THE JOURNAL OF

PHYSICAL CHEMISTRY

pubs.acs.org/JPCB

Aggregation Behavior of Rod—Coil-Rod Triblock Copolymers in a

Coil-Selective Solvent

Ahmad K. Omar,” Ben Hanson," Ryan T. Haws,* Zhongjian Hu,* David A. Vanden Bout,*

Peter J. Rossky,” and Venkat Ganesan*"'

"Department of Chemical Engineering and *Department of Chemistry, University of Texas at Austin, Austin, Texas 78712, United

States
§Department of Chemistry, Rice University, Houston, Texas 77251, United States

ABSTRACT: Recent experiments have reported that the self-assembly of

conjugated polymers mimicking rod—coil—rod triblock copolymers (BCPs) in

selective solvents exhibits unique aggregate morphologies. However, the nature of

the arrangement of the polymers within the aggregates and the spatial organization
of the aggregates remain an unresolved issue. We report the results of coarse-grained

Langevin dynamics simulations, which investigated the self-assembly behavior of
rod—coil—rod BCPs in a coil-selective solvent. We observe a rapid formation of

cylindrically shaped multichain clusters. The initial stages of formation of the
aggregates was seen to be independent of the strength of the solvent selectivity.
However, for higher solvent selectivities, the clusters were seen to merge into larger
units at later stages. A reduction in rod to coil block ratio was observed to decrease
the size and number of clusters. In the limit of a highly concentrated solution, we
observe the formation of a networked system of distinct clusters, which however

retain the cylindrical arrangement observed at lower polymer concentrations.

I. INTRODUCTION

The nanostructure of self-assembled block copolymers (BCPs)
containing both rigid (rod) and flexible (coil) blocks has been
an area of active research. The incorporation of rod blocks into
a BCP results in a wide variety of self-assembly behavior arising
from the interplay of microphase separation of the rod and coil
blocks and the liquid crystalline alignment of rod blocks."”” The
present work is specifically motivated by results of recent
experiments, which have studied the self-assembly in solution of
triblock copolymers containing rod-like blocks. For instance,
Huo et al. used fluorescence spectra and UV—vis absorption to
characterize the self-assembly of both oligo(p-
phenyleneethynylene) (OPE)—polystyrene(PS)—oligo(p-
phenyleneethynylene)(OPE) and PS—OPE—PS in solutions
containing varying combinations of toluene and hexane.> They
characterized the relatively short OPE group as a rod and the
longer PS unit as a coil. They found that the triblock
copolymers self-assembled into different aggregate structures
depending upon the solvent quality (ie., the affinity of the
solvent to the rod block) and the architecture of the copolymer.
Similarly, in a recent work, we studied the self-assembly of
poly(3-hexylthiophene)-block-poly(tert-butyl acrylate)-block-
poly(3-hexylthiophene) (P3HT-b-PtBa-b-P3HT) triblock
(rod—coil—rod) copolymers in solution.* We found that as
we transitioned to a poor solvent for the P3HT block, the
P3HT rod blocks collapse and form aggregates, which exhibited
an electronic spectra similar to those observed in P3HT thin
films. Such experiments have raised a fundamental interest in
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the aggregate structures and morphologies of triblock rod—coil
copolymers in solution.

Computer simulations have long served as an attractive
means to study the morphology of di- and multiblock
copolymers in solutions and melts.>® Not surprisingly, a
number of studies have considered the self-assembly of rod—
coil diblock copolymers in both melts and solution and have
presented results characterizing the nanostructures/morpholo-
gies in terms of phase diagrams.">’”''" In contrast, the
understanding of the self-assembly and organization of
multiblock rod—coil BCPs is comparatively less devel-
oped.>*'*> Huang et al. performed DPD simulations of rod—
coil—rod copolymers in rod-selective solvent and observed the
formation of large bowl-like aggregates and, in some cases,
spherical vesicles."> They later investigated the aggregation
behavior in a rod-repulsive solvent and found aggregate
formation to be dependent on the compatibility between rod
and coil blocks."* Using self-consistent-field lattice techniques,
Chen et al. observed the formation of spherelike, lamellar,
gyroidlike, and cylindrical structures in rod—coil-rod copoly-
mer melts.'> These structures were only observed for moderate
rod fractions such that the enthalpic benefits of rod aggregation
were comparable to the coil entropy.

