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ABSTRACT: The ordering and kinetics of self-assembly of miktoarm star
polymers of the form (An)k−C−(Bn)k in solution and confined between two
surfaces are investigated using a coarse-grained molecular dynamics
simulation, with the ultimate goal of developing predictive capabilities for
these systems. By systematically changing the relative solvent-block
interaction for one block, combined with the effect of confining substrate
on one side and vapor on the other side, we observed a number of
interesting morphologies for an inherently lamellar miktoarm star polymers
in the absence of solvent. Furthermore, we also found that in solution the
self-assembly kinetics of miktoarm star polymers into cylindrical and
lamellar morphologies is completely different from the self-assembly kinetics
of linear block copolymers. The findings from the present study can be used
to tailor the film morphology of miktoarm star polymers, playing a leading
role in guiding the experimentalists for designing this class of materials for
different types of applications.

■ INTRODUCTION
Supramolecular self-assembly of 3D globular architectures, such
as star copolymers, dendrimers, and hyperbranched polymers,
offers a novel route for nanostructure synthesis. Nanostructures
formed by these materials display a variety of morphologies
including spherical, cylindrical, gyroid, and lamellar structures
depending on the conditions at which they are exposed.1−6

These structured phases can be used for a range of applications
including drug delivery,7−10 water purification technology,11,12

biocatalysis,13,14 imaging,15−17fuel cells,18−20 nanoelectronics,21

and capacitors.22

Miktoarm star polymer, hereafter referred as MSP, is a special
type of polymer with at least two distinct types of chains attached
to a common center.23 Due to their novel architectures, MSPs
can form nanostructures with emergent physical and chemical
properties which are different from the ones exhibited by their
linear counterparts. Multicompartment micelles, worm-like
micelles, and other interesting structures via the self-assembly
of ABC-type miktoarm star-like copolymers have been
successfully achieved.24−28 Several Janus structures have also
been constructed via microphase separation of miktoarm star
PS-b-PB-b-PMMA copolymers.29−34 Self-assembly driven nano-
structures of MSPs have shown to be highly dependent on the
arm length and solvent conditions.35−37 Coarse-grained
simulation studies have also shown that self-assembly behavior
in the bulk can be significantly affected by the number and length
of the arms of MSP.38−43

Several experimental, theoretical, and computational simu-
lation studies have shown that linear block copolymer systems,

hereafter referred as linear BCP, exhibit a number of ordered
phases depending on solvent quality, chain length, arm number,
and other thermodynamic conditions.44−49 For instance, it has
been shown that linear BCPs form different morphological
structures when χN > 10.5, where χ is the Flory−Huggins
interaction parameter between the blocks and N is the total
number of monomer beads in a chain.50,51 Different
morphologies of linear BCP systems can also be achieved by
controlling the annealing conditions.52−55 Solvent vapor
annealing (SVA) and direct immersion annealing (DIA) are
some of the annealing techniques that make use of selective
solvents and temperature.56,57

Furthermore, confining polymer thin films in a given
geometry causes significant deviations of their structural and
dynamical properties from their bulk phase behavior. It is
experimentally challenging to precisely reveal the in situ
morphological evolution of block copolymer films under the
combined effect of several parameters. Thus, computational
simulations that quantify morphological evolution and explain
dependence on numerous parameters are needed.
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The effect of polymer concentration, solvent quality, and
annealing time on the formation of different morphologies have
been investigated by several researchers.58,59 A number of
simulation studies of linear BCP thin films under swelling and
solvent evaporation condition have been conducted.60−62 We
have recently shown that the combined effect of confinement
and solvent quality on linear block copolymer morphology can
be used as a route for controlling the morphology of block
copolymer thin films.63 A similar investigation of miktoarm star
polymers under confinement and different solvent quality is,
however, missing to the best of our knowledge.
The main purpose of this work is to gain a fundamental

understanding of the effect of solvent quality and substrate
characteristics on final morphology, domain size, and ordering
(long- and short-range) in solvent swollen MSP thin films.
Furthermore, the results from this simulation study will be
compared with our recent results for linear BCP thin films.63 In
the current study, we expect to provide a general framework to
understand the structure of MSPs confined in between a flat
impenetrable substrate and a solvent vapor by performing
extensive molecular dynamics simulations using bead−spring
model of MSP thin films. Our goal is to guide the
experimentalists in choosing the solvent and substrate
combination to obtain desired MSP thin film morphology.
The rest of the paper is arranged as follows; section 2 deals with
simulation models used and details of our simulation; our
simulation results are presented and discussed in section 3 and
the conclusion from the present work is given in section 4.

