. 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, 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 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= 150σ),
where σ, 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 co-workers 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 (1503σ3). 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, wemodel
the reactant-reactant interactions as athermal. Upon contact
between anAmonomer and a reactant particle, theAmonomer 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 tomaintain 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 Af B conversions are accepted. The
reaction does not change the volume of the monomer; thus σΑ=
σΒ. 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 poly-
mer’s mean-square radius of gyration, ÆRg

2æ, defined as

ÆRg
2æ ¼ Æ

P
ðiÞ ðri -rCMÞ2æ

N
ð3Þ

where ri is the ithmonomer position and rCM is the center ofmass
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/|εAA| 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=|εBB|/|εAA|, was set to 0.5, 1.0, 5.0, and
10.0. Each systemwas equilibrated over∼100million collisions in
a box of size L=150σ. Subsequently, 3N reactant particles were
added; each coloring reactionwas run at least three times for each
set of system conditions to produce average data at each
temperature.

Results and Discussion

We first located the theta temperature for our parent homo-
polymer systems. Others have shown using lattice Monte Carlo
computer simulations41 that the theta temperature (Tθ) for a long
polymer chain with interactions of strength of εAA=-1.0 occurs
at T* ≈ 3. At kT/|εAA| < T*θ, corresponding to poor solvent
conditions, polymers adopt a globule conformation, while at kT/
|εAA| > T*θ, 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 1. Polymers at temperatures up to kT/|εAA| ≈ 2
adopt a globule formation (with ÆRg

2æ values less than 10%of the
chain’s length) while polymers at temperatures at or above kT/
|εAA|≈ 6 extend in coil conformations. Thus, for our system, the
coil-to-globule transition and hence the theta temperature, T*θ,
occurs at around kT/|εAA| ≈ 3.

While the conformation of the parent homopolymer is affected
only by the value of kT/|εAA|, the conformation of the A1-xBx

copolymer, where x is the “degree of coloring”, depends on kT/
|εAA|, RBA, andN. We demonstrate that the solubility difference
betweenBandA, asmeasured byRΒΑ, alters the conformationof
the polymer; in addition, the polymer’s ability to expand or
contract is directly related to the polymer length. In Figure 2, we
plot themean-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/|εAA|=0.2 andRBA=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
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shortest chains (N=100), ÆRg
2æ is independent of the degree of

coloring. IncreasingN to 150 results in a modest increase of ÆRg
2æ

at ≈30% coloring. For all systems above chain length 150, ÆRg
2æ

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/|εAA| (as stated
previously) but also of the amount of B and chain length.

One would expect RBA to strongly influence the chain con-
formation 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 parameterRBA 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 ofkT/|εAA| determineswhether 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 distribu-
tion 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 ofRBA, however, has amuchmore complex effect on
the size of the chain than one would expect. When |εBB|. |εAA|,
one might expect the globule size to decrease (extremely poor
solubility) with increasing coloring. Instead, as can be seen by
examining the data in Figure 2, the globule size increases with
increased degree of coloring, an effect which is counterintuitive.
As we will explain below, it is the interplay among εAA, εBB, and
εAB that governs the final conformation of the random A1-xBx

copolymer. Figure 3 shows themean-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. Note that the ÆRg

2æ values at a given kT/|εAA| are the
same for eachRBAbefore coloring takes place; they correspond to
the ÆRg

2æ depicted in Figure 1. Small apparent discrepancies
between the data in Figures 1 and 3 are due to the steep rise in
ÆRg

2æ at very small degrees of coloring that are not resolved in
Figure 3 due to the plotting range. The data are taken at four
values of kT/|εAA|: 0.2, 1.6, 3.0, and 8.0. There are several trends
worth noting. At kT/|εAA| below T*θ (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 ÆRg

2æ values of 9 and
11, respectively). At kT/|εAA| = 3.0 (or T*θ), ÆRg

2æ prior to
coloring increases to 100, and at kT/|εAA|=8.0, ÆRg

2æ reaches
nearly 300 prior to any coloring. Thus, the globule size of
the parent homopolymer is a strong function of kT/|εAA|.
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/|εAA| while the majority of the chain segments are exposed at
high kT/|εAA|.

