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N
anoparticles are in the focus of
various studies and applications
in nanoscience and nanotechnol-

ogy because of their large variety of novel

electronic, optical, biomedical, and mag-

netic properties.1�5 In this respect not only

the single particles, but especially particle

assemblies play an important role. Predi-

cable and precisely ordered superstructures

can be constructed if the nanoparticles are

“decorated” with specific, anisotropic sur-

face patterns of attractive and repulsive

interactions.6�9 Glotzer et al.10 introduced a

“patchy particle” model to study the self-

assembly of these new building blocks.

Through a unique design with respect to

particle size and shape as well as the num-

ber and position of the “patches”, these par-

ticles can successfully self-organize into

complex structures in solutions, including

chains, sheets, rings, etc.11�13 A unique and

emerging type of patchy particles are Janus

nanoparticles consisting of two compart-

ments of different chemistry or polarity.14,15

To date, an impressive number of methods

has been developed to fabricate Janus

nanoparticles with different geometries in

large quantity.16�21 Since these nanoparti-

cles possess the unique and novel feature of

amphiphilicity, they are promising building

blocks for directional self-assembly of su-

perstructures that are integral to many of

the most useful and complex features of

soft materials.22�25 Also, the Janus charac-

ter of these nanoparticles provides them

with a higher interfacial activity compared

to homogeneous particles.26�30

A key goal of nanotechnology is the fab-

rication of complex, highly ordered and

functional structures on the nanometer

scale.2�4,10,22�25 The bottom-up self-

assembly by combining different building
blocks can be an alterative approach to re-
alize this goal. Janus nanoparticles are used
as novel building blocks for self-assembly
mainly because of their amphiphilicity.
Among amphiphiles, prominent examples
include not only Janus nanoparticles and
other nanoscopic colloids but also mol-
ecules like block copolymers.11 The coas-
sembly of these two different amphiphilic
building blocks may lead to novel and com-
plex structures, which can serve as tem-
plates for bipolar transport membranes,
functional porous media, sensors, etc.

On the other hand, the self-assembling
block copolymers permit access to various
microstructures making them ideal scaf-
folds for hierarchical control over the size,
particle density, and spatial location of the
nanoparticles.31�33 Of particular interest is
the control of the assembly of nanoparticles
at the interface between different phase do-
mains of the block copolymers.34,35 Be-
cause of their high interfacial activity and
amphiphilicity, Janus nanoparticles with
chemically different compartments are ideal
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ABSTRACT Janus nanoparticles with two chemically different compartments have been shown to be a unique

class of building blocks in solution. Here we perform mesoscale simulations to explore the self-assembly of Janus

nanoparticles with widely varying architectures in diblock copolymers. We demonstrate that the coassembly of

these amphiphilic building blocks forms novel and tunable structures at the interfaces of block copolymers, and

consequently influences the interface stabilization and structural evolution kinetics. Our simulations suggest that

Janus nanoparticle self-assembly at block copolymer interfaces yields considerable control over the creation of

polymer nanocomposites with improved shear behavior. In this context, the approach is a viable strategy for

creating functional materials with enhanced processing properties.
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for this purpose. However, the block copolymers do

not simply template the ordering of nanoparticles.

Rather, the final morphology is determined by a com-

plex interplay between entropy and enthalpy within the

system.36,37 This interplay can be tuned by controlling

the size, shape, and coating of nanoparticles. The key in

developing new materials is the knowledge on how to

exploit this interplay to create the desired structures

and expand the repertoire of available morphologies.

We therefore seek to develop an intuitive frame-

work for predicting the self-assembly of a large variety

of Janus nanoparticles in diblock copolymers. In this re-

gards, mesoscopic simulations can yield insight into

the effects of Janus particle architecture on the kinetic

pathway of the self-assembly process and the resulting

structures. Our simulations also show that this type of

self-assembly can have beneficial effects on the pro-

cessing properties of the resulting nanocomposites. The

simulations demonstrate a viable strategy for creating

functional materials with enhanced processing

properties.