■ SIMULATION MODEL AND DETAILS

Simulation Model. In this simulation study, a four arm
number referred as (An)2−C−(Bn)2 star polymer has been
considered. The central bead (C) and the beads of the two arms
(A) are considered as high swelling beads (referred hereafter as
HSB or type 3) whereas beads of the other two arms (B) are the
low swelling beads (referred hereafter as LSB or type 2) as
shown in Figure 1. In order to compare with our previous
simulation work of symmetric linear block copolymer of A20B20
in solution, the chain length of each arm in the present study is
10 coarse-grained beads long with 21 HSB beads (including the
central bead) and 20 LSB beads. Thus, the total number of beads
of the star polymer in the present study is 41. The total number

of star polymers taken for this simulation has been 1331, which
gives 54 571 total number of beads. The solvent referred
hereafter as SOL (or type 1) is modeled as single monomers
with a total number of 54872 beads, which corresponds to a
swelling ratio of SR ≈ 2 (defined as the ratio of the number of
solvent beads to the number of HSB beads).
FENE potential is used to calculate the bond interactions

between bonded beads. Furthermore, interactions between
different types of nonbonded beads are calculated by the
following 12−6 Lennard-Jones (LJ) potential:

σ σ
= ϵ − −U r
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whereU(rc) is a constant that guarantees the LJ potential energy
is continuous at the cutoff distance of rc, rij is the distance
between nonbonded beads i and j, ϵij is the depth of the potential
well, and σij is the finite distance between beads at which the
interparticle potential is zero and is set to 1 for all cases.
Interactions between nonbonded LSB andHSB beads are purely
repulsive with the cutoff radius rc = 21/6σ. List of parameters for
different cohesive and pairwise interactions between the beads
are given in Table 1. The cohesive interaction between HSB
beads is taken to be stronger than that of LSB beads, which
implies that the surface tension of LSB is smaller than HSB.63−68

The purpose of varying SOL-LSB interaction parameter (ϵ12),
while keeping the other interaction parameters fixed, is to study
solely the effect of quality of solvent on the morphology of the
simulated systems. The interaction potentials of all blocks with
the substrate are also modeled by the LJ potential model.63

However, the strength of interactions of different blocks with the
substrate varies depending on the wetting preference of the
substrate.69−75 An ϵ = 10 used for the substrate-HSB interaction
energy (see Table 1), corresponds to 25−42 kJ/mol76,77

implying that there is a strong hydrogen bonding interaction
between HSB block and the substrate. Solvent−substrate and
LSB-substrate pair interactions are considered to be purely
repulsive (see Table 1) to make the substrate strongly selective
to the swelling (HSB) block only.

Simulation Details. A detailed description about initial
system preparation is given in our previous work.63 For
completeness, we have provided the details of the initial film
preparation in the Supporting Information (SI). Note that in
experiments such as solvent vapor annealing (SVA),78,79 a block
polymer film is exposed to vapors of one or more solvents until it
is swollen and a mobile polymer film is formed. The other

Figure 1. Schematic representation of arm number 4 and arm length 10
MSP with two immiscible distinct blocks (HSB and LSB) of coarse-
grained beads. Blue beads and green beads represent HSB and LSB
blocks, respectively, throughout the manuscript.

Table 1. Interaction Parameter (ϵij) and Cutoff Radius (rc)
for Different Types of Bead Pairsa

pairs (ij) ϵij rc

SOL-SOL(11) 1.1 2.5
LSB-LSB(22) 0.9 2.5
HSB-HSB(33) 1.0 2.5
LSB-HSB(23) 1.0 1.12
SOL-HSB(13) 1.2 2.5
SOL-SUB (1 sub) 1.0 1.12
LSB-SUB(2 sub) 1.0 1.12
HSB-SUB(3 sub) 10.0 3.5

aϵ12 was made to vary from 0.75 to 1.10 with an increment of 0.05
keeping the rest of the interaction parameters constant.
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approach of swelling a block polymer film is to immerse the film
in a solvent mixture bath known as direct immersion annealing
(DIA). Both approaches involve diffusion of solvents into the
polymer film which, unfortunately, is computationally very
expensive to do the same in MD simulation.80 Because of that,
we avoid simulating the initial stage of the diffusion of solvents
into the film and instead we focus on understanding the effects of
solvent-block interaction and substrate after the film is swollen.
Furthermore, in both SVA and DIA experiments, a vapor phase
usually forms on top of the swollen block copolymer films and to
imitate this experimental condition we have added a 3σ vapor
region at the top of our polymer film as described in the SI. As
shown in Figure S2 of the SI, the equilibrated solvent density in
the vapor phase is almost the same for all cases.
Starting from the final state of film preparation, eight different

simulations corresponding to the eight different LSB-SOL
interaction parameters, ϵ12, were run in parallel using NVT
ensemble. All of the simulations were done using the LAMMPS
simulation package.81 The equations of motion were integrated
by using a velocity-Verlet algorithm with a time step of Δt =

0.008τ, where τ σ= ϵ( )m 1/2
. Each of the simulations was run for

at least 4.8 × 105τ (or 6 × 107 time steps) at constant
temperature T = 1ϵ/kB using the Langevin thermostat.