Figure 1. Mean-square radius of gyration of a 300-mer contain-
ing monomers of type A as a function of kT/|εAA|. The line is meant
to guide the eye. The insets denote the conformations of the low-
temperature globule (kT/|εAA| = 0.2) and high-temperature coil (kT/
|εAA| = 8.0).

Figure 2. Mean-square radius of gyration as a function of the degree of
coloring (i.e., themole fraction of B units, x, in A1-xBx) for polymers of
chain length ranging from 100 to 300 atRBA (= |εBB|/|εAA|)= 10.0 and
kT/|εAA| = 0.2 (poor solvent).

Figure 3. Mean-square radius of gyration as a function of the degree of
coloring, x (i.e., themole fraction of B units, x, in A1-xBx) for 300-mers
at RBA (= |εBB|/|εAA|) = 0.5 (closed symbols) and 10 (open symbols)
and various reduced temperatures (kT/|εAA|) equal to (a) 0.2, (b) 1.6,
(c) 3.0, and (d) 8.0. The error barswere obtainedby averaging over three
simulation runs.
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Looking at the change in ÆRg
2æ in Figure 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/|εAA|=0.2, ÆRg

2æ
values for the two systems RBA = 0.5 and 10.0 are roughly
equivalent over the range of 0 e x e 0.15. At this point, ÆRg

2æ
for the RBA=10.0 system increases rapidly, nearly doubling in
value. Because of the low solubility of B and εAB=0.0 (athermal),
the B monomers have moved to the center of the globule away
from the implicit solvent (as will be documented later in the
paper), forcing the A monomers outward, thereby increasing
ÆRg

2æ; thus, we can infer that the systemwith poor B solubility has
inverted during coloring. This effect reaches amaximum between
x=0.2 and 0.3. With additional coloring, the globule shrinks
back toward the original size as B monomers formed on the
outside are attracted to the growing B-core. By comparison, ÆRg

2æ
for RBA=0.5 at kT/|εAA|=0.2 increases no more than 10% 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 inmore detail below
when we introduce Figure 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/|εAA|,
the formation of B monomers alters this solubility. In Figure 3a,
when kT/|εAA|=0.2, the systembegins as a homopolymer globule
in a poor solvent and, regardless of the solubility of B, remains in
poor solvent throughout coloring (ÆRg

2æ is very low for both
RBA=0.5 and 10.0 over the investigated range of coloring). In
Figure 3b when kT/|εAA|=1.6 and RBA=10.0, the B monomers
start out on the surface and at x≈ 0.20 the globule size expands as
Bmonomersmove 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 ÆRg
2æ increases 10-fold relative to the original

homopolymer size. This behavior can be explained by looking at
the reduced temperature for both A and Bmonomers. If we were
to allow the A homopolymer to completely convert to a B
homopolymer, the new reduced temperature from B’s point of
viewwould be kT/(|εAA|/RBA)=1.6/0.5=3.2, which is aboveT*θ.
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/|εAA|=3.0 (cf. Figure 3c), both
parent homopolymers begin in an expanded conformation. In
goodB solubility (RBA=0.5), the chain slowly expands 2-fold asx
increases from 0 to 0.5. By comparison, in poor solubility (RBA=
10.0), the globule size decreases from ÆRg

2æ = 100 to 20 as
x increases from 0 to 0.5. Here we note that the effective kT/
|εAA| relative to B is kT/(|εAA|/RBA)=0.3, which is far less than
T*θ; 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 3d, we plot ÆRg

2æ as a function
of the degree of coloring for kT/|εAA|= 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 ÆRg

2æ=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: ÆRg

2æ≈ 250 at 0% coloring and decreases to ÆRg
2æ≈ 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/|εAA|=8.0,RBA=10.0) will be discussed
further in Figure 9.