RESULTS AND DISCUSSIONS
Figure 1 shows the building blocks studied in this

work. We address three general classes of Janus nano-

particles including Janus spheres (three-dimensional

(3D)), Janus rods (one-dimensional (1D)), and Janus

discs (two-dimensional (2D)).15 The anisotropic rod and

disk are divided into two types, respectively, according

to their surface designs (Figure 1(c�f)). The area ratio of

two sites of the Janus nanoparticles is fixed to about

1:1. Homogeneous nanospheres with a chemically uni-

form surface were also considered for comparison (Fig-

ure 1a). Each nanoparticle is formed from a number of

DPD beads arranged on a FCC lattice.38,39 The bonds be-
tween the beads in the nanoparticle are represented
by a harmonic spring potential Ebond � Kbond((r � b)/
rc)2, where Kbond � 64 and b � 0.5rc are the bond con-
stant and the equilibrium bond length, respectively.38

To fairly compare the behavior of spheres with those of
rods and discs, these nanoparticles are designed with
equal volume fraction and equal net areas based on the
relation, Rs � 3Rr(d)v/(2v � 1), where Rs is the radius of
sphere, Rr and Rd are the radii for the bottom faces of
rod and disk, and v is the aspect ratios of rod or disk.39

The volume fraction of each type of nanoparticle is se-
lected as 0.15 in this work. The symbols and detailed pa-
rameters of these nanoparticles are summarized in
Table 1. A symmetric diblock copolymer, A10B10, is used
in the simulations, which self-assembles into a lamellar
structure with lamellar thickness about 4.9rc. As shown
in Figure 1, the red (block A) and blue (block B) beads in
the block copolymer have an affinity to the pink (site
q) and green (site p) beads in the nanoparticles,
respectively.

The simulations start from randomly dispersed block
copolymers and nanoparticles. The simulation time
ranges from 2.0 � 105 to 9.0 � 105 time steps depend-
ing on the structure evolution which should ensure that
the system reaches the equilibrium state (Table 1). Fig-
ure 2 shows the equilibrium self-assemblies formed by
various nanoparticles in block copolymers. To visualize
the 3D structures of these nanocomposites more
clearly, we use the image format of isosurface where
the interfaces between two phase domains are repre-
sented by a series of isosurfaces. Details on the image
formats can be seen in Supporting Information, Figure
S1. The homogeneous spheres with uniform surface
beads are clearly observed to be located near the cen-
ter of their preferential lamellae (Figure 2a). Essentially,
the location of nanoparticles in diblock copolymers can
be rationalized on the basis of the interplay between
enthalpy and entropy involving A,B blocks and the sur-
face coating of the nanoparticles.36,37 A significant con-
formational entropy penalty of polymer chains will be
induced if the homogeneous spheres are excluded from
the lamella center because of their large size.37 In con-
trast to the homogeneous spheres, the Janus spheres

Figure 1. Model building blocks studied in this work. (a) Ho-
mogeneous sphere with radius Rs � 2rc (HS). (b�f) Janus
nanoparticles with various architectures. The sites p and q
of every Janus nanoparticle, with an area ratio of about 1:1,
are represented by pink and green beads, respectively. (b)
Janus sphere with radius Rs � 2rc (JS). (c) One type of Janus
disk with a radius of bottom the face Rd � 3.5rc and thickness
Ld � 2rc (JD1). (d) The other type of Janus disk with the same
size as that of JD1 (JD2). (e) One type of Janus rod with a ra-
dius of the bottom face Rr � 1.5rc and height Lr � 9rc (JR1). (f)
The other type of Janus rod with the same size as that of
JR1 (JR2). (g) Symmetric diblock copolymer. Each block con-
sists of 10 beads and blocks A and B are shown by red and
blue beads. The red and blue beads in block copolymer have
affinities to the pink and green beads in nanoparticles,
respectively.

