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Inhomogeneity of block copolymers at the interface of an immiscible polymer blend
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We present the effects of structure and stiffness of block copolymers on the interfacial properties of an
immiscible homopolymer blend. Diblock and two-arm grafted copolymers with variation in stiffness are modeled
using coarse-grained molecular dynamics to compare the compatibilization efficiency, i.e., reduction of interfacial
tension. Overall, grafted copolymers are located more compactly at the interface and show better compatibilization
efficiency than diblock copolymers. In addition, an increase in the stiffness for one of the blocks of the diblock
copolymers causes unusual inhomogeneous interfacial coverage due to bundle formation. However, an increase in
the stiffness for one of blocks of the grafted copolymers prevents the bundle formation due to the branched chain.
As a result, homogeneous interfacial coverage of homopolymer blends is realized with significant reduction
of interfacial tension which makes grafted copolymer a better candidate for the compatibilizer of immiscible
homopolymer blend.
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I. INTRODUCTION

Polymer blends are generally used to tailor and provide
superior properties that may not be obtained from single
polymers. For example, blending the electron donor and
acceptor polymers improves the energy conversion efficiency
and carrier collection efficiency of organic photovoltaic cells
[1–5], and blends of polystyrene and Acrylonitrile-Butadiene-
Styrene show enhanced Young’s modulus and tensile strength
[6]. Most homopolymer blends are incompatible due to low
mixing entropy originating from the high molecular weights of
the polymers resulting in macrophase separation of homopoly-
mers [7–11]. Furthermore, minimizing unfavorable interaction
energy from the interface of macrophase separated homopoly-
mers results in poor mechanical properties due to weak
interfacial adhesion [1]. The copolymers, which have affinity
to both homopolymers, is used to stabilize the homopolymer
blends by regulating the interfacial properties [1,7,12–17]. The
effects of interplay between homopolymer blends and diblock
copolymers as a compatibilizer on the thermodynamic and
local structural properties at the interface have already been
studied experimentally [13,18] and computationally [9,12,14–
17,19]. Previous studies on the effect of copolymer structure
on the interfacial properties of polymer blends have been
conducted using the numerical self-consistent field theory
[12,16,17,20–22], which can be accurate in the limit of infinite
chain length. The recent experimental study on the compatibi-
lization efficiency between diblock and grafted copolymers,
which have relatively short finite chain length, in organic
photovoltaic cells, showed that grafted copolymer is a better
compatibilizer [1]. In addition, semiflexible copolymers which
contain π -conjugated polymer blocks are widely used for
regulating the interfacial properties of polymer blend systems
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in manufacturing organic thin-film transistor [23] and bulk het-
erojunction photovoltaic cells [1–3]. In this manner, systematic
theoretical study of short copolymers as compatibilizer with
various structures and stiffness of chain is required to elucidate
the interfacial properties of homopolymer blends.

In this article, we investigated how the interfacial properties
of polymer blends are affected by the structure and the subchain
stiffness of the copolymer compatibilizer using coarse-grained
molecular dynamics. For simulating the polymer blend as in
the experimental study [1], two types [A and B beads from
Figs. 1(a) and 1(b)] of comparatively short homopolymers
(Nhomo � 30) were used to compose the blend, were Nhomo

is the number of beads in a homopolymer. The number density
was set to ρ = 0.85σ−3, which is the typical value for a
polymer melt simulation [24–27], where ρ is the number
density of system. Molecular dynamics simulation is used in
this study to investigate the intermolecular correlations and the
interfacial fluctuations [24,26,28]. In addition, to investigate
the unusual behaviors of semiflexible copolymers near the
interface [29–31], we focus on how the interfacial properties
of a binary blend system changes with the subchain stiffness
of copolymers.

II. SIMULATION METHODS

The Kremer–Grest bead-spring model is used to con-
struct the coarse-grained polymer system [24–27,32,33]. The
nonbonded interaction potential U

ij

WCA(r), i,j = {A,B}, be-
tween A bead and B bead is expressed as the truncated
and purely repulsive Lennard–Jones potential, namely the
Weeks–Chandler–Andersen (WCA) potential, [34] shown as
follows:

U
ij

WCA(r) = 4εij [(σij /r)12 − (σij /r)6 + 1/4], (1)

where the cutoff radius is rc = 21/6σ with U
ij

WCA(r) = 0 for
r > rc, and σij and εij are the parameters for the bead diameter
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FIG. 1. The images of (a) A homopolymer, (b) B homopolymer,
(c) diblock copolymer, and (d) two-arm grafted copolymer. A/B
homopolymers are modeled by connecting 30 A beads and 30 B
beads, respectively. The diblock copolymer is described by linearly
connected 10 A beads and 10 B beads and the grafted copolymer is
modeled with two B blocks, which are composed of 5 B beads, grafted
on the third and eighth beads along the backbone chain consisting of
10 beads of type A.

and the energy between the ith bead and the j th bead; i,j =
{A,B}. The neighboring beads are connected by the bonding
potential, i.e., the finitely extensible nonlinear elastic (FENE)
potential UFENE(r).

