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Behavior of single nanoparticle Õhomopolymer chain in ordered structures
of diblock copolymers

Qiang Wang,a) Paul F. Nealey, and Juan J. de Pablob)
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We have performed Monte Carlo simulations to study the behavior of a single nanoparticle and a
single homopolymer chain in ordered structures of diblock copolymers. Our results show that the
microphase-separated copolymers can be used to position nanoparticles or homopolymers according
to their interactions with the two blocks. This is consistent with recent experimental observations.
We also observe that, while short neutral homopolymers segregate at the A–B interfaces, longer
neutralhomopolymers exhibit an apparent preference for the cylinders over the matrix, mainly due
to geometrical considerations associated with the curvature of A–B interfaces. ©2003 American
Institute of Physics.@DOI: 10.1063/1.1575207#
re
lo
a
-
a

ta
ne
c
an

a
sy
c-
tr
er
ic
o
dy
c
u-
th

t
co

en
D

ic

it

s
tric
co-
har-
red
nt-
-
red
is
e
le–
are

er-

s-
m-
a-
rs

ter-
gle-
re.

ly-

e
e
the

wn
rva-

x-
cu-
nd

ria
Ba
I. INTRODUCTION

Due to their ability to microphase-separate into orde
structures on the length scale of tens of nanometers, b
copolymers are receiving increased attention for potential
plications in nanofabrication.1 For example, ordered copoly
mer structures can be used as templates to guide the sp
arrangement of nanoparticles2 to manufacture selective
membranes, next-generation catalysts, photonic crys
etc.3 For these materials, a desirable morphology is attai
by controlling the copolymer composition, the volume fra
tion of the particles, the interaction between the particles
the blocks, etc.

To the best of our knowledge, only a few theoretic
studies have been reported on nanoparticle/copolymer
tems. Sevinket al. used a dynamic mean-field density fun
tional theory to study the phase separation of symme
diblock copolymers in the presence of immobile fill
particles.4 Ginzburg et al. developed a hybrid mesoscop
model that combines cell dynamic simulations for the c
polymers with Langevin dynamics for the particles to stu
the phase separation of nanoparticle/symmetric diblock
polymer systems.5,6 In these numerical calculations, molec
lar details about chain conformation were lost due to
mesoscopic nature of the models. Huhet al. used lattice
Monte Carlo simulations and the strong-stretching theory
study the phase behavior of cubic nanoparticle/diblock
polymer systems.7 Thompson et al. combined a self-
consistent mean-field theory for the copolymers with a d
sity functional theory for the particles, and performed 2
calculations to explore the phase behavior of spher
nanoparticle/diblock copolymer systems.8–10 Although their
work did not assumea priori knowledge of the system’s
morphology, the two-dimensional aspects of the work lim
the applicability of its predictions.
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In this work, we report lattice Monte Carlo simulation
for systems of a single nanoparticle in lamellae of symme
diblock copolymers. For the microphase-separated block
polymers, the addition of nanoparticles can change the c
acteristic dimensions, or even the morphology, of the orde
copolymer structures. This can be problematic in consta
volume simulations, where it is difficult to avoid the influ
ence of the periodic boundary conditions on the orde
structures.11,12 In contrast to previous work, this issue
minimized in our single-particle simulations. Although th
problem at hand is also simplified because the partic
particle interactions are not considered, our simulations
still able to provide useful insights into the systems of int
est.

We also report lattice Monte Carlo simulations for sy
tems of a single homopolymer chain in cylinders of asy
metric diblock copolymers. Although Monte Carlo simul
tions on the blends of block copolymers with homopolyme
have been reported in the literature,13 they have mainly fo-
cused on the behavior of copolymers at homopolymer in
faces and on the phase behavior of the system; sin
homopolymer simulations have not been reported befo
Our work is motivated by recent experiments of Jeonget al.,
where poly~methylmethacrylate! ~denoted by PMMA! ho-
mopolymers were added into asymmetric diblock copo
mers polystyrene-b-PMMA ~where PMMA blocks form cyl-
inders of about 22 nm in diameter!, and pores of about 6 nm
in diameter were obtained after removing th
homopolymers.14 This size scale is generally beyond th
bounds available to block copolymers alone, and extends
potential applications of block copolymer systems. As sho
later, our results are consistent with experimental obse
tions.