To the best of our knowledge, there has yet to be any
simulation or theoretical study on the nature of aggregates that
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result in rod—coil—rod copolymers in coil-selective solvents. A
few outstanding questions include: What is the morphology of
the resulting aggregate structure and its dependence on the
solvent quality? What is the influence of the relative molecular
weights of the rod and coil block and the concentration of the
copolymers upon the aggregate structure? What is the influence
of the architecture of the copolymer, or more explicitly, the
differences between rod—coil—rod and coil—rod—coil copoly-
mers, upon the resulting aggregate structure and morphologies?

Motivated by the above considerations, in this Article we
report the results of Brownian dynamics simulations of a
coarse-grained model used to analyze the self-assembly
behavior of rod—coil-rod BCPs in a coil-selective solvent.
With our model, we study the effects of solvent selectivity,
block architecture, and triblock concentration on the structure
of aggregates and the kinetics of formation. The rest of this
Article is arranged as follows. In section II, we briefly outline
our coarse-grained model and simulation methodology,
followed by a discussion of our results in section IIL In section
IV, we conclude with a summary of our results.

Il. SIMULATION DETAILS

Model and Approach. Recently, a number of computer
simulations have investigated the structure and morphology of
conjugated polymers using different levels of models. Atom-
istically detailed approaches serve to furnish the most realistic
description of the system, but are prohibitively expensive to
study the aggregation behavior of multichain systems. Field-
theoretic and other coarse-grained approaches have also been
widely used for studying self-assembly of rod—coil like
copolymers.”">~"7 Such methods are well suited for studying
the equilibrium behavior in concentrated and melt like systems
wherein there exists a degree of universality, which is
independent of the atomistic details of the polymer. However,
such approaches are more cumbersome for solution-based
systems, and often do not furnish a straightforward way to
characterize the organization of chains within the aggregates.
Moreover, methodologies to incorporate kinetics into such a
framework are still not well-developed.

As a compromise between the atomistically detailed
description and coarse-grained field theoretic approaches, in
this work we adopt an intermediate level of description in
which we use a bead—spring like micromechanical description
within an implicit solvent framework to study the self-assembly
of triblock copolymers. Such a level of description has been
extensively used in the context of di- and multiblock
copolymers to study the self-assembly in both melt-like and
solution conditions.'”'®'® Such methodologies allow for the
study of a variety of parameters, such as the concentration of
the copolymers, architecture of the chains, solvent quality
(modeled implicitly through the effective interactions between
the unlike blocks), etc. Moreover, issues such as kinetics of
evolution of morphology, the conformation of the chains within
the aggregate, etc,, can be straightforwardly assessed.>!81?

Our model consists of symmetric triblock copolymers of the
form AB,A, with A and B representing rod and coil
monomers, respectively. Unless otherwise mentioned, most of
our results pertain to the default architecture corresponding to
AcBgAg. Our coarse-grained model captures the main physical
features of our system, the rigidity of the rod blocks and the
selectivity of the solvent toward the coil midblock. Explicitly, a
harmonic bond potential is enforced to link all of the chain

beads:
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Ubona = Ky(r — 1p)° (1)

where Kj, represents the spring constant and r, represents the
equilibrium bond distance. To model the rigidity of the rod
blocks, the following bending potential is enforced on the A
monomers:

U

angle

= K,(cos(0) — cos(eo))2 Q)
where K, is the bending rigidity and 6, is the equilibrium angle,
which is set at 180°. The values of the K}, and K, were chosen
respectively as 6.7 X 10%¢/6” and 8.3 X 10%, while r, was
chosen to be 1.06 for A—B and B—B bonds and 0.75¢ for A—A
bonds. These parameters are similar to those employed by Li et
al. in their modeling of coil-rod—coil polymers in solution."

The intermolecular potential between beads was chosen to
be a standard shifted and truncated Lennard-Jones (LJ) 6-12
potential of the form:

12 6
%\ (%) (% %
Uy(r) = r r "i "i

Y
01 r>r;

©)
For simplicity, o; is assumed to be the same (and denoted as &
in this Article) for all pairwise interactions. To mimic the fact
that the rod monomers are in a poor solvent, the L] cutoff
distance for rod monomers, ry,, is set to 2.50, ensuring
attractive interactions between rod monomers. Meanwhile, for
coil—coil and rod—coil interactions, we truncate and shift the L]
potential at a cutoff distance of 2'/%s so that these pairs only
experience repulsive interactions. The depth of the L] potential
well is fixed at € for rod—coil and coil—coil interactions.
However, for interactions between A monomers, the depth of
well, £,,, is a key parameter of interest as it implicitly represents
the selectivity of the solvent, and hence we study different
values. The default value of €,, is set to a value of 2¢ unless
stated otherwise. We present our results in reduced units in
which 6 = € = m = 1 with 7 the unit of time defined as 7 = (62/
(me))">.