UFENE(r) = −0.5kbR
2
0ln[1 − (r/R0)2], (2)

with kb = 30εσ−2 and R0 = 1.5σ to make the chain cross-
ing energetically infeasible and provide equilibrium length
〈l〉 ∼ 0.97σ . Two types of copolymers, diblock and two-arm
grafted copolymers, are used to compare the compatibilization
efficiency in the immiscible homopolymer blends, which is
the amount of interfacial tension reduction. In this particular
study, we only considered copolymers with symmetric volume
fraction of A and B. The diblock copolymer is described by
linearly connecting 10 A beads and 10 B beads as shown in
Fig. 1(c). Two-arm grafted copolymer is modeled by grafting
two branch chains, which are composed of 5 beads of type
B, connected on the third and eighth beads of the linearly
connected backbone chain consisting of 10 A beads as shown
in Fig. 1(d). In addition to the elastic potential between
neighboring beads, we implemented additional harmonic angle
potential UAngle(θ ) to the stiff subchain block consisting of A
beads (SubA) defined as

UAngle(θ ) = kθ (θ − θ0)2, (3)

where θ0 = 180◦ and chose kθ = 0, 20, 70, and 100 ε/rad2

based on the Flory characteristic ratio C∞, which has larger
values as the polymer chain becomes stiffer. The values of C∞
corresponding to kθ are numerically calculated using C∞ =
(1 + 〈cosθ〉)/(1 − 〈cosθ〉) [32]. The kθ values correspond to
C∞ = 1.75, 80.34, 280.36, and 400.33, respectively. Interac-
tion parameters and bead diameters for WCA potential [34] are
set to εAA = εBB = ε and σAA = σBB = σAB = σ respectively.

To implement the excessive energy between different types
of beads, we introduced ε̃ = εAB − 0.5(εAA + εBB), which is
similar to the Flory–Huggins parameter χ , to describe the
strength of incompatibility between the A and B beads [24,26].
We choose ε̃ = 9ε to simulate a strongly segregated system.
The fundamental unit of time is τ = σ (m/σ )1/2, where m is the
mass of a bead. All quantities are expressed by a combination
of m, σ , and ε. All simulations are performed using the large-
scale atomic/molecular massive parallel simulator (LAMMPS)
molecular dynamics package [35].

The initial configuration of a homopolymer blends is con-
structed by attaching two different types of monodispersed
homopolymer melts with unfavorable excess energy ε̃ = 9ε.
The monodisperse homopolymer melts, which are composed
of Mhomo chains consisting of Nhomo beads, are obtained by
using the method suggested by Auhl et al. [32]. The Nhomo is
set to 30 with Nhomo, A = Nhomo, B = Nhomo and Mhomo = 355,
thus the system contains Mhomo × (Nhomo, A + Nhomo, B) =
355 × (30 + 30) = 21300 beads. After the initial configura-
tion is obtained, copolymers are inserted into the interface of
the homopolymer blend. The number of copolymers at the
interface Mco is increased in steps of 3 from 0 to 105 with
simultaneous removal of homopolymers, which are arbitrar-
ily chosen, with Mhomo = 355 − (2/3)Mco, where Mhomo =
Mhomo,A = Mhomo,B to maintain the total number of beads.
After the initial configurations of the homopolymer blend
with a different number of copolymers are obtained, the
NPAT simulations which are suitable to evaluate interfacial
tension γ = f (P,T ) with consideration of the anisotropy of
the interfacial system [28] are performed, where N is the total
number of beads, P is the pressure, A is the interfacial area,
and T is the temperature of the system. Periodic boundary
condition to all three directions is applied. In this particular
system, we fixed the dimension of the x and y directions (Axy =
Lx × Ly = 23.3σ × 23.3σ ) and the pressure in the z direction
toPz = 5εσ−3 with variable box lengthLz to adjust the number
density ρ to be near 0.85σ−3, which is the melt condition
of the polymer simulation [24–27] by applying Berendsen
barostat [36]. The temperature was kept at T = 1.0ε/kB using
a Langevin thermostat with a frictional coefficient 
 = 0.5τ−1

[25,33]. The simulations were performed for 5 × 106�t with
time step �t = 0.01τ to equilibrate the systems. The momen-
tum drift of the system arising from random perturbations
due to the Langevin thermostat is removed every 10�t . After
equilibration runs, production runs are carried out for τT =
2.5 × 107�t with the NPAT ensemble to collect data for
calculating the resulting properties.