TABLE 1. The Label and Parameters of Each Type of
Nanoparticle Used in the Simulations

label
Figure 1

structure
size (rc)a.

beads
included

particle
number

time
steps

HS a Rs � 2 116 105 3.4 � 105

JS b Rs � 2 116 105 2.9 � 105

JD1 c Rd � 3.5, Ld � 2 206 59 2.0 � 105

JD2 d Rd � 3.5, Ld � 2 206 59 9.0 � 105

JR1 e Rr � 1.5, Lr � 9 177 69 4.0 � 105

JR2 f Rr � 1.5, Lr � 9 177 69 8.0 � 105

aRs, radius of sphere; Rr, radius of rod bottom face; Lr, height of rod; Rd, radius of
disc bottom face; Ld, thickness of disc.
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with two compartments of different beads segregate
to the interface between two lamellae (Figure 1b). This
reveals that the enthalpic effects from the interactions
between A,B blocks and the surface of Janus nanoparti-
cles overcome the entropic effects from the conforma-
tion transition of polymer chains.

This strong enthalpic effect also anchors the Janus
rods and discs at the interface (Figure 1c�f). We can
find that these anisotropic Janus nanoparticles self-
assemble into regular structures at the interface of
block copolymers, except for JD2 (Figure 2f) where
large interfacial fluctuations persist even in the equilib-
rium state. It is interesting that the orientation of these
anisotropic Janus nanoparticles with respect to the in-
terface can be controlled upon changing their surface
architectures. If the connecting surface between two
sites of a Janus nanoparticle is perpendicular to the ori-
entation direction of the particle, for example, JR1 and
JD1, its orientation direction in the self-assembly will be
perpendicular to the interface, leading to “standing”
particle structures (Figure 2c,e). For Janus nanoparti-
cles like JR2 and JD2 where the connecting surface be-
tween the two surface sites is parallel to the orientation
direction of the particle, its orientation direction in the
self-assembly will be parallel to the interface, leading to
“lying” particle structures (Figure 2d,f). In the case of
anisotropic nanoparticles with homogeneous surface
chemistry, their orientation can only be parallel to the
polymer lamellae due to the entropic effects from the
deforming polymer chains.33 Thus, the Janus character
of anisotropic particles provides additional options to
direct their assembly at polymer interfaces.

It should be pointed out that the interaction param-
eter between the beads of the two sites of the Janus
nanoparticles is set to be equal to that between like
beads in the simulations because the present work only
concerns the relation between nanoparticles and the
interface. Thus no preferential interaction takes place
between two Janus nanoparticles. However, we antici-
pate that Janus nanoparticles can self-assemble and
pack at the interface if the interaction between two sur-
face sites is preferential and strong enough, resulting
in “standing” or “lying” superstructures at the interface.
The interfacial structures of block copolymers can also
be tuned by applying external fields, for example, elec-
tric field,40 shear field,41 etc. Consequently the particle
structures or superstructures at the interface can be ori-
ented on the macroscopic scale within their scaffold,
which however is very difficult to realize in solutions.

In addition to the general orientation of the Janus
nanoparticles, in Figure 2, we find that almost all “stand-
ing” Janus nanoparticles (JR1 and JD1) are absolutely
perpendicular to the interface as shown in Figure 2c,e.
If the orientation of these Janus nanoparticles was com-
pletely dominated by the enthalpic effects, they would
have a tilted orientation with respect to the interface as
long as the two surface sites are located in their prefer-

ential lamellae. Another interesting observation is that

only the “lying” Janus discs (JD2) can induce large inter-

facial fluctuation in the equilibrium state.

To understand both observations, we gain insight

into the conformations of polymer chains in the vicin-

ity of the Janus nanoparticles. For this purpose, a single

Janus nanoparticle with polymer chains around it has

been extracted from the equilibrium self-assembly (Fig-

ure 3A). A cluster of polymer chains in the local inter-

face of the pure diblock copolymers is also shown in

Figure 3b. In the absence of nanoparticles the collapsed

polymer chains accumulate and form a uniform inter-

face between two phase domains (Figure 3b). The pres-

ence of “standing” Janus nanoparticles (JR1, JD1) as

well as Janus sphere (JS) does not influence the chain

conformations much (Figure 3a,c,e). In the cases where

the Janus nanoparticle orientation is tilted with respect

to the normal of the interface, they will deform the

polymer chains in their vicinity (see Supporting Infor-

mation, Figure S2). According to the strong segregation

theory based on polymer brushes,42 the pressure due

to the chain deformation acting at a distance l from the

interface (l � 0) is given by P(l) � h2(1 � l2/h2), where h

is the height of the brush formed by polymer chains.