We model the dynamics of the system in an implicit solvent
framework using a Langevin dynamics simulation approach. In
such a framework, the equation of motion for bead i is

2 >

f b nb di 2
" V(U + U™) o +f () @
In the above, 7. denotes the position of the bead i, and U® and
U™, respectively, represent the sums of all of the bonded and
nonbonded interaction potentials experience by the bead i.
Moreover, u denotes the friction coefficient for the Langevin
dynamics, and f(t) represents the random forces of solvent
particles and is related to y (taken to be 30.0) by the fluctuation
dissipation theorem (ﬁ(t)}j(t’)) = ZpthT(S,-jé(t — t')I, where I is
the unit tensor. All simulations were performed in a cubic cell
of length 30.0 with periodic boundary conditions.

To ensure that the aggregation characteristics are independ-
ent of the box size, we performed simulations at equal volume
fractions with several different box sizes while starting from
differing random initial conditions. Moreover, to further ensure
that our morphologies are not artifacts of our random initial
conditions, we also implemented the molecular dynamics
replica exchange method used by Sugita and Okamoto.”® The
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upper bound for our temperature series were temperatures at
which rod monomer associations were reversible, while our
lower bound in the series consisted of our temperature of
interest, kgT = 2, where strong aggregation did occur. We took
care to choose a temperature series that allowed for the
reported optimum exchange rate between replicas of around
20%.%" A geometric temperature series of the form T, = T, e"
was found to provide these optimum exchange rates for nearly
all of the replicas, where k is a constant found by iteration to
provide the desired exchange rate, T, is the temperature of
interest, and T, is the temperature of replica i. Initially, the
chains in each replica were randomly configured within the
cubic cell with all bond and angles at the appropriate
equilibrium values. Each replica was then equilibrated through
dynamic simulation using an integration time step At = 7 X
107* for a duration of 2 X 107 cycles before replica swaps were
attempted. Configurations at our temperature of interest, which
originated from higher temperatures in the series, were then
equilibrated for an additional 1.0 X 10° cycles. The resulting
morphologies were found to be consistent with those of
systems initialized from random configurations. Unless
otherwise stated, all data reported are taken by averaging 16
independent samples run for a duration of 1.2 X 10°® cycles. All
simulations were performed utilizing the MD simulation
package LAMMPS.*

Cluster Analysis. To characterize the self-assembly
behavior of these polymers, we used a methodology for
defining clusters, which is based on a connectivity matrix
algorithm.>>* Typically, the component of interest in these
triblock copolymers are the self-assembling rods (ie., the
photoactive layer in PtBa-P3HT triblocks), and hence we use
the latter to define the clusters. Rod monomers within a cutoff
distance of 2.0 of each other are grouped into the same cluster.
If all of the rod monomers for a given chain are in a single
cluster, the coil monomers for that chain are also assigned to be
within that cluster. If, instead, the rod monomers span two
different clusters, this indicates that the coil block of that chain
joins two clusters (a cross-link, denoted in this Article as X; ),
and we then do not count the coil monomers for either cluster.
To ensure that at least two chains are participating in our
clusters, we omit any aggregates with less than three rod blocks
from our discussion. Using this analysis, we identify the
following characteristics of the morphology of the system: (i)
the total number of clusters, Ny; (i) the average number of
beads per cluster (i.e, aggregation number) normalized by the
chain degree of polymerization, N (iii) the average radius of
gyration of the clusters, Ré, where the radius of gyration of a
cluster containing n beads is given as

1 n
- Z (rl - rcom)z
n i=1

where r; and r,,, are the coordinates of bead i and the cluster
center of mass, respectively; and (iv) the average number of rod
blocks per cluster normalized by the number of total system
rod blocks, f.,q, which proves to be a useful parameter in
quantifying the presence of extremely large aggregates or
comparing average aggregate sizes among systems of varying
size. Furthermore, we compute the radial distribution function
between the rod blocks center of mass, defined as

2 _
Rg,cl -

©)
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i (6)

where N4 is the number of rod blocks, and r; is the distance
between the center of mass of rod i with that of rod j.