■ RESULTS AND DISCUSSION
In this section, the dependence of different properties of
simulated MSP systems on the relative solvent-block inter-
actions is discussed. Those properties include kinetics of
molecular rearrangement, final morphology and molecular
level spatial configuration of chains. Moreover, we also discuss
the effect of substrate interaction parameter on selective
segregation of blocks throughout the film.
We systematically address the effect of solvent quality through

LSB-SOL interaction parameter, ϵ12, on the equilibrated
morphology and kinetics of MSP films. To do so, ϵ12 has been
made to vary from 0.75 (poor solvent condition) to 1.1 (good
solvent condition) with an increment of 0.05 keeping the HSB-
SOL interaction, ϵ13, constant (see Table 1). Based on Table 1,
ϵ12 = 0.9 corresponds to neutral (theta) solvent condition for the
LSB block. Hereafter, poor solvent condition in general will refer
to ϵ12 < 0.9 and good solvent condition will refer to ϵ12 > 0.9.
The surface tensions of HSB and LSB are different such that

LSB has a lower surface tension and is expected to wet the free-
side (top) of the film in the absence of solvent. The substrate is
modeled to be selective to the HSB block. In the absence of
solvent, the difference in surface tension between the two blocks
combined with the selectivity of the substrate to the HSB block
is expected to result in a lamellar morphology with asymmetric
wetting where the LSB block wets the free-side and the HSB
block wets the substrate. The strength of the LSB-SOL
interaction will affect the wetting behavior of the LSB block
on the free-side in addition to significantly changing the
morphology of the whole film.
In order to understand the effect of solvent quality on the

kinetics and equilibrium film morphology, we first investigated
the time evolution of the two extreme cases of LSB-SOL
interaction parameter used in the present simulation work, ϵ12 =
0.75 (poor solvent) and 1.1 (good solvent), shown in Figure 2.
As it can be clearly noticed from the snapshots shown in Figure
2, microphase-separated films evolve as a function of time.While
major morphological changes occur quickly during the initial
softening stage of the blocks, cylindrical (poor solvent

condition) and lamellar (good solvent condition) morphologies
are clearly observed at time t ≈ 12 × 104τ and 48 × 104τ,
respectively (see also Figure 4).
To have deeper visual inspection in the region of

morphological transition, from cylindrical to lamellar, snapshots
containing only LSB blocks as the solvent quality changes from
poor to neutral and then to good solvent conditions are shown in
Figure 3. The transition seems to be a direct transition from

cylindrical to lamellar morphologies without having frustrated
gyroidal intermediate morphological state at neutral solvent
condition that was observed in our recent work for linear BCP
films.63 The state at ϵ12 = 0.90 (neutral solvent) is in ametastable
state since running the simulation much longer than the other
cases, 1.2 × 106τ, brought it close to lamellar morphology as
shown in Figure 3. As such, the morphology of MSP films, of the
type of architecture investigated in the present study, change
from cylindrical to lamellar morphology as the quality of solvent
for one of the blocks change from poor to good solvent while the
solvent is kept as a good solvent for the other block. While
solvent induced morphological transitions in linear BCP films
have been observed in simulations and experiment,63,72 we are
not aware of any simulation or experimental work, to the best of
our knowledge, predicting the same for MSP films.
Additional information can be gleaned by calculating the

density of the blocks and solvent in the direction normal to the
substrate. Figure 4 illustrates the number density profile of LSB
beads calculated using eq 2 as the function of the distance along
the direction normal to the substrate (z-direction) at different
time values in the duration of the simulations. The number
density is defined as

Figure 2. Snapshots showing time evolution of solvent swollenMSP for
ϵ12 = 0.75 (top row) and ϵ12 = 1.1 (bottom row). Solvent beads are not
shown for clarity.

Figure 3. Equilibrated snapshots showing only the LSB blocks in the
region of transition from cylindrical to lamellar morphology as solvent
quality changes from poor to neutral and then to good solvent
conditions.
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=
n
V

density z

z (2)

where, δ= ∑ − · ̂n z r z( )z i i is the number of beads (HSB, LSB
or SOL) in a given slab of thickness Δ at a distance z from the
surface of the substrate.Vz = LxLyΔ is the volume of the slab with
Lx and Ly the simulation box dimensions in the x- and y-
directions, respectively. The effect of the substrate and the vapor
in contact with the film play an important role in controlling the
kinetics of the microphase separation process. While the density
peaks close to the substrate attain their equilibrium value very
fast, the density peaks close to the vapor phase take a much
longer time to equilibrate especially for the cylindrical case (see
Figure 4). The kinetics of equilibration for the cylindrical
morphology is much slower and takes at least t ≈ 48 × 104τ as
shown in Figure 4A. On the other hand, the time evolution of the
lamellar morphology is faster compared to cylindrical
morphology and equilibrates within a short time of t ≈ 12 ×
104τ. This result is completely opposite to what we and others
observed through simulation and experiment for the case of
linear BCP thin films where it takes much longer time to form
lamellar morphology than cylindrical morphology of linear BCP
thin films in solution.63,82,83 From our earlier work,63 the
cylindrical morphology in linear thin BCP thin films equilibrated
in a much shorter time of t ≈ 5 × 103τ while the lamellar
morphology equilibrated within t≈ 12× 104τwhich is similar to
the MSP case (see Figure S3 in the SI). We thus conclude that
the kinetics of equilibration of cylindrical morphology in MSP
films is at least an order of magnitude slower than the kinetics of