III. RESULTS AND DISCUSSION

The density distributions ρ of the A/B homopolymer and
AB copolymer system are analyzed, and the results are shown
in Fig. 2. Figures 2(a)–2(f) show the density distributions when
diblock (A-b-B) and grafted (A-g-B) copolymers are used as
the compatibilizers with Mco = 63, respectively, where Mco

is the number of copolymers. The diblock copolymers with
broad-shaped ρA-b-B are more permeated into homopolymer
melts than grafted copolymers, whereas grafted copolymers
with narrow-shaped ρA-g-B are more compactly located at the
A/B interface. The conspicuous shape difference of the density
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FIG. 2. Density distribution normal to the A/B interface (a–c) when diblock copolymers (A-b-B) and (d–f) two-arm grafted copolymers
(A-g-B) are used as compatibilizer. The PA, PB, Aco, and Bco in the legend represent A homopolymer, B homopolymer, A block of copolymers,
and B block of copolymers, respectively. Snapshots of diblock and grafted copolymers with different stiffness are given in insets of (a) and (d),
respectively. The number of copolymers Mco is 63 in both cases.

distribution of diblock and grafted copolymers is due to the
difference in copolymer structures. This trend becomes more
obvious with an increase in the stiffness of the stiff subchain
block consisting of A beads (SubA) controlled by kθ . An
increase in kθ leads to the diblock copolymers pervading the
B-rich phase more, while it leads to the grafted copolymers

to be located more compactly at the interface as shown in
Figs. 2(a) and 2(d).

To analyze the system more quantitatively, we calculated
shape factor q of copolymers [14] defined as the relative
difference of the squared radius of gyration between nor-
mal R2

g,N = R2
g,z and parallel R2

g,L = 1/2(R2
g,x + R2

g,y) to the

FIG. 3. (a) Shape factor q of copolymers defined as the relative difference of squared radius of gyration between normal R2
g,N and parallel

R2
g,L to the interface. The snapshots of parallel (b) and normal (c) to the interface of diblock copolymers which form bundles at the interface. The

snapshots of parallel (d) and normal (e) to the interface of grafted copolymers which cover the interface homogeneously. Simulation condition
(Mco = 63, kθ = 100ε/rad2) is applied for both diblock and grafted copolymers for the snapshots.
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interface, i.e., q = (R2
g,N − R2

g,L)/R2
g in Fig. 3(a). By defini-

tion, the value of q is in the range of [−0.5, 1], physically
representing [completely parallel to the interface, completely
perpendicular to the interface]. As shown in Fig. 3(a), both
diblock and grafted copolymers with kθ = 0 are stretched
out toward A/B homopolymer region in the perpendicular
direction to the A/B interface according to the increase in
the number of copolymers Mco. The ratio of R2

g,N to R2
g,L,

i.e., α = R2
g,N/R2

g,L = −(2q + 1)/(q − 1), is varied from 0.56
to 0.96 in the case of grafted copolymers, whereas it is
varied from 1.09 to 2.12 in the case of diblock copolymers.
Therefore, we can conclude that when copolymers are flexible
with kθ = 0, diblock copolymers show deeper penetration into
homopolymer regions compared to grafted copolymers.

Diblock copolymers with stiff SubA blocks tend to form
bundles like a liquid-crystal [37,38] phase near the interface
with increasing Mco due to the relatively favorable interaction
between the SubA blocks of diblock copolymers arising from
rigidity and anisotropic shape of SubA blocks [29–31,39]. The
stiff SubA bundles make it difficult for the diblock copolymers
to penetrate into A homopolymer region since stiff bundles sig-
nificantly decrease the conformation entropy of A homopoly-
mers by confining A homopolymers to a certain anisotropic
structure formed by stiff bundles [9,29,40,41]. Therefore, when
Mco is less than 6, where density of diblock copolymers is
not enough to form a bundle structure, q parameter stays
near 0 due to the relative free motion of diblock copolymers.
However, when Mco is further increased, diblock copolymers
tend to form bundles aligned in parallel to the interface which
results in significant reduction of q parameter of diblock
copolymers as shown in Figs. 3(a) and 3(b). To further examine
the role of conformation entropy of homopolymers, we simu-
lated diblock copolymers (Mco = 63, kθ = 100ε/rad2), while
systematically changing the lengths of homopolymers Nhomo

from 1 to 30 in Fig. 4. At low Nhomo, conformation entropy
loss of A homopolymers is small enough for penetration
of the diblock copolymers bundles into the A homopoly-
mer region. However, for longer chain of A homopolymer,
significant loss of conformation entropy of A homopolymer
prevents stiff bundles from penetrating into A homopolymer
region which results in decreased q value. In addition, the
pervasion of diblock copolymers into B homopolymer region
is preferred than into A homopolymer region as shown in
Figs. 2(a)–2(c) due to the maximized conformation entropy
of B homopolymers at the interface by interacting with B
block of diblock copolymers. Besides, the bundle formation of
diblock copolymers causes the copolymers to partially cover
the interface in an inhomogeneous fashion, which results in
the direct contact of A/B homopolymer melts.