The entropic energy loss, Ep, is consequently given by

dEp(l) � P(l) dV where dV is the differential volume of

the nanoparticles at distance l. Apparently, the chain

deformation would lead to a pressure and thus entropic

energy penalty. Therefore we attribute the perpendicu-

lar orientation of JR1 and JD1 in the interface to the en-

tropic effects associated with the deformed polymer

chains in the vicinity of the Janus particle.33

Figure 2. Equilibrium self-assemblies formed by various nanoparticles in
symmetric diblock copolymers. The volume fraction of each type of nano-
particle is 0.15. The interface between phases A and B is colored yellow,
and phase A is colored half-transparently blue. Phase B is fully transpar-
ent. The types of nanoparticles are (a) HS, (b) JS, (c) JR1, (d) JR2, (e) JD1, and
(f) JD2. The code of these nanoparticle labels is given in Figure 1 and Table
1. The schematic diagrams at the right bottom of images b�f illustrate
the orientation of Janus nanoparticles with respect to the interface.
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In contrast to “standing” cases, the “lying” Janus

nanoparticles, especially JD2, can significantly influ-

ence the conformations of the surrounding polymer

chains (Figure 3d,f). Here, the polymer chains have to

stretch in order to fill the space around the nanoparti-

cles leading to a larger interfacial fluctuation. The scale

of the interfacial fluctuation induced by different Janus

nanoparticles can also be rationalized on the calculation

of interface tension using the following equation:43

where � is the interfacial tension corresponding to the

components indicated by the subscript label. Ri is the

curvature of the interface near the Janus nanoparticles.

Rp is the radius or equivalent radius of the particle sec-

tion contacting the interface. According to the interac-

tion parameters between different beads used in the

present work, �Aq and �Ap are equal to �Bp and �Bq, re-

spectively.44 Then it can be seen that ��Ap � �Bp �

�(��Aq � �Bq). Thus, eq 1 reveals that the scale of inter-
facial fluctuation (or the curvature of the interface, Ri) in-
duced by a Janus nanoparticle should be monoto-
nously proportional to Rp. The Rp of JD2 is the largest
among all types of nanoparticles considered in this
work and consequently produces a larger interfacial
fluctuation than all other Janus nanoparticles.

In the following we consider how the architecture
of a Janus nanoparticle influences the structural evolu-
tion kinetics of the nanocomposites containing block
copolymer and Janus nanoparticles. To quantify the ki-
netics of these composites, we calculate the order pa-
rameter defined by the Saupe tensor,45 that is, Q�	 �

1.5r̂�r̂	 � 0.5
�	, where � and 	 are Cartesian indices,

 is the Kronecker symbol, and r̂ is a unit vector along
the chain axis from the center of block A to the center
of block B. The largest eigenvalue of the volume aver-
age Q�	 is the order parameter S. S is zero for block co-
polymer in the completely disordered state and unity
for the block copolymer in the ordered and aligned
state.

In Figure 4 the order parameters are plotted versus
the evolution time for various systems, revealing the ef-
fect of the Janus architecture on the kinetics of these
nanocomposites. Clearly, the pure diblock copolymers
hold the fastest kinetics, and a longer time is needed for
the systems of “lying” Janus nanoparticles (JR2, JD2) to
reach the ordered structures than that for the systems
of “standing” Janus nanoparticles (JR1, JD1) as well as
the Janus sphere. A detailed kinetic pathway of block
copolymer�Janus sphere composite can be seen in
Supporting Information, Figure S3. It demonstrates that
the strong interactions between polymer blocks and
sphere surface keep the Janus nanoparticles attaching
to the interface during the process. The Janus nanopar-
ticles anchoring in the interface will depress the evolu-
tion of nanocomposites and leads to sluggish kinetics in
comparison to that of the pure diblock copolymers. As