In the following section, we initially focus our discussions on
relatively dilute solutions with a volume fraction (defined as ¢,
= 3.6;/(6V)) of ¢. = 0.017. In this dilute regime, we explore
the time evolution of aggregation and the nature of the
resulting structures. The effects of increasing solvent selectivity,
€xa, and varying the relative rod to coil block lengths on the
aggregation is also reported. Subsequently, we discuss the
effects of increasing ¢, on the structure of the aggregates.

lll. RESULTS AND DISCUSSION

Aggregate Morphology and Time Evolution. Figure 1la
displays a typical equilibrium configuration of our system in the

Figure 1. Snapshots of equilibrium conformation of ¢, = 0.017 (50
chains) system. (a) Common system configuration consisting of
several cylindrical aggregates. A snapshot of the axis of symmetry of
one of the clusters is also shown. (b) Configuration in which the
cylindrical clusters were found to merge to form a larger string-like
aggregate. Red and blue beads represent rod and coil monomers,
respectively.

dilute regime. We observe the self-assembly of the rod blocks
into cylindrically shaped clusters each comprised of multiple
chains with the rod blocks aligned in a parallel fashion. The
nature of these aggregates is in agreement with the
experimental findings of Huo et al., wherein they hypothesized
the formation of cylindrically shaped aggregates containing
multiple chains with a core of parallel rod blocks.®> In some
instances, the cylindrical aggregates were seen to merge and
form a larger string-like aggregate (Figure 1b). However,
among the configurations sampled for the default parameters
and time scales observed, the latter kinds of morphologies were
found to be rare due to the entropic limitations and the kinetics
associated with the merging of aggregates. The propensity to
form these large aggregates as a function of solvent selectivity is
examined later in this Article.

The time evolution of the morphologies is quantified in
Figure 2a and b through the number of clusters Ny and the
radial distribution function. It can be seen that broadly
aggregation occurs as a two-step process: an initial stage
(magnified for clarity in the inset of Figure 2a) in which the
number of clusters rapidly increases accompanied by a
significant decrease in the system energy (see inset of Figure
2b). In this stage, enthalpic considerations are expected to be
dominant, and the system aggregates in such a manner that the
spatially accessible rod monomers organize together into
clusters. However, such a process is expected to lead to a
number of entropically unfavorable configurations and
misalignments, and hence is seen to be followed by a slower,
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Figure 2. (a) Number of clusters as a function of time (the inset
depicts the initial stages of self-assembly). (b) Corresponding center of
mass of A block RDF’s at various simulation times. Note that the peaks
are spaced at a distance ratio equivalent to that of hexagonal packing
(1: 3:2:\/ 7). The inset displays a typical system energy as a function
of time.

second stage of rearrangement, during which a few of the
clusters are seen to combine leading to a drop in the number of
clusters.

The nature of the ordering within the clusters is displayed in
Figure 2b through the rod block center of mass radial
distribution functions and supports the picture presented
above. It is seen that the initial stages are accompanied by the
emergence of an aggregate without well-defined internal
packing of the rod monomers (as seen in the lack of clear
higher order peaks). Subsequently, there is seen to be
formation of more tightly packed aggregates, which exhibit
clear higher order peaks. The ratio of the distance between
peaks is seen to be consistent with hexagonal packing of the
rods, a result that was also observed in simulations of coil—
rod—coil chains."

Interestingly, the rod constituents of the string-like
aggregates are stacked perpendicularly to the long axis of the
aggregate (see Figure 1b), and resemble amyloid fibrils seen in
f-sheet stacked proteins.”® Indeed, it has been shown through
experiments and atomistic MD simulations that fibrils
resembling those formed by natural proteins can be made
through the aggregation of short aliphatic peptide sequen-
ces.””*® Our results above suggest a tantalizing hypothesis that
the formation of such fibril-like structures is more likely tied to

the rigidity of the backbone units and their degree of
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interactions with the solvent rather than the specific sequence
of the protein themselves.

Role of Solvent Selectivity. Experiments have suggested
that the aggregate morphologies of rod—coil BCPs in solution
depend sensitively on the degree of solvent selectivity toward
the different blocks."*** A parameter of specific interest in this
work is the solvophobicity of the rod blocks and its influence
upon the aggregate morphologies.