However, in the case of grafted copolymers with stiff SubA,
the interface would be homogeneously covered by the aligned
grafted copolymers because the branched chains grafted on
the stiff backbone chain interfere with the bundle formation
process. The homogeneous interfacial coverage of grafted
copolymers prevents the direct contact of A homopolymers
and B homopolymers. Most grafted copolymers with stiff
SubA are stretched out in the parallel direction to the interface
as shown in Figs. 3(a) and 3(c) and the shape factor q of
grafted copolymers with stiff SubA fluctuates due to the spatial

123 56 10 15 30
-0.5

0
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Nhomo

q

(a) (b) (c)
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FIG. 4. The snapshots for the case of Nhomo = (a) 1, (b) 2, and (c)
15 are also shown. (d) The shape factor q of diblock copolymer with
(Mco = 63, kθ = 100ε/rad2) as a function of chain length Nhomo of
the A and B homopolymers.

constraint caused by the saturated interface when Mco is greater
than or equal to approximately 63.

For the direct investigation of correlation between A and
B homopolymers with interfacial properties, we calculated
the pair distribution functions near the interface of A and B
type beads in the homopolymers gAB(r), which represents the
probability of finding a B type bead at a distance of r away
from an A type bead in Fig. 5. By comparing the solid lines

FIG. 5. The pair distribution function for A and B types of bead,
gAB(r), which represents the probability of finding B type of bead at
a distance of r away from A type of bead.
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FIG. 6. (a) The coordination number zAB between A and B beads
defined as the integral of gAB(r) from 0 to the first minimum m1, zAB =
∫m1

0 4πr2ρgAB(r)dr . (b) The number density of beads of copolymer
ρco situated in the range from z0 − 0.5σ to z0 + 0.5σ , where z0 is the
center of the interface.

(Mco = 3 and kθ = 0ε/rad2) with the dashed lines (Mco = 63
and kθ = 0ε/rad2) for both diblock and grafted copolymer
cases in Fig. 5, it is clear that gAB(r) is decreased with increased
Mco and the amount of decrease of gAB(r) is greater for grafted
copolymers compared to that of diblock copolymers. This
implies that the probability of direct interaction between A and
B beads is significantly decreased with grafted copolymers.
Furthermore, the increase in kθ of diblock copolymers shows
higher gAB(r), whereas that of grafted copolymers slightly
decreases gAB(r) at the fixed Mco values. This is because the
bundle formation between stiff SubAs of diblock copolymers
induces the inhomogeneity of interfacial coverage and makes
the A and B types of beads directly contact each other as shown
in Fig. 3(b).

To quantitatively examine how well copolymers prevent the
direct contact between A and B beads in different conditions,
we evaluated the coordination number zAB defined as the
integral of gAB(r) from 0 to the first minimum m1, zAB =
∫m1

0 4πr2ρgAB(r)dr . As shown in Fig. 6(a), the grafted copoly-
mers lower the value of zAB more effectively than diblock

FIG. 7. Ratio of interfacial tension with copolymers to the in-
terfacial tension without any copolymers γ /γ0, where γ0 = 0.69 ±
0.04 εσ−2, is shown. The interfacial tension γ is calculated using
γ = 1/2〈Lz(PN − PT )〉, where PN and PT are the pressure normal
and tangential to the interface, respectively.

copolymers with increased Mco. To analyze this behavior, we
calculated the number density of beads ρco of diblock and
grafted copolymers in the range from z0 − 0.5σ to z0 + 0.5σ ,
which is on the same order of unit length σ , where z0 is the
center of the interface. The ρco of grafted copolymers is always
higher than that of diblock copolymers until the interface is
saturated with grafted copolymers at approximately Mco = 63
or more as shown in Fig. 6(b). The result ofρco is also consistent
with Figs. 2(a) and 2(d) and homogenous distribution of grafted
copolymers compared to the inhomogeneous distribution of
diblock copolymers at the interface.