The results presented in Figure 3 are summarized in Table 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 homopoly-
mer (globule or coil) and the relative solubility of B (more or less
soluble). Overall, the development of ÆRg

2æ with increasing the
degree of coloring depends on the interplay among εAA, εBB, and
εAB. In the present case when εAB=0, strong repulsive interac-
tions between the colored monomer and the solvent (i.e., high
|εBB|/|εAA|) drive the colored monomers inward; the increased
number of A-B interactions dilutes the attraction between the
A-A segments leading to fluctuations in the coil size (i.e.,
effectively, the attractions between the A-A segments are re-
placed with the athermal A-B contacts). In a separate publica-
tion34 we address the role of the εAB interactions in governing the
ÆRg

2æ and the resulting comonomer distributions inside the
system.

The model proposed in the original Khokhlov’s work, i.e., in
which anA-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

Figure 4. Conformation of a 300-merA1-xBx prepared by “coloring” a
parent A 300-mer (gray balls) with the coloring species (red balls) to
various degrees of coloring, x, ranging from 0 to 0.5 at kT/|εAA| = 0.2
and RBA= |εBB|/|εAA| = 0.5, 1.0, 5.0, and 10.0.

Table 1. Effect of A and B Solubility on Copolymer Conformation during the Coloring Process

parent conformation B monomer solubility change in ÆRg
2æ upon increasing x

coil (soluble) kT/|εAA| > Tθ good kT/|εBB| > Tθ minor increase or no change
coil (soluble) kT/|εAA| > Tθ poor kT/|εBB| < Tθ slow contraction
globule (insoluble) kT/|εAA| < Tθ good kT/|εBB| > Tθ rapid expansion at x ≈ 0.30, followed by slow expansion
globule (insoluble) kT/|εAA| < Tθ poor kT/|<εBB| < Tθ rapid expansion at x ≈ 0.20, followed by slow collapse
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during the coloring process.When the newly formed Bmonomer
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 copolymer conformation that the next reactant
particle will encounter. Here we describe how the location of
the Bmonomers changes during the coloring process. InFigure 4,
we present snapshots of characteristic conformations of A1-xBx

copolymers as a function of the degree of coloring (x) for varying
RBA (= |εBB|/|εAA|) at kT/|εAA|= 0.2, i.e., in a poor solvent
system. The degree of coloring increases from left to right, while
the solubility ofB 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
theB 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.

Wenow return to theobservationsdiscussed earlier inFigure 2.
Recall that for the short polymers we detected very small
variations in ÆRg

2æ with increasing degree of coloring but for
the longer macromolecules we observed substantial increases in
ÆRg

2æ once they reached a “critical” degree of coloring. Results
presented in Figures 3 and 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
portionof 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.

Recall that a main thrust of this work is to understand how
varying the molecular parameters of the system (i.e., kT/|εAA|,
εBB/εAA, and x) affects the distribution of A andB units along the
A1-xBx copolymer. To that end, it is necessary to quantify the
“blockiness” or “randomness” of the polymer. In Figure 5, we
show a 300-mer of composition A0.5B0.5 in an extended con-
formation at kT/|εAA|=8.0. On the basis of 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 5). Barcode 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 coloring
but different comonomer distributions. Figure 6 shows barcode
plots for A0.5B0.5 at kT/|εAA| 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 6 reveals that while these
polymers contain the same numbers of A and B, the distribution
ofA andBalong the copolymerdepends on the value ofkT/|εAA|.
To that end, the kT/|εAA|=0.2 case shows a large number of wide
white and black sections (blocky copolymer). At kT/|εAA|=0.6,
the strips are beginning to thin (i.e., the copolymer is becoming
more random); further thinning occurs at kT/|εAA|=0.8. Finally,
at kT/|εAA|=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 random-
ness by simply varying kT/|εAA|.

In order to quantify the degree of randomness along A1-xBx

sequence, we slide a window of size λmonomers along the length
of the chain, while counting the number of occurrences, γ(λ), of a
“1” within this window. (Alternatively we could count the
occurrences of a “-1”.) We define the dispersion of “1” as

D2ðλÞ ¼ Æγ2ðλÞæ-ÆγðλÞæ2 ð4Þ

Figure 5. (top) Snapshot of the conformation of a A0.5B0.5 300-mer at
kT/|εAA| = 8.0 and RBA (= |εBB|/|εAA|) = 0.50. The A and B units in
the copolymer are depicted by gray and red balls, respectively. (bottom)
Corresponding barcode plot for the same 300-mer.