In Figure 3a and b, we display the influence of €,, upon the
number of clusters (with the initial stages more explicitly
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Figure 3. Effects of segregation strength on (a) the number of clusters
as a function of time (the inset depicts the initial stages of self-
assembly); and (b) the center of mass of A block RDF’s (the inset
displays the corresponding average radius of gyration and aggregation
number of the clusters).

displayed in the inset of Figure 3a) and the radial distribution
functions of the rod blocks. The average radius of gyration of
the cluster and the aggregation numbers are displayed in the
inset of Figure 3b. From Figure 3a, we observe that the initial
stages of aggregate formation are not very sensitive to the
solvent selectivity, and result in approximately the same
number of clusters. This is consistent with the picture discussed
above in which the initial stages of aggregation were suggested
to be driven by the spatial proximity of the rod monomers. The
influence of solvent selectivity is however seen to clearly
manifest in the later stages of cluster evolution and results in a
smaller number of clusters for larger €,,. Such a result is also
seen to be reflected in the larger average cluster aggregation
number and radius of gyration shown in Figure 3b. This
increase in aggregate size can be understood to be a
consequence of increased enthalpic benefits of the rod
interactions in poorer solvents, which outweigh the conforma-
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tional entropy losses of the coil blocks. The latter results are
consistent with the experimental findings of Huo et al. wherein
a reduction of the conformational entropy of the coil block
through solvent quality led to the formation of larger aggregate
structures.

In Figure 3b, we depict the influence of €, upon the radial
distribution functions of the rod blocks within the clusters. We
observe that with an increase in €,,, the first coordination shell
of the RDF is enhanced, which is indicative of increased
propensity for aggregation of the rods. Interestingly, as is
evident from the location of the peaks in g(r), the overall
hexagonal packing of the aggregates is seen to be retained even
at the highest €,,. These results suggest that the solvent
selectivity has only an influence on the size of the clusters and
not on the morphology of packing of the rods within the
cluster.

As discussed earlier, some of our simulation results were
found to result in morphologies in which several clusters merge
such that the system contains very large string-like aggregates.
These types of aggregates were consistently found when any
one cluster comprised 60% or more of the total system rod
blocks. To quantify the propensity for formation of such
aggregates, we used the measure f, 4, which quantifies the
average number of rod blocks per cluster normalized by the
total number of rod blocks in the system. Figure 4a illustrates
the probability distribution of the cluster rod fractions, P(f,,4),
for different solvent selectivities. The corresponding probability
distribution of the radius of gyration, P(R), is displayed in
Figure 4b. Clearly, with increasing solvent selectivity, the
probability of forming larger aggregates is seen to increase,
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Figure 4. Effects of segregation strength on (b) the rod fraction
probability distribution; and (b) the probability distribution of the
radius of gyration of clusters.
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resulting in some cases in which the f, 4 is close to 0.75.
However, even for higher values of ¢,,, the dominant
morphology is still seen to be that of several cylindrical
clusters, as indicated by the peak of the distribution remaining
around f,oq = 0.13.

The above results suggest that rendering the solvent poorer
for the rod block results in an increased propensity to form
larger clusters. Interestingly, however, the peak in the cluster
size distributions is seen to be independent of the solvent
selectivity for the rod blocks. Moreover, the clusters are seen to
maintain the cylindrical shape and hexagonally packed
arrangements at all solvent selectivities.

Influence of Block Architecture. We expect that the
enthalpic and entropic forces underlying cluster formation
would be modulated by changes in the block architecture (i.e.,
rod to coil block length ratio, x/y). Figure S summarizes our
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Figure S. (a) Number of clusters and (b) average cluster aggregation
number as a function of block rod block length and segregation
strength for symmetric polymer chains A,B,A, with a fixed total
number of monomers (2x + y = 18). For these results, initial
conditions were held constant between runs of identical block
architecture.

results for the cluster characteristics upon varying the rod block
length (the total number of beads is fixed). Interestingly, from
the radial distribution functions displayed in Figure 6, we
observe that for all rod lengths, the aggregates maintain the
same hexagonal packing discussed in earlier sections. For
relatively large segregation strengths (e,, = S), the dominant
free energy contribution is the aggregation of the rod blocks.
Driven by such enthalpic contributions, the number of clusters
(aggregation number) is seen to monotonically decrease
(increase) with increasing rod length. However, at lower
segregation strengths, we observe that the number of clusters
exhibits a nonmonotonic trend with respect to the rod block
length. We reason that this trend arises from a crossover in
which the enthalpic driving force for cluster—cluster
interactions outweighs the accompanying entropic penalty.
Explicitly, at lower segregation strengths (¢4, = 2), one would
expect the entropy of the coil blocks to play a larger role in
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Figure 6. Center of mass of A block RDF’s for €, = S for various rod
lengths.

aggregate formation. Consistent with such expectations, when x
= 3 (corresponding to small rod lengths), only one small cluster
is observed to form with the rest of the system comprised of
individual chains. This is in accord with the findings of Huo et
al. wherein, at short rod lengths, they found little interchain
aggregation.” For these short rod lengths, they observed that
the formation of larger cylindrical aggregates was induced due
to the reduction in the conformational entropy of the coil block
(through decreasing the coil solvent quality), in agreement with
our findings.