equilibration of cylindrical morphology in linear BCP films.
Though it is computationally very expensive, it will be
interesting to check in the future if this observation will hold
true at higher molecular weights as well.
While the substrate is completely covered by the HSB beads

for all cases, the composition of the layer of the film in contact
with the vapor phase depends on the LSB-SOL interaction (ϵ12)
strength. The fraction of the LSB beads in that layer increases
monotonically with increase in solvent quality, ϵ12, and almost
completely covers the layer at the highest good solvent
condition we simulated, ϵ12 = 1.10 (see Figure 5). The same
result has been observed in our recent investigation of linear
block copolymer films.63 Furthermore, the thickness of the free-
surface wetting layer is approximately half-lamellae thick which
was also observed in direct solvent immersion annealing.84

Given that the LSB block has to completely wet the free surface
in the absence of solvent since it has lower surface tension than
the HSB block, the fractional distribution of the LSB block in the
presence of solvent can be quantified following our recent
approach using the following relative interaction parameter:63

β =
ϵ − ϵ

ϵij
jj ij

jj (3)

where j refers to block LSB or HSB and i represents solvent. The
βij for all solvent interactions are tabulated in Table 2.When βij <
0, the solvent is a good solvent for that block. However, the
relative value of β12 and β13 determines the fraction of the blocks
in the topmost layer of the film and is completely covered by the

Figure 4. Low swelling block (LSB) number density profiles at different simulation times for ϵ12 = 0.75 (A) and ϵ12 = 1.10 (B) as a function of distance
from the substrate.

Figure 5. Final equilibrium morphology of MSP films: LSB (yellow) and HSB (blue) for different values of ϵ12.
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LSB block when β12 < β13 which is the case for ϵ12 = 1.1 (see
Figure 5).
The morphology of the film away from the substrate and the

free surface should be closer to its bulk morphology. Classically,
themorphology of block copolymers is controlled by the volume
fraction of the various blocks. In the present study, we have a
symmetric MSP block copolymer and in the absence of solvent
should form a lamellar morphology. The solvent thus plays the
role of virtually changing the volume fraction of the two blocks.
Two dimensional snapshots of equilibrated morphologies of
MSP films (including solvent) for poor solvent and good solvent
conditions are shown in Figure 6. From Figure 6 (poor solvent

condition), it is clear that the solvent beads are abundant only
within the regions occupied by HSB beads since they prefer to
interact with themselves and HSB beads at these energetic
conditions. Our observation is that for poor solvent condition,
the volume fraction of HSB ( fHSB) is dominant over that of LSB
( f LSB), which leads to the cylindrical arrangement of LSB beads
as shown in Figure 5. Furthermore, the quantitative description
of the volume fraction can be explained using eq 4

=
+ −f

V V

Vj
j jSOL

total (4)

where, j is either LSB or HSB, Vj is the volume of block j (LSB or
HSB), VSOL−j is the volume of solvent retained in block j and
Vtotal is the total volume (VLSB + VHSB + VSOL). From visual
inspection of Figure 6 (top panel) almost all the solvent is
retained in the HSB domain, unlike LSB domain containing
nearly no solvent. This ends up with the volume fraction of LSB
and HSB to be f LSB ≈ 0.25 and f HSB ≈ 0.75, respectively. This
value of f LSB has been predicted theoretically for the cylindrical
morphology of block copolymer films.85

The alignment of cylindrical LSB rods can be determined by
lower surface energy of LSB, preferential wetting of HSB on the
substrate and limited film size. This phenomena is in agreement

with the experimental findings where the preferential alignment
of cylindrical and lamellar morphologies can be driven by
substrate and free interface interactions.86,87 From Figure 6, it is
apparently evident that at smaller value of ϵ12 (poor solvent)
almost no solvent is contained within the domain of LSB; on the
other hand for good solvent condition the solvent beads are
uniformly distributed throughout the film resulting in lamellar
morphology. The other clear observation from Figure 6 (left
panel) is that the first layers of LSB cylinders near the substrate
are compressed in the lateral direction compared to those far
from the substrate. For ϵ12 = 0.85 (i.e., increased solvent quality
but still poor solvent condition) the first layer of cylinders have
been connected to each other along the xy-plane of the surface
becoming a single lamellar layer (see Figure 3A). This can be
attributed to the compression of the cylinders in the lateral
direction and the increase of solvent fraction in the LSB domain
due to the increase in solvent quality.
To get a better understanding of the distribution of solvent in