Figure 3. The conformations of polymer chains in the vicin-
ity of Janus nanoparticles. (A) A simulation snapshot of the
composite with symmetric diblock copolymer and JR1 par-
ticle at 20000�, representative of a typical co-self-assembly
of block copolymer�Janus nanoparticle systems. Here only
the interface between the two phases (yellow surfaces) and
the Janus rods is shown for clarity. A single Janus rod
(marked in red) has been selected from the simulation cell
to demonstrate the conformation of polymer chains around
it. (B) Typical polymer chain conformation obtained as
shown in (A) from the equilibrium systems of symmetric
diblock copolymers without or with various types of Janus
nanoparticles: (a) JR1, (b) without nanoparticles, (c) JS, (d)
JR2, (e) JD1, and (f) JD2. The code of these nanoparticle sym-
bols and beads can be seen in Figure 1 and Table 1.

-γAp + γBp

γAB

1
Rp
e

1
Ri
e

-γAq + γBq

γAB

1
Rp

(1)

Figure 4. Order parameter (S) as function of simulation time
for various systems. The symmetric diblock copolymer with-
out or with Janus nanoparticles are compared to show the
effect of Janus nanoparticles with different architectures on
the structural evolution kinetics of nanocomposites. The
code of these nanoparticle symbols can be found in Figure
1 and Table 1. The volume fraction of each type of nanopar-
ticle is 0.15.
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shown in Figure 3, the “lying” Janus nanoparticles can
induce larger fluctuation or defects in the interface than
the “standing” Janus nanoparticles. Overcoming these
additional defects also requires a longer time. Figure 4
demonstrates that the kinetics of “lying” Janus nanopar-
ticles turns out to be very slow at the later stage. This
may be due to the increasing interaction frequency
among Janus nanoparticles as they are confined to the
interface that forms in the later stage. Moreover, the “ly-
ing” Janus nanoparticles have a larger contact area
with the interface which consequently decreases the
diffusion ability of these nanoparticles. The assump-
tions have been confirmed by calculating and compar-
ing the mean-square displacement (MSD) of JR1 and
JD1 nanoparticles (see supporting Supporting Informa-
tion, Figure S4).

Another important factor accounting for the re-
tarded kinetics of “lying” Janus nanoparticles is the spa-
tial confinement effect. The sizes of JR2 and JD2 in the
longest axes are 9rc and 7rc, respectively, which are big-
ger than the lamellar thickness of block copolymers
(4.9rc). Therefore the rotation and translation of these
“lying” Janus nanoparticles are facing the spatial con-
finement from polymer lamellae especially in the later
stage. To get more detailed insight into the mechanism
of this effect, a small lattice with side length 16rc with
a single JR2 nanoparticle has been extracted from the
simulation cell to display the assembling process of the
“lying” Janus nanoparticle confined within polymer
lamellae (see Supporting Information, Figure S5). The
details of this process can be seen from the video in the
Supporting Information. Figure 5 shows a series of
snapshots to demonstrate this process. Here the cyan
and red arrows indicate the direction of the fluctuations
of the polymer phase and the rod, respectively. Initially
the Janus rod attaches to an interconnection between
two lamellae. The interconnection fluctuates in the
plane parallel to the lamellae while the rod fluctuates
up and down along it (Figure 5a). Then a neck zone
forms in the interconnection with two sections shrink-
ing toward their supported lamellae. However, the site
of the anchored Janus rod limits the shrinkage of its
preferential phase. Thus these two sections turn to fluc-
tuate along the particle (Figure 5b). Meanwhile the
phase shrinkage gradually dominates this process and

one section arrives at its destination providing the

space for the rod to rotate and move (Figure 5c). Then

the shrinkage of the other interconnection section

draws the rod toward the lamella quickly (Figure 5d)

and finally the Janus rod lies on the interface (Figure

5e). The process shown in Figure 5 offers a clear view

about the interplay between the polymer phase and

the Janus nanoparticle in a spatial confinement state

which influences the kinetic pathway for structural evo-

lution of these nanocomposites. The thickness of the

lamella can be tuned by changing the length of the

polymer chains. Therefore we anticipate that the spa-

tial confinement state of the certain Janus nanoparti-

cle can be controlled by selecting diblock copolymers

with different chain lengths.