For the direct comparison of the compatibilization effi-
ciency, the interfacial tension γ defined as in Refs. [28,42–
44] is calculated, where PN = Pzz and PT = 1/2(Pxx + Pyy)
are the pressure normal and tangential to the γ =
1/2〈Lz(PN − PT )〉 interface, respectively. The angular bracket
denotes the average over total time step τT and the pressure
tensor is calculated by using the form of the virial tensor,
Plm = 1/τT

∑τT

i=1(1/V )[
∑

α mαvα
i,lv

α
i,m + rα

i,j f
α
i,m], wheremα ,

rα
i,l , vα

i,l , and f α
i,l are the mass, position, velocity, and total

force acting on particle α at the ith time step for the l

components (where l and m = x,y,z) [45]. Figure 7 shows
the interfacial tension expressed as the ratio γ /γ0, where
γ0 = 0.69 ± 0.04 εσ−2 is the precalculated interfacial tension
without any copolymers. The amount of reduction of interfacial
tension is bigger when using grafted copolymers compared to
diblock copolymers as a compatibilizer with increase in Mco.
Relatively high γ values of diblock copolymers with kθ �= 0
can be explained by increased probability of direct contact of
A and B homopolymers due to the inhomogeneous interfacial
coverage of stiff diblock copolymers. The results are consistent
with that of previous studies in that γ is increased with stiff
surfactantlike molecules due to an increase in the absolute
amount of surface free energy induced by the bending potential
[44,46,47] and the entropic contribution to excess free energy
arising from stiffness disparities [48–50]. It is noted that the
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trend of the interfacial tension γ is analogous to the results of
zAB given in Fig. 6(a), which is reasonable since zAB represents
the average number of direct contacts between A and B beads.

IV. CONCLUSION

We studied the effects of the structures of the copolymers
(diblock and grafted copolymers) and the stiffness of one of
the blocks of copolymers on the interfacial properties of an
immiscible polymer blend. It is examined that an asymmetric
increase in the stiffness of diblock copolymers causes anoma-
lous behaviors, making it a poor compatibilizer. The inhomo-
geneous interfacial coverage results in direct contact of two
homopolymer regions, which have thermodynamically unfa-
vorable interaction. The orientational constraint resulting from
balancing conformational entropies between A homopolymer
and stiff SubA bundles makes SubA bundles pervade into B
homopolymer region. However, stiffer SubA chain of grafted
copolymers are located more compactly at the interface of two

homopolymers and cover the interface more homogenously by
hindering bundle formation due to the branched chains. Finally,
we calculated the interfacial tension for the direct comparison
of compatibilizer efficiency of diblock and grafted copolymers.
As a result, interfacial tension is efficiently reduced by using
grafted copolymers as compatibilizers compared to block
copolymers for all stiffness conditions for relatively short
copolymer chain length. Our results suggest a better molecular
design strategy of compatibilizers for polymer blend systems
for numerous future applications.

ACKNOWLEDGMENTS

This work was supported by the National Institute
of Supercomputing and Network, Korea Institute of Sci-
ence and Technology Information, with supercomputing
resources including technical support KSC-2015-C2-034,
and the National Research Foundation of Korea (Grant
No. 2015R1A2A2A01007379). The authors declare no com-
peting financial interest.

[1] H. J. Kim, J. H. Kim, J. H. Ryu, Y. Kim, H. Kang, W. B. Lee,
T. S. Kim, and B. J. Kim, Acs Nano 8, 10461 (2014).

[2] G. Li, V. Shrotriya, J. S. Huang, Y. Yao, T. Moriarty, K. Emery,
and Y. Yang, Nat. Mater. 4, 864 (2005).

[3] G. Yu, J. Gao, J. C. Hummelen, F. Wudl, and A. J. Heeger,
Science 270, 1789 (1995).

[4] D. Kipp, R. Verduzco, and V. Ganesan, J. Polym. Sci. Pol. Phys.
54, 884 (2016).

[5] D. Kipp, J. Mok, J. Strzalka, S. B. Darling, V. Ganesan, and R.
Verduzco, Acs Macro Lett. 4, 867 (2015).

[6] B. A. Ibrahim and K. M.Kadum, Mod. Appl. Sci. 4, 157 (2010).
[7] B. J. Kim, H. M. Kang, K. Char, K. Katsov, G. H. Fredrickson,

and E. J. Kramer, Macromolecules 38, 6106 (2005).
[8] K. Binder, M. Muller, F. Schmid, and A. Werner, Physica A 249,

293 (1998).
[9] G. Fredrickson, The Equilibrium Theory of Inhomogeneous

Polymers (Oxford University Press, Oxford, 2013).
[10] F. S. Bates, Science 251, 898 (1991).
[11] M. W. Matsen and F. S. Bates, Macromolecules 29, 1091 (1996).
[12] Y. Lyatskaya and A. C. Balazs, Macromolecules 29, 7581 (1996).
[13] S. H. Anastasiadis, I. Gancarz, and J. T. Koberstein, Macro-

molecules 22, 1449 (1989).
[14] A. Werner, F. Schmid, K. Binder, and M. Muller, Macro-

molecules 29, 8241 (1996).
[15] A. Werner, F. Schmid, and M. Muller, J. Chem. Phys. 110, 5370