the LSB and HSB domains, the number density profile of the
different types of beads (SOL, HSB, and LSB) at different values
of ϵ12 is computed using eq 2, and the results are shown in Figure
7. Two different kinds of density profiles are shown for the

cylindrical morphology cases (ϵ12 = 0.75) to clearly illustrate the
distribution of the solvent in the blocks (Figure 7A) and also the
distribution of the different beads with respect to the substrate
(Figure 7B). A cylindrical coordinate system centered on the
principal axis of each of the LSB cylinders was used for
generating Figure 7A. In this particular case, r is the distance
from the principal axis of each cylinder and a cylindrical shell of
thicknessΔ with shell volume of Vr = πLcΔ(2r +Δ) was used in
determining the number density using eq 2, where Lc is the
length of the cylinders. The density of solvent in the region of
LSB domain is very small (Figure 7A), which results in
cylindrical morphology but is uniformly distributed through out
the film at ϵ12 = 1.10 (Figure 7D), resulting in lamellar

Table 2. Relative Interaction Parameter (βij) for Different
Interaction Parameters (ϵij)

pairs (ij) ϵij βij

SOL-LSB(12) 0.75 0.17
SOL-LSB(12) 0.80 0.11
SOL-LSB(12) 0.85 0.06
SOL-LSB(12) 0.90 0.00
SOL-LSB(12) 0.95 −0.06
SOL-LSB(12) 1.00 −0.11
SOL-LSB(12) 1.05 −0.17
SOL-LSB(12) 1.1 −0.22
SOL-HSB(13) 1.2 −0.20

Figure 6. Final equilibrium morphology of the MSP films: LSB
(yellow), HSB (blue) and SOL (red) for ϵ12 = 0.75 and ϵ12 = 1.10.

Figure 7. Number density profile of HSB, LSB, and SOL beads for
different values of ϵ12 (see legends; A) as a function of distance from the
principal axis of the LSB cylinders and (B−D) as a function of distance
from the substrate surface.
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morphology. Though both LSB and HSB blocks are swollen by
the solvent at ϵ12 = 0.95, the HSB domain is more swollen, by
about 30%, resulting in asymmetric domain size in the lamellar
morphology.
The number density profiles with respect to the substrate

surface (Figure 7B,D) display several interesting features. The
HSB layer near the substrate for all cases is characterized by a
solvent-free HSB monolayer adjacent to a swollen HSB domain
due to the fact that the substrate is highly selective to the HSB
block but repulsive to solvent and LSB block. Above this first
layer, ordered patterns of alternating domains, which are
preferably filled by beads of the same type, emerge. Information
about domain size and interfacial width can be directly
determined from these ordered patterns for the case of lamellar
morphology (good solvent conditions) and is discussed later in
this section. Furthermore, from Figure 7, the density profile of
the solvent shows several interesting behaviors: (1) relatively
low solvent density is observed in the LSB domain for ϵ12 < 1.10,
(2) almost uniform solvent density distribution for ϵ12 = 1.10,
but (3) slightly higher solvent density at the interface of HSB
and LSB domains for ϵ12 = 1.10 to minimize the repulsion
between LSB and HSB blocks at the interface. Our third
observation is further validated by comparing the solvent density
in the different domains from three independent runs and is
shown in Figure S4 of the SI. Interestingly, we also observe a
similar behavior in linear BCP films as also shown in the same
figure.
The density profiles as a function of the distance from the

substrate (Figure 7B,D) are informative in explaining how the
phase transition from cylindrical to lamellar morphology takes
place as the solvent quality changes from poor to good
condition. The z distance values at which LSB density profiles
attain their respective peaks for cylindrical morphology (Figure
7B) are also the location of themiddle of the LSB domains in the
lamellar morphology. For instance, LSB distribution peaks are
observed at z ≈ 5σ, 20σ, 35σ, and 50σ for the cylindrical
morphologies, shown in Figure 7B, which also correspond to the
locations of the middle of the LSB domains in Figure 7C,D. Our
observation is that as the quality of solvent increases, the
cylindrical morphologies at those peak locations deform into
elliptic cylinders with their larger radius parallel to the substrate
and finally evolves to a lamellar morphology in a good solvent.
As discussed above, morphological transition from cylindrical

to lamellar as the result of change in quality of solvent has been
observed. In addition to transitions from one domain shape to
the other, there seems to be change in the size (layer thickness in
lamella and diameter in cylinder) of the domain shapes as the
functions of solvent quality (ϵ12). The domain size was
calculated from their number density and by using ImageJ
software.88 The time evolution of the domain size and its
variation with solvent quality are shown in Figure 8. In order to
see the effect of molecular architecture on the domain size, we
recalculated the sizes of cylindrical and lamellar domains of the
linear BCP thin films reported in our previous work63 and
compared them with those of MSP thin films.
In Figure 8A, we plotted ensemble average size (denoted as R