To delineate the practical usefulness of block

copolymer�Janus nanoparticle self-assembly, we have

investigated the shear behavior of the nanocomposites.

The shear field is introduced to these systems by using

the Lees�Edwards boundary condition,46 the details of

which can be found in Supporting Information. The

shear viscosity is calculated based on the pressure ten-

sor, P�	, which is measured by

where V is the volume of the simulation box.47 Shear vis-

cosity in association with the only nonvanishing off-

diagonal component, Pyz, is given by � � �Pyz/�̇ where

� is the non-Newtonian shear viscosity and �̇ is the

shear rate.47 The shear field is initially applied to the

equilibrium structures with shear rate �̇ � 0.01 which

is not too large and can avoid the potential microturbu-

lence. For comparison, we only consider the shear be-

havior of pure block copolymers and two nanocompos-

ites of block copolymers with homogeneous and Janus

spheres (HS and JS), respectively.

Figure 6 shows the temporal evolution of the order

parameter for these three systems. The order param-

eter curves show an initial drop with some fluctuation

and then rise slowly to finally level off. This monitoring

of order parameter is clarified by the structure changes

of the block copolymer�Janus sphere composite dur-

ing the shear process (see Supporting Information Fig-

Figure 5. Detailed assembling process of a single Janus rod confined within polymer lamellae. The snapshots are extracted
from the block copolymer�JR2 composite (see Figure S5 and the video in the Supporting Information). The side length of the
cubic lattice size is 16rc. The time of each snapshot is 39275� (a), 39550� (b), 39975� (c), 40000� (d), and 40025� (e). The
cyan and red arrows indicate the direction of the fluctuations of polymer phase and the rod, respectively. The interface be-
tween phases A and B is colored yellow and phase A is colored blue. Phase B is fully transparent.

PR� ) 1
V

〈 ∑
i

mivi,Rvi,�〉 + 1
V

〈 ∑
i

∑
j>i

Fij,R
C rij,�〉 (2)
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ure S7). The lamellae first buckle, then break and dis-
solve into the disordered state, but later evolve into the
parallel alignment. The curves in Figure 6 indicate that
the nanocomposite with Janus nanoparticle possesses
the fastest orientation dynamics in this shear field. From
Supporting Information Figure S7, we can observe that
Janus nanoparticles are kept anchoring in the interface
between two phases during the shear process. These
anchoring Janus nanoparticles can hold some old inter-
face patches which can serve as the nuclei of interface
formation, facilitating the formation of new interface
through domain growth surrounding the nuclei as well
as rotating or merging these old interface patches
along the shear field.

The inset of Figure 6 demonstrates the shear viscosi-
ties of these systems at the later stage. Here we only
compare the shear viscosity at the later time because
the shear viscosity at the initial and middle stages is
very sensitive to the original orientation structure.
Clearly, the shear viscosity of the nanocomposite with
Janus spheres is higher than those of the pure block co-
polymers and the block copolymer�homogeneous
sphere composite. A previous study for the
polymer�nanoparticle composite reveals that the at-
tractive interaction between nanoparticles and polymer
chains generates a higher viscosity than the pure poly-
mers while the repulsion interaction between these

both components leads to the lower viscosity than the
pure polymers.48 The Janus nanoparticles anchoring at
the interface can attract both blocks of block copoly-
mers, therefore increasing the viscosity of the nano-
composite. However the homogeneous nanoparticles
only attract one block but simultaneously repulse the
other block which decreases the viscosity of the com-
posite. The above analysis demonstrates that the pres-
ence of Janus nanoparticles can accelerate the shear dy-
namics and enhance the shear viscosity of
nanocomposites. These effects due to the Janus nano-
particles can be tuned by changing their architectures
which consequently provides us a unique approach to
create polymer nanocomposites with tunable and en-
hanced processing properties.