(1999).
[16] Y. Lyatskaya, D. Gersappe, N. A. Gross, and A. C. Balazs,

J. Phys. Chem.-Us 100, 1449 (1996).
[17] Y. Lyatskaya, D. Gersappe, and A. C. Balazs, Macromolecules

28, 6278 (1995).
[18] A. Faldi, J. Genzer, R. J. Composto, and W. D. Dozier, Phys.

Rev. Lett. 74, 3388 (1995).
[19] R. A. Riggleman, R. Kumar, and G. H. Fredrickson, J. Chem.

Phys. 136, 024903 (2012).
[20] S. M. Hur, C. J. Garcia-Cervera, E. J. Kramer, and G. H.

Fredrickson, Macromolecules 42, 5861 (2009).

[21] V. Mishra, S. M. Hur, E. W. Cochran, G. E. Stein, G. H.
Fredrickson, and E. J. Kramer, Macromolecules 43, 1942 (2010).

[22] J. U. Kim, Y. B. Yang, and W. B. Lee, Macromolecules 45, 3263
(2012).

[23] A. Facchetti, Chem. Mater. 23, 733 (2011).
[24] G. S. Grest, M. D. Lacasse, K. Kremer, and A. M. Gupta,

J. Chem. Phys. 105, 10583 (1996).
[25] K. Kremer and G. S. Grest, J. Chem. Phys. 92, 5057 (1990).
[26] M. Murat, G. S. Grest, and K. Kremer, Macromolecules 32, 595

(1999).
[27] J. H. Ryu, H. S. Wee, and W. B. Lee, Phys. Rev. E 94, 032501

(2016).
[28] Y. Zhang, S. E. Feller, B. R. Brooks, and R. W. Pastor, J. Chem.

Phys. 103, 10252 (1995).
[29] M. Doi and S. F. Edwards, The Theory of Polymer Dynamics

(Clarendon Press, Oxford, UK, 1988).
[30] M. Lee, B. K. Cho, and W. C. Zin, Chem. Rev. 101, 3869 (2001).
[31] Y. Li, T. Jiang, S. Lin, J. Lin, C. Cai, and X. Zhu, Sci. Rep. 5,

10137 (2015).
[32] R. Auhl, R. Everaers, G. S. Grest, K. Kremer, and S. J. Plimpton,

J. Chem. Phys. 119, 12718 (2003).
[33] G. S. Grest and K. Kremer, Phys. Rev. A 33, 3628 (1986).
[34] J. D. Weeks, D. Chandler, and H. C. Andersen, J. Chem. Phys.

54, 5237 (1971).
[35] S. Plimpton, J. Comput. Phys. 117, 1 (1995).
[36] H. J. C. Berendsen, J. P. M. Postma, W. F. Vangunsteren, A.

Dinola, and J. R. Haak, J. Chem. Phys. 81, 3684 (1984).
[37] M. W. Matsen and C. Barrett, J. Chem. Phys. 109, 4108 (1998).
[38] R. Mezzenga, W. B. Lee, and G. H. Fredrickson, Trends Food

Sci. Tech. 17, 220 (2006).
[39] M. H. M. Cativo et al., Acs Nano 8, 12755 (2014).
[40] Y. Kim, E. Ha, and A. Alexander-Katz, Macromolecules 44,

7016 (2011).
[41] F. S. Bates and G. H. Fredrickson, Phys. Today 52, 32 (1999).
[42] J. G. Kirkwood and F. P. Buff, J. Chem. Phys. 17, 338 (1949).
[43] E. Helfand and Y. Tagami, J. Chem. Phys. 57, 1812 (1972).