in units of σ) of lamella and cylinders of the LSB domains for ϵ12
= 1.10 and ϵ12 = 0.75 from three independent runs. From the
figure, it is clearly evident that the thickness of the LSB domains
in the lamellar morphology and the diameter of the LSB
domains in the cylindrical morphology initially decreased with
time before a steady-state value was reached about t≈ 12 × 104τ
and 48 × 104τ for lamellar and cylindrical morphologies,

respectively. As pointed out earlier, based on Figure 4, the
cylindrical morphology took much longer time than the lamellar
morphology to reach to a steady state. The steady state values of
the thickness or diameter of the LSB domains as a function of
solvent quality (ϵ12) are shown in Figure 8B for both MSP and
BCP thin films. From this figure, two simple and clear
information can be grabbed. First, after transitioning from
cylindrical to lamellar morphology at ϵ12 = 0.9 (which is a neutral
solvent condition), the thickness of the LSB domains increases
with increase in solvent quality. Second, the LSB domain sizes
for MSP thin films are smaller than that of BCP thin films of
same molecular weight. This makes the MSP films more
attractive for achieving smaller domain sizes than their linear
BCP counterparts.
In addition to analyzing domain sizes, it is also essential to

reveal how the variation of solvent quality affects the state of
individual chains. Sample snapshots of MSP thin films in poor
solvent and good solvent conditions with magnified individual
chains in different domain regions are shown in Figure 9. Several

different chain confirmations, including stretching and folding
are observed in both cylindrical and lamellar morphologies
similar to what we observed in linear BCP thin films.63

While loop and bridge chain conformations have been
observed in miktoarms with diblock arms89 and also triblock
copolymers,90 we only observe loop conformations for the type
of miktoarms studied here (see Figure 1). Furthermore, several
studies91−93 have shown that changing the sequence on the

Figure 8. (A) Time evolution of LSB domain size (diameter for
cylinder morphology and domain thickness for lamellar morphology)
and (B) comparison between the domain sizes in linear BCP and MSP
thin films as a function of ϵ12 where DMSP and DBCP refer to cylinder
diameter in MSP and linear BCP films, respectively, and LMSP and LBCP
refer to LSB lamellar domain size in MSP and linear BCP films,
respectively. The error bars in (A) were generated from three
independent runs while the error bars in (B) were generated from
block average with 8 × 103τ block time interval.

Figure 9.Representative snapshots with some of the chain magnified to
show the conformation of the chains in the cylindrical (A) and lamellar
(B) morphology.
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monomer length scale (such as tapers) instead of abrupt changes
at the block junctions affects the chain conformation
significantly. Therefore, in the future, it will be interesting to
investigate the effect of tapers in the chain conformation and
dynamics of miktoarm copolymers.
More detailed information about chain conformation can be

extracted from the dependence of the radius of gyration of the
chains and the stretching of the arms of the miktoarm chains on
quality of solvent. The squared end-to-center distance (r2) of the
LSB and HSB arms with respect to the central bid of a miktoarm
chain and the squared radius of gyration (Rg

2) of a miktoarm
chain for all chains were computed in poor and good solvent
conditions. Chains adsorbed to the substrate were excluded in
both r2 and Rg

2 calculations since they show a different structure
and dynamics than the rest of the chains in the film. The
number-averaged Rg

2 as a function of time (starting from t = 0τ)
for different solvent quality is shown in Figure 10A. For all

solvent conditions, the figure shows that the Rg
2 values converge

to their asymptotic values within 105τ and the chains are slightly
stretched in poor solvent (cylindrical morphology) conditions
than in good solvent (lamellar morphology) conditions. The Rg

2

distributions shown in Figure 10B clearly show two separated
distributions where the distributions for poor solvent conditions
are shifted toward larger Rg

2 values. Furthermore, the r2

distributions shown in Figure 10C (for HSB arms) and Figure
10D (for LSB arms) confirm that the stretching of the chains in
cylindrical morphology is due to the stretching of the HSB arms
that are apparently in the majority phase due to swelling by the
solvent.
The three eigenvalues of the Rg

2 tensor shown in Figure S5 of
the SI as a function of time further indicate that the chains are in
a highly anisotropic conformation in both poor and good solvent
conditions. To get a deeper insight into the conformation of the
chains, we computed the squared end-to-end distance
distribution between the end beads of the four arms resulting
in three different types of distributions as depicted in Figure S6:
(1) between LSB arms (rLSB,LSB

2), (2) between HSB arms
(rHSB,HSB

2), and between LSB and HSB arms (rLSB,HSB
2). It is

clear from the figure that the average distance between end
beads of identical arms (Figure 11A and 11B) is smaller than the
average distance between end beads of nonidentical arms
(Figure 11C) resulting in the highly anisotropic conformation of
the chains. Furthermore, average rLSB,LSB