II. MODEL

Our Monte Carlo simulations are performed in an e
panded grand-canonical ensemble in the framework of a
bic lattice. Detailed descriptions of our model can be fou
in Refs. 11, 12, and 15. Simulation boxes of sizeLx3Ly

ls
r-
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3Lz are employed, and periodic boundary conditions are
plied in all three directions. We only consider repulsions b
tween nonbonded nearest-neighbor A–B pairs separate
one lattice unit (eA–B.0), and seteA–A5eB–B50. Any in-
teractions involving vacancies~unoccupied lattice sites! are
also set to zero.

A. Single nanoparticle in lamellae of symmetric
diblock copolymers

In this case, cubic boxes of size 283 or 423 are em-
ployed. The symmetric diblock copolymers have a ch
length of 24. The reduced temperature is set toT*
[kBT/eA–B51.2 ~wherekB is Boltzmann’s constant andT is
the absolute temperature!, and the reduced chemical pote
tial to m* [m/(kBT)543.4 ~wherem is the chemical poten
tial of the copolymer chain!. Under these conditions, th
symmetric diblock copolymers form lamellar structures
periodL514 along one axis of the box~denoted byz), and
the copolymer segmental density~fraction of lattice sites oc-
cupied by copolymer segments! f̄C fluctuates around 0.8
during the simulation.15

A single particle~denoted by P! is fixedat the center of
the box. Two different shapes of the particle are conside
a cubic particle consisting ofl 3 lattice sites, and a spherica
particle consisting of all the lattice sites whose distance fr
the center of the box is smaller than or equal tod/2. Because
of the lattice structure, the latter is actually a quasispher
particle. The lattice sites occupied by the particle cannot
occupied by copolymer segments. We seteA–P50 andeB–P

>0, and defineaP[eB–P/eA–B . Therefore,aP50 corre-
sponds to a neutral particle, andaP52 corresponds to an
A-like particle.

Metropolis-like acceptance criteria are used in the
simulations. One Monte Carlo step~MCS! consists of 0.8
3Lx3Ly3Lz trials of reptation, local, and growing
shrinking moves of copolymer chains, each of which occ
with the same probability. After equilibration, simulation
are run for at least 13106 MCS and data are collected eve
10 MCS.

B. Single homopolymer chain in cylinders
of asymmetric diblock copolymers

In this case, a rectangular box of size 54352360 is
employed. The asymmetric diblock copolymers have a ch
length of 36 and a composition~the volume fraction of the A
blocks in the copolymers! of 1/4. The temperature and den
sity are set toT* 51.5 andf̄C50.693. Under these cond
tions, the asymmetric diblock copolymers form hexagona
packed cylinders of the A blocks in the matrix of the
blocks. These cylinders are oriented along thez direction,
with an intercylinder distance of 17.3 along they
direction.12,16

A single homopolymer chain, denoted by H, of varyin
chain lengthN is introduced into the ordered cylindrica
structures via expanded grand-canonical Monte Ca
moves.11 In each of these growing/shrinking moves, two se
ments are appended to or removed from each end of
homopolymer chain. Configurational bias is used to facilit
Downloaded 06 Mar 2007 to 128.104.198.190. Redistribution subject to A
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these moves.11 In addition, local~kink-jump and crankshaft!
moves and reptation moves are employed forboth the co-
polymers and the homopolymer to change their chain c
figuration. We seteH–H50, eA–H>0, eB–H>0, eA–HeB–H

50, and defineaH[(eB–H2eA–H)/eA–B . Therefore, aH

50 corresponds to a neutral homopolymer~denoted by HN),
aH51 corresponds to an A-like homopolymer~denoted by
HA), and aH522 corresponds to a B-like homopolyme
~denoted by HB1).