042502-6

https://doi.org/10.1021/nn503823z
https://doi.org/10.1021/nn503823z
https://doi.org/10.1021/nn503823z
https://doi.org/10.1021/nn503823z
https://doi.org/10.1038/nmat1500
https://doi.org/10.1038/nmat1500
https://doi.org/10.1038/nmat1500
https://doi.org/10.1038/nmat1500
https://doi.org/10.1126/science.270.5243.1789
https://doi.org/10.1126/science.270.5243.1789
https://doi.org/10.1126/science.270.5243.1789
https://doi.org/10.1126/science.270.5243.1789
https://doi.org/10.1002/polb.23988
https://doi.org/10.1002/polb.23988
https://doi.org/10.1002/polb.23988
https://doi.org/10.1002/polb.23988
https://doi.org/10.1021/acsmacrolett.5b00413
https://doi.org/10.1021/acsmacrolett.5b00413
https://doi.org/10.1021/acsmacrolett.5b00413
https://doi.org/10.1021/acsmacrolett.5b00413
https://doi.org/10.5539/mas.v4n9p157
https://doi.org/10.5539/mas.v4n9p157
https://doi.org/10.5539/mas.v4n9p157
https://doi.org/10.5539/mas.v4n9p157
https://doi.org/10.1021/ma047378s
https://doi.org/10.1021/ma047378s
https://doi.org/10.1021/ma047378s
https://doi.org/10.1021/ma047378s
https://doi.org/10.1016/S0378-4371(97)00477-9
https://doi.org/10.1016/S0378-4371(97)00477-9
https://doi.org/10.1016/S0378-4371(97)00477-9
https://doi.org/10.1016/S0378-4371(97)00477-9
https://doi.org/10.1126/science.251.4996.898
https://doi.org/10.1126/science.251.4996.898
https://doi.org/10.1126/science.251.4996.898
https://doi.org/10.1126/science.251.4996.898
https://doi.org/10.1021/ma951138i
https://doi.org/10.1021/ma951138i
https://doi.org/10.1021/ma951138i
https://doi.org/10.1021/ma951138i
https://doi.org/10.1021/ma960645c
https://doi.org/10.1021/ma960645c
https://doi.org/10.1021/ma960645c
https://doi.org/10.1021/ma960645c
https://doi.org/10.1021/ma00193a074
https://doi.org/10.1021/ma00193a074
https://doi.org/10.1021/ma00193a074
https://doi.org/10.1021/ma00193a074
https://doi.org/10.1021/ma960614h
https://doi.org/10.1021/ma960614h
https://doi.org/10.1021/ma960614h
https://doi.org/10.1021/ma960614h
https://doi.org/10.1063/1.478432
https://doi.org/10.1063/1.478432
https://doi.org/10.1063/1.478432
https://doi.org/10.1063/1.478432
https://doi.org/10.1021/jp952422e
https://doi.org/10.1021/jp952422e
https://doi.org/10.1021/jp952422e
https://doi.org/10.1021/jp952422e
https://doi.org/10.1021/ma00122a040
https://doi.org/10.1021/ma00122a040
https://doi.org/10.1021/ma00122a040
https://doi.org/10.1021/ma00122a040
https://doi.org/10.1103/PhysRevLett.74.3388
https://doi.org/10.1103/PhysRevLett.74.3388
https://doi.org/10.1103/PhysRevLett.74.3388
https://doi.org/10.1103/PhysRevLett.74.3388
https://doi.org/10.1063/1.3674305
https://doi.org/10.1063/1.3674305
https://doi.org/10.1063/1.3674305
https://doi.org/10.1063/1.3674305
https://doi.org/10.1021/ma900519r
https://doi.org/10.1021/ma900519r
https://doi.org/10.1021/ma900519r
https://doi.org/10.1021/ma900519r
https://doi.org/10.1021/ma901891b
https://doi.org/10.1021/ma901891b
https://doi.org/10.1021/ma901891b
https://doi.org/10.1021/ma901891b
https://doi.org/10.1021/ma202583y
https://doi.org/10.1021/ma202583y
https://doi.org/10.1021/ma202583y
https://doi.org/10.1021/ma202583y
https://doi.org/10.1021/cm102419z
https://doi.org/10.1021/cm102419z
https://doi.org/10.1021/cm102419z
https://doi.org/10.1021/cm102419z
https://doi.org/10.1063/1.472978
https://doi.org/10.1063/1.472978
https://doi.org/10.1063/1.472978
https://doi.org/10.1063/1.472978
https://doi.org/10.1063/1.458541
https://doi.org/10.1063/1.458541
https://doi.org/10.1063/1.458541
https://doi.org/10.1063/1.458541
https://doi.org/10.1021/ma981512p
https://doi.org/10.1021/ma981512p
https://doi.org/10.1021/ma981512p
https://doi.org/10.1021/ma981512p
https://doi.org/10.1103/PhysRevE.94.032501
https://doi.org/10.1103/PhysRevE.94.032501
https://doi.org/10.1103/PhysRevE.94.032501
https://doi.org/10.1103/PhysRevE.94.032501
https://doi.org/10.1063/1.469927
https://doi.org/10.1063/1.469927
https://doi.org/10.1063/1.469927
https://doi.org/10.1063/1.469927
https://doi.org/10.1021/cr0001131
https://doi.org/10.1021/cr0001131
https://doi.org/10.1021/cr0001131
https://doi.org/10.1021/cr0001131
https://doi.org/10.1038/srep10137
https://doi.org/10.1038/srep10137
https://doi.org/10.1038/srep10137
https://doi.org/10.1038/srep10137
https://doi.org/10.1063/1.1628670
https://doi.org/10.1063/1.1628670
https://doi.org/10.1063/1.1628670
https://doi.org/10.1063/1.1628670
https://doi.org/10.1103/PhysRevA.33.3628
https://doi.org/10.1103/PhysRevA.33.3628
https://doi.org/10.1103/PhysRevA.33.3628
https://doi.org/10.1103/PhysRevA.33.3628
https://doi.org/10.1063/1.1674820
https://doi.org/10.1063/1.1674820
https://doi.org/10.1063/1.1674820
https://doi.org/10.1063/1.1674820
https://doi.org/10.1006/jcph.1995.1039
https://doi.org/10.1006/jcph.1995.1039
https://doi.org/10.1006/jcph.1995.1039
https://doi.org/10.1006/jcph.1995.1039
https://doi.org/10.1063/1.448118
https://doi.org/10.1063/1.448118
https://doi.org/10.1063/1.448118
https://doi.org/10.1063/1.448118
https://doi.org/10.1063/1.477011
https://doi.org/10.1063/1.477011
https://doi.org/10.1063/1.477011
https://doi.org/10.1063/1.477011
https://doi.org/10.1016/j.tifs.2005.11.009
https://doi.org/10.1016/j.tifs.2005.11.009
https://doi.org/10.1016/j.tifs.2005.11.009
https://doi.org/10.1016/j.tifs.2005.11.009
https://doi.org/10.1021/nn505871b
https://doi.org/10.1021/nn505871b
https://doi.org/10.1021/nn505871b
https://doi.org/10.1021/nn505871b
https://doi.org/10.1021/ma201187p
https://doi.org/10.1021/ma201187p
https://doi.org/10.1021/ma201187p
https://doi.org/10.1021/ma201187p
https://doi.org/10.1063/1.882522
https://doi.org/10.1063/1.882522
https://doi.org/10.1063/1.882522
https://doi.org/10.1063/1.882522
https://doi.org/10.1063/1.1747248
https://doi.org/10.1063/1.1747248
https://doi.org/10.1063/1.1747248
https://doi.org/10.1063/1.1747248
https://doi.org/10.1063/1.1678491
https://doi.org/10.1063/1.1678491
https://doi.org/10.1063/1.1678491
https://doi.org/10.1063/1.1678491