CONCLUSIONS
In summary, our simulations predict that the self-

assembly of Janus nanoparticles at the interface of
block copolymers is a viable approach to fabricate novel
structures or superstructures on the nanometer scale.
On the basis of this approach, oriented structures or su-
perstructures on a macroscopic scale can be reached
by using external fields to control the scaffold of block
copolymers, which however is very difficult to realize
from the self-assembly of particles in solutions. The re-
sults give a direct view of the deformation of polymer
chains induced by Janus nanoparticles with various ar-
chitectures, which is found to dominate the interfacial
stabilization and kinetic pathway for structural evolu-
tion of the nanocomposites. We also evaluate the
mechanism for the self-assembly of Janus nanoparti-
cles confined within the block copolymer lamellae. An-
other important outcome of this study is that we show
for the first time that the presence of Janus nanoparti-
cles in block copolymers can provide us a unique ap-
proach to create polymer nanocomposites with tunable
and enhanced processing properties. A potential con-
ception implied in this study is the associated self-
assembly between two or more amphiphilic building
blocks. The coassembly of these amphiphilic building
blocks may lead to diverse structures for new materi-
als. This conception might also offer a unique view to
understand some precise and complex self-assemblies
in nature.

METHODS
We use the dissipative particle dynamics (DPD) technique

which is a coarse-grained molecular dynamics (MD) approach
and can capture the hydrodynamics of complex fluids.49 For the
complicated problem considered here DPD offers an approach
that can be used for modeling physical phenomena occurring at
larger time and spatial scales than typical MD as it utilizes a
momentum-conserving thermostat and soft repulsive interac-
tions between the beads representing clusters of molecules. In
the present simulations, a bead i at position ri surrounded by
beads j � i at rj (distance vector rij � ri � rj and unit vector eij

� rij/rij with rij � |rij|) experiences a force with the components

of conservative interaction force FC, dissipative force FD, random
force FR, and bond force FS, that is, fi � �j�i(Fij

C � Fij
D � Fij

R � Fij
S)

where the sum runs over all beads j.49 The conservative force is
given by Fij

C � �ijC(rij)eij, where �ij is the maximum repulsion be-
tween beads i and j. For the interactions between like species,
the repulsion parameter �ii in FC is chosen to be 25, and �AB �
44.62, �pq � 25, �Ap � �Bq � 44.62, �Aq � �Bp � 18 are set for the
other interactions where A,B indicate the beads of two blocks
in the diblock copolymers and p,q indicate the beads of two
compartments of the Janus nanoparticles.49,50 Clearly, the A and
B blocks have strong affinities to the q and p sites of Janus nano-
particles, respectively. The weight function C(rij) is chosen as

Figure 6. Order parameter (S) as functions of shear time.
The inset shows the shear viscosity (�) at the later stage:
(red) pure block copolymers, (green) block copolymer�HS
nanocomposite, and (blue) block copolymer�JS nanocom-
posite. The code of the nanoparticle symbols can be found in
Figure 1 and Table 1. The volume fraction of each type of
nanoparticle is 0.15.
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C(rij) � 1 � rij/rc for rij � rc and C(rij) � 0 for rij � rc, where rc is
the truncate distance. The random force Fij

R and the dissipative
force Fij

D are given by Fij
R � �(rij)�ij�t�1/2eij and Fij

D � �1/
2�2(rij)(vij · eij)eij, where vij � vi � vj and vi denotes the velocity
of bead i.49 �ij is a random number which has zero mean and unit
variance. The noise amplitude, �, is fixed at � � 3 in the present
simulations. The bonds between beads in the polymer chain
are represented by Fij

S � Crij with a stiffness constant C � �4.49

Here we use a modified velocity�Verlet algorithm due to
Groot and Warren to solve the motion equation.49 The radius of
interaction, bead mass, and temperature are set as the unit, that
is, rc � m � kBT � 1. A characteristic time scale is then defined
as � � (mrc

2/kBT)1/2. Our simulation box is (30rc)3 in size and with
periodic boundary condition in all directions, which is large
enough to avoid the finite size effects. A bead number density
of 3/rc

3 is used. The time step of �t � 0.05� is chosen ensuring
the accurate temperature control for the simulation system.51
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