When the rod length is increased to x = 4, the number of
clusters increases with an accompanying increase in the average
cluster aggregation number. This initial increase comes as the

enthalpic contribution arising from the rod associations
becomes comparable to entropy costs incurred by the coil in
forming the clusters. Upon further increasing the rod block
length, the clusters begin to decrease in number and increase in
size. These results are in broad agreement with our previous
experimental findings in which we found that decreasing the
rod length requires an accompanying decrease in the rod
solvent quality to induce aggregation.*

Overall, the above results suggest that, while the overall
packing and organization of clusters are not affected by the rod
to coil block ratios, the number and aggregation number of the
clusters show a strong dependency on the latter.

Effects of Polymer Concentration. In Figures 7 and 8, we
display the cluster characteristics as a function of the polymer
concentration in solution. As may be expected, the number of
clusters and the cluster size increase with an increase in the
concentration of BCPs (Figure 7a). Furthermore, the snapshot
(Figure 8) and the rod block RDF’s (shown in Figure 7b)
demonstrate that the clusters continue to retain the same
cylindrical, hexagonally packed architecture observed at low
concentrations.

A distinct feature of the clusters resulting in higher
concentrations however is that seemingly distinct clusters are
now “linked” through chains that contain the rod blocks in
multiple clusters. Such a characteristic is explicitly quantified by
the number of cross-links, X;, displayed in Figure 7c. For dilute
concentrations, we observe that the probability of two clusters
sharing a chain is almost negligible. However, with increase in
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Figure 7. Concentration dependence of (a) the average cluster radius of gyration and number of clusters; (b) the center of mass of A block RDF; (c)
the total number of cross-links between clusters; and (d) the average fraction of rods per cluster. Results are the average of eight independent

samples for g4, = 2.
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Figure 8. Snapshot of 400 chain system (¢, = 0.14). Red and blue
beads represent rod and coil monomers, respectively.

polymer concentration, we observe that the number of cross-
links increases nearly monotonically with the volume fraction.
These cross-links provide a large energetic and kinetic barrier
for adjacent clusters to merge and form the string-like
morphologies noted for dilute concentrations. Such an
expectation is confirmed by the distinct clusters noted in
Figure 8 and is also confirmed by observing the decrease in the
average cluster rod fraction (f,.4) with increasing concentration
(Figure 7d).

IV. CONCLUSION

In summary, we presented results from a coarse-grained
Brownian dynamics simulation approach to shed insight into
the self-assembly of rod—coil-rod BCPs in a coil-selective
solvent. We considered the influence of polymer selectivity, rod
to coil length ratios, and polymer concentration upon
characteristics of clusters resulting in such systems. Our
simulations indicated the formation of a cylindrically shaped
cluster in agreement with experimental observations (and the
corresponding results for coil-rod—coil BCPs). The initial
stages of cluster formation were observed to result in aggregates
that were independent of the segregation strength. Increasing
the solvent selectivity toward the coil was observed to provide a
driving force for neighboring clusters to merge. Furthermore,
increasing the segregation strength was found to significantly
increase the probability of forming large string-like aggregates.
As the polymer concentration was increased, the clusters began
to form a cross-linked network while retaining their overall
cylindrical character.

In comparing our results to those reported in simulations for
coil—rod—coil BCPs,*® we observe that rod—coil—rod exhibits
similar structures (we note that Li et al. did not report cluster
characteristics) at segregation strengths that are comparatively
lower. However, in contrast to the situation for coil—rod—coil
BCPs, we did not see structures possessing long-range order
(such as the disk morphologies reported by Li et al.) despite
increasing the segregation strength to several kz3T. We reason
that this is due to the increased entropic penalty associated with
a middle coil block versus the end coil blocks in forming these
types of structures. These results suggest that the architecture
of the block copolymer plays a significant role in influencing the
morphology of the organization in such systems.
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