Figure 6. Barcode plots forA0.5B0.5 300-mers atRBA (= |εBB|/|εAA|)=
5.0 and kT/|εAA| equal to (a) 0.2, (b) 0.6, (c) 0.8, and (d) 1.2.
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where dispersion is a general measure of the spread of the 1s
along the length of the chain. For random copolymers, dispersion
should be low or near zero (1s are spread evenly throughout the
chain); for blocky copolymers, dispersion is high (1s are grouped
together) and increases as chain length increases. The data in
Figure 7 depict the dispersion, D2(λ), plotted as a function of
window size, λ, ranging fromλ=2to λ=N (the entire length of the
chain). It is known that the dispersion can be described by the
power lawD(λ)∼ λR.43 Accordingly, we select a sufficiently large
fraction of the chain, say, the initial 1/4 of the chain, and plot
log(D) vs log(λ).This plot, shown in the inset to Figure 7, for a
300-mer A0.5B0.5 at kT/|εAA|=0.2 and RBA=0.5 gives a slope of
0.603. On the basis of the original work of Stanley and co-
workers,43 copolymers whose log(D) vs log(λ) 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, D2(λ), 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/|εAA| ranging from 0.04 to 8.0 and
various values ofRBA. Blockiness valueswere elucidated from the
slope of log(D) vs log(λ) plots (cf. Figure 7). The resulting slopes
for the 300-mers are presented inFigure 8. Four significant trends
can be noted. First, decreasing the solubility of the B monomers
(moving from Figure 8a to Figure 8d) decreases the blockiness of
the A0.5B0.5 copolymers. For the case of good B solubility
(cf. Figure 8a), most data lie in the random-blocky region. By
comparison, for the case of poorest B solubility (cf. Figure 8d),
most data lie in the random region. The increase in the random-
ness of the copolymer as the B solubility decreases is due to the
inversion shown in Figures 3 and 4 which was discussed earlier.
Second, for most RBA values, the blockiness of the copolymer is
not highest at the lowest reduced temperature (kT/|εAA|=0.04)
where the A solubility is the poorest; instead, the maximum
blockiness value for all four sets occurs at 0.4 < kT/|εAA| < 1.2.
Obviously, a certain degree of insolubility (low kT/|εAA|) is
required to promote coloring along the outer surface. However,
near kT/|εAA|=0 the coil is likely very 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/|εAA| from 1.0 to T*θ
(≈3), increasing kT/|εAA| promotes the randomness of
the comonomer distribution. This trend is expected because
the parent homopolymer is more likely to adopt coil-like

conformations (cf. Figure 1), allowing coloring to occur along
the length of the chain. Fourth, at values of kT/|εAA| from T*θ≈
3.0-8.0, the comonomer distribution for most systems becomes
slightly more blocky with increasing kT/|εAA|. The latter trend is
somewhat surprising given that onewould expect the randomness
to increase with increasing kT/|εAA|. 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 comonomer se-
quences. For example, if one colors a parent chain initially at
kT/|εAA|=8.0 (good solubility) to A0.5B0.5 with RBA=10.0, kT/
|εBB| 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/|εAA|, but this is often followed by a reversal to
random-blocky character with higher kT/|εAA|. In the following
section, we will attempt to provide molecular insight into the
observed high-kT/|εAA| behavior.

The results discussed thus far indicate a clear trend: increasing
kT/|εAA| opens up the globule and allows the chain to adopt a
coil-like conformation.While this situation is generally perceived
to lead tomore random comonomer distributions, decreasing the
solubility of B may offset this effect by increasing the blockiness
in the comonomer sequence along the chain. For instance, the
data presented in Figure 8 indicate that for high kT/|εAA| and
most values ofRBA, the A0.5B0.5 copolymers exhibit an increased
tendency to form random-blocky sequences upon increasingkT/
|εAA|. 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 9, we present snapshots of A1-xBx conformations at
increasing values of x (ranging from 0 to 0.5) for kT/|εAA|=4.0
andRBA=10.0. Recall that T*θ≈ 3 (cf. Figure 1). Initially, the A
homopolymer adopts a coil-like conformation. As the coloring
commences, the distribution 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 subglobules hold a high
proportion of B monomers at an effective local solubility of
kT/|εBB|=0.4. Thus, despite the initial high-kT/|εAA| conditions,

Figure 7. Dispersion plot for a 300-mer A0.5B0.5 at kT/|εAA| = 0.2 and
RBA (= |εBB|/|εAA|) = 5.0. The inset depicts a log(D)-log(λ) plot for
the first 100 monomers of the chain.