INHOMOGENEITY OF BLOCK COPOLYMERS AT THE … PHYSICAL REVIEW E 97, 042502 (2018)

[44] R. Goetz and R. Lipowsky, J. Chem. Phys. 108, 7397 (1998).
[45] W. B. Lee and K. Kremer, Macromolecules 42, 6270 (2009).
[46] Y. Zhou, X. P. Long, and Q. X. Zeng, Polymer 52, 6110 (2011).
[47] A. Milchev, J. Chem. Phys. 143, 064701 (2015).

[48] G. H. Fredrickson, A. J. Liu, and F. S. Bates, Macromolecules
27, 2503 (1994).

[49] C. Singh and K. S. Schweizer, J. Chem. Phys. 103, 5814 (1995).
[50] C. Singh and K. S. Schweizer, Macromolecules 30, 1490 (1997).

042502-7

https://doi.org/10.1063/1.476160
https://doi.org/10.1063/1.476160
https://doi.org/10.1063/1.476160
https://doi.org/10.1063/1.476160
https://doi.org/10.1021/ma9008498
https://doi.org/10.1021/ma9008498
https://doi.org/10.1021/ma9008498
https://doi.org/10.1021/ma9008498
https://doi.org/10.1016/j.polymer.2011.10.052
https://doi.org/10.1016/j.polymer.2011.10.052
https://doi.org/10.1016/j.polymer.2011.10.052
https://doi.org/10.1016/j.polymer.2011.10.052
https://doi.org/10.1063/1.4927559
https://doi.org/10.1063/1.4927559
https://doi.org/10.1063/1.4927559
https://doi.org/10.1063/1.4927559
https://doi.org/10.1021/ma00087a019
https://doi.org/10.1021/ma00087a019
https://doi.org/10.1021/ma00087a019
https://doi.org/10.1021/ma00087a019
https://doi.org/10.1063/1.470462
https://doi.org/10.1063/1.470462
https://doi.org/10.1063/1.470462
https://doi.org/10.1063/1.470462
https://doi.org/10.1021/ma961332k
https://doi.org/10.1021/ma961332k
https://doi.org/10.1021/ma961332k
https://doi.org/10.1021/ma961332k