2 (Figure 11A) is
smaller than average rHSB,HSB

2 (Figure 11B) in poor solvent
condition (cylindrical morphology) implying that the LSB arms
in the cylinder domain are packed close to each other while the
HSB arms in the majority domain are relatively spread out.
When put together, the large width observed in the distribution
of the Rg

2 and in all the different types of end-to-end distance
distributions confirm the possibility of having different kinds of
chain conformations in the form of stretching and folding across
the interfaces as shown in Figure 9. The chains adsorbed on the
substrate show a limited number of conformations since the
HSB blocks lie completely flat on the substrate.
We have demonstrated that by varying solvent quality the

morphology of MSP films can be controlled. Transitions from
one morphological state to the other are the cumulative results
of molecular scale reordering of each block of polymer chains
and the effect of confining wall. Furthermore, distribution of
chain end and central beads of the polymer chains could be
affected by the variation of quality of solvent. We have analyzed
the distribution of central beads as a function of distance from
the substrate along the z-direction for good solvent condition
and as the function of distance from the principal axis of the
cylinders for poor solvent condition.We expect the central beads
to be highly populated at the HSB-LSB interfaces for all cases. It
is unlikely to find large population of central beads within a

Figure 10. (A) Radius of gyration as a function of time starting from t =
0τ for different solvent quality conditions. (B) The probability
distribution of radius of gyration for different solvent quality conditions.
Note that the distribution curves overlap for ϵ ≥ 0.9 (all good solvent
conditions). Panels C and D are probability distribution of the squared
end-to-center distance of the HSB and LSB arms, respectively, for
different solvent quality conditions.

Figure 11.Distribution of the squared end-to-end distance between the end beads of (A) the two LSB arms, (B) the two HSB arms, and (C) between
the LSB and HSB arms.
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cylinder or within a lamellae as it violates the repulsive nature of
interaction betweenHSB and LSB beads. This is visually verified
in top row of Figure 12 where the magenta colored beads are the

central beads. Also the bottom row of Figure 12 displays the
density distribution profile of HSB, LSB, and central beads
versus the radial distance from the center of cylinder (Figure
12C) and vertical distance from the substrate (Figure 12D). As
hypothesized above, the density of the central beads is nonzero
only at the HSB-LSB interfaces.
Furthermore, a very interesting behavior can be observed

from the radial distribution function, g(r), of the central beads
for different solvent quality conditions as shown in Figure 13A.
The g(r) of the central beads exhibit similar behavior for all
solvent quality conditions with same first peak location
indicating that the location of the nearest neighbor central
beads is the same in all morphologies. There is, however, a
decrease in the height of the first peak of g(r) as the quality of
solvent increases, an indication of a decrease in short-range

order due to more and more solvent diffusing into the LSB
domain, and the location of the second and third nearest
neighbors aremoved to a lesser value for the case of good solvent
conditions that result in lamellar morphology.
The temporal evolution of g(r) shown in Figure 13B,C for

poor solvent and good solvent conditions, respectively, shows
very interesting features. In both poor and good solvent
conditions, the g(r) shows an ordered structure within a short
time scale of ∼104τ, then the peak of the first nearest neighbor
increases with time, and also the location of the second and third
peaks slowly shift to the right with time. The locations of the g(r)
peaks in poor solvent condition and in early times actually
overlap with the final locations of the g(r) peaks in good solvent
condition (see Figure S7 in the SI). This seems to indicate that
the central beads quickly rearrange in positions that are much
faster to form lamellar morphology than cylindrical morphology
as confirmed earlier.
However, close inspection of the g(r) in both poor and good

solvent conditions indicate that the central beads g(r) is already
equilibrated at a much earlier time than the 48 × 104τ and 12 ×
104τ needed to form an equilibrated morphology in poor and
good solvent conditions, respectively, inferred from the density
plot shown in Figure 4. The g(r) results clearly tell us that most
of the time is spent in rearranging the blocks in their respective
domains once the central beads are very close to their
equilibrium position (see the small change in g(r) between 12
× 104τ and 48 × 104τ in poor solvent condition and between 3.2
× 104τ and 12× 104τ in good solvent conditions. Also confirmed
by the two additional simulations done for each of the two
cases). The g(r) results for the linear BCP cases shown in Figure
S8 of the SI also agree with this last observation and clearly
shows that the cylindrical morphology equilibrates much faster
than all the other cases.
Though the change in morphology from cylindrical to

lamellar and vice versa is significant, the g(r) results indicate
that the central beads do not need to make significant
readjustments in their packing during the transition of the
polymer film from one morphology to another.
In order to gain further insight into the kinetics of

morphological formation, we computed the mean-square
displacement (MSD) of the center-of-mass of the chains during
the early stages of morphological formation and also after a
stable morphology is formed. The three orthogonal components
of the MSD were calculated separately using the expression
below:

= ⟨[ − ] ⟩α α αr t rMSD ( ) (0)i i, ,
2

(5)

Figure 12. Panels A and B are snapshots showing the distribution of
central beads with magenta color in cylindrical and lamellar
morphology, respectively. Panels C and D are the number density
profiles of HSB, LSB and central beads as a function of distance from
the principal axis of the LSB cylinders in poor solvent condition (ϵ12 =
0.75) and as a function of distance from the surface of the substrate
located at z = 0 in good solvent condition (ϵ12 = 1.10), respectively. The
actual number density of central beads for both lamellar and cylindrical
distributions are multiplied by 20 and 5, respectively, to make them
appear on the same scale of HSB and LSB densities.

Figure 13. (A) Radial distribution of the central beads for different solvent quality conditions. (B and C) Temporal evolution of g(r) in poor and good
solvent condition, respectively.
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where α = x, y, or z, ri,α(t) is the α center-of-mass position of the
ith chain at time t, and ⟨···⟩ denotes the average for all chains. In
time-averaged MSD calculations, usually computed after a
system is equilibrated, ⟨···⟩ also denotes average for all time
origins available within the simulation.
Figure 14A,C shows the nontime-averaged MSD with respect

to the position of the chains at t = 0τ in poor solvent and good
solvent conditions, respectively. In both cases the dynamics in
the perpendicular direction (MSDz) quickly slows down while
the dynamics in the parallel directions (MSDx and MSDy) show
diffusive behavior. It is important to note that the principal axis
of the cylindrical morphology, after it is stable, is in the y-
direction and the lamellar morphology is in the parallel
direction. Hence, the center-of-mass of the chains are already
in their equilibrium z-position within a short time of ∼2 × 104τ
in good solvent condition (MSDz is constant beyond that time)
while the chains in poor solvent condition are still moving in all
directions. As already inferred from the g(r) data above, the
MSD data also confirms that most of the chains quickly move
into their morphological domain region, but then take
comparatively long time for the blocks to pack and form a
stable domain region. Once a stable morphology is formed, the
chains motion is restricted within the domain as shown by the
time-averaged MSD in Figure 14B for poor solvent condition
(themotion of the chains is mostly constrained in the y-direction
that is in the principal axis of the cylinders) and in Figure 14D for
good solvent condition (the motion of the chains is constrained
in the parallel direction with very little motion in the
perpendicular direction).

■ CONCLUSIONS

The effects of solvent quality and substrate-block interactions on
the morphological state of miktoarm star polymer (MSP) films
were investigated by using coarse-grained molecular dynamics

simulation of a bead−spring model. Varying the solvent-block
relative interaction parameter significantly affected themorphol-
ogy of the simulated systems. The spacial distribution of the
solvent beads within the simulation box has also been highly
influenced by those factors. In particular, in the present work,
systematically changing the interaction strength between one
block of the MSP and the solvent, while keeping the remaining
different types of interaction parameters constant, resulted in a
morphological transition from lamellar to cylindrical morphol-
ogy for a system which is inherently lamellar in the absence of
solvent. These morphological transitions are somehow directly
linked to the unbalanced distribution of solvent beads
throughout the film causing one block to behave like a minority
phase and form a cylindrical morphology. The time taken to
obtain a well ordered structure of the blocks into a cylindrical
morphology was found to be much slower than the time taken to
obtain ordered blocks into a lamellar morphology. In general,
the simulated result showed that the kinetics of MSP thin film is
much slower than that of linear block copolymer (BCP) thin
films and the calculated sizes of LSB domains (diameters of
cylinders in cylindrical morphology and thicknesses of lamellae
in lamellar morphology) of MSP systems are significantly
smaller than those of linear BCP of comparable molecular
weight. It will be interesting, in future work, to examine the effect
of evaporating the solvent on the final morphology of the MSP
films studied in here.
The (A10)2−C−(B10)2 MSP system investigated in detail in

the present study could represent a wider range of polyphilic
polymeric materials in which separate building blocks with
different types of interaction sites are combined. Solvent and
substrate induced submolecular partitioning and ordering
enhancement in these materials create the opportunity to self-
assemble into well-defined nanostructures for different potential
applications. The coarse-grained simulation strategy presented
here can be used as an inspiration toward further simulation and

Figure 14. Panels A and C are nontime averaged mean-square displacements of the center-of-mass of MSP chains in poor and good solvent condition,
respectively. Panels B and D are time-averaged mean-square displacements of the center-of-mass of MSP chains in poor and good solvent conditions,
respectively. MSDx, MSDy, and MSDz represent the components of the mean-square displacement in x-, y-, and z-direction, respectively.
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experimental studies of MSP systems in a variety of substrates
where different architectures and large system sizes ofMSPsmay
offer a strong tool for the design of experiments.
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