Figure 8. Slope of the log(D) vs log(λ) plot as a function of the reduced
temperature (kT/|εAA|) for A0.5B0.5 300-mers at RBA (= |εBB|/|εAA|)
equal to (a) 0.5, (b) 1.0, (c) 5.0, and (d) 10.0. The colored regions
separate the random-blocky (gray) and random (yellow) comonomer
sequences. The error bars were obtained by averaging over three
simulation runs.
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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/|εAA| conditions which, in
turn, results in an increased degree of blockiness of the B units.
This picture also reveals that the blockiness in the comonomer
distribution along the chainwill likely not be uniform. Theremay
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(λ) plots presented inFigure 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 snap-
shots presented in Figure 9, it is apparent that the conformation
and the blockiness of the colored copolymer are 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 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 10 we plot D2(λ) as a
function of both λ and the degree of coloring for A1-xBx 300-
mers for RBA=5.0 at kT/|εAA| equal to (a) 0.2 and (b) 1.2 (we
have included the corresponding contour plots as well.) Exam-
ination of the kT/|εAA|=0.2 case (Figure 10a) reveals that the
dispersion (and thus blockiness) in comonomer distribution
increases with increasing degree of coloring, reaches a maximum
at about 50-60%of coloring, and thendecreases as one produces
A1-xBx copolymers with a large content of B. Turning now to the
case of kT/|εAA| = 1.2 (Figure 10b), 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 10b is not as smooth or direct as in
Figure 10a and that coloring to A0.5B0.5 would not necessarily
produce random copolymers with the highest degree of blocki-
ness. It becomes apparent that the maximum blockiness values
seen in Figure 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.

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 ”color-
ing”.31 Here we have modeled the solubility of the monomers by
adjusting the monomer-monomer interaction potential, εij; for
all unlike interactions, εAB=0, and for like interactions, εAA and
εBB, is varied. The solubility of the parent A-type homopolymer
was varied byaltering the system reduced temperature (kT/|εAA|),
thereby regulating the initial polymer conformation prior to
coloring. We simulated the “coloring” procedure for various
combinations of kT/|εAA| and RBA=|εBB|/|εAA| 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/|εAA| leads to a
decrease in blockiness in the comonomer 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

Figure 9. Conformations ofA1-xBx 300-mers at kT/|εAA|=4.0 andRBA (= |εBB|/|εAA|)= 5.0 at various degrees of coloring, x, ranging from0 to 0.5.
The A and B units in the copolymer are depicted by gray and red balls, respectively.

Figure 10. Dispersion as a function of the window size, λ, and degree of coloring, x, for A1-xBx 300-mers at (a) kT/|εAA|=0.2 and (b) kT/|εAA|=1.2.
Shown as 3-D plot and contour plot.
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upon decreasing the solubility of the B species (expressed here in
terms of RBA=|εBB|/|εAA|). 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 mono-
mer is highly insoluble (kT/|εBB| < Tθ), the resulting copolymer
can be blocky due to the formation of subglobules. These results
and discussion could guide experimenters in developing copoly-
mers with specific A-B patterning, allowing them to tailor-make
copolymers for further research into miscibility, surface adsorp-
tion, and other research areas.

While this present work provides important insight into the
coloring process, much more needs to be done in order to fully
comprehend the role of the molecular interactions as well as the
role of the different rate phenomena on the transformation of
homopolymers into copolymers via selective chemical coloring.
For instance, it is of vital importance to address the time scales
involved in the rearrangement of the parent macromolecule and
the mobility of the diffusing species. This and other related topics
will be the subject of future publications.
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