Metropolis-like acceptance criteria are used in the
simulations. One MCS consists of 0.73Lx3Ly3Lz trials of
reptation, local, and growing/shrinking moves, occurri
with probability 0.45, 0.45, and 0.1, respectively. The c
polymers and the homopolymer are chosen with the sa
probability~0.5! for reptation and local trial moves, while th
growing/shrinking trial moves are only employed for the h
mopolymer. The configuration of the single homopolym
chain is therefore changed much more frequently than tha
the copolymers. We start from a well-equilibrated syste
configuration of the copolymers, and simulations are run
13106 MCS while data are collected every 1 MCS.

III. RESULTS AND DISCUSSION

A. Single nanoparticle in lamellae of symmetric
diblock copolymers

In order to employ ordered structures of block copo
mers to position nanoparticles, the particle size has to
comparable to or smaller than the domain size of the cop
mers (L/2 in the case of our lamellae!. Two different particle
sizes are considered in this work: ‘‘small’’ particles ofl 56
or d56 ~where the box size of 283 is used!, and ‘‘large’’
particles ofl 510 or d512.4 ~where the box size of 423 is
used!. In the latter case, the spherical particle has about
same volume as the cubic one.

The left section of Fig. 1 shows the position of the fo
lamellar interfaces in thez direction during the simulation
for the case of ‘‘small’’ particles. The interfacial positions
each collected system configuration are defined byfA(z)
2fB(z)50, wherefA(z), for example, is the fraction o
lattice sites occupied by A segments in thex–y plane at a
given z. Periodic boundary conditions are used when cal
lating the interfacial positions. Each solid horizontal line~in
black! represents the average position of the correspond
interface after the system is equilibrated. The two das
lines mark the position of the particle in thez direction. The
right section of Fig. 1 shows one quarter of the final syst
configuration (1<x<Lx/2 and 1<y<Ly/2), where the A
segments are shown as pink, the B segments are blue,
the particle is located at the corners closest to the reade

Figure 1~a! shows that, as expected, the A-like spheric
particle is preferentially located in an A-rich domain, a
though at the beginning of the simulation it is positioned
an A–B interface. A similar result is observed for the A-lik
cubic particle ofl 56.

From Fig. 1~b! it is seen that, during the simulation, th
neutral cubic particle moves~relative to the lamellae! from a
B-rich domain to an A–B interface and then fluctuat
around the interface. A similar result is observed for the n
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 1. ~Color! The results for a
‘‘small’’ particle ~in a simulation box
of 283): ~a! An A-like spherical par-
ticle of d56; ~b! A neutral cubic par-
ticle of l 56. On the left shows the po-
sition of the four lamellar interfaces in
the z direction during the simulation,
where each solid horizontal line~in
black! represents the average positio
of the corresponding interface after th
system is equilibrated, and the tw
dashed lines mark the position of th
particle in thez direction. On the right
shows one quarter of the final system
configuration (1<x<Lx/2 and 1<y
<Ly/2), where the A segments ar
shown as pink, the B segments a
blue, and the particle is located at th
corners closest to the reader.
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tral spherical particle ofd56. This clearly shows tha
‘‘small’’ neutral particles are preferentially located at th
A–B interfaces of the lamellae. Consistent with the segre
tion of neutral good solvent molecules at A–
interfaces,11,15,17this screens the repulsion between A and
segments, and therefore decreases the energy of the sy

One thing to note in Fig. 1 is that, although the partic
size is close toL/2, the lamellar structure is not visibly dis
turbed. We therefore expect that smaller particles would
hibit the same behavior. This is also true for ‘‘large’’ neutr
particles, as shown in Fig. 2~a! for the case of a spherica
particle.

In contrast, Fig. 2~b! shows that the ‘‘large’’ A-like cubic
particle does disturb the lamellar structure; the A segme
surround the particle due to energetic interactions, and
forate the middle B-rich layer. The center of an A-like pa
ticle is not always located in a B-rich layer@as shown in Fig.
2~b!#. In the case of the ‘‘large’’ A-like spherical particle, th
center of the particle is located in an A-rich layer during o
simulation, and the two adjacent B-rich layers are disturb
by the A segments surrounding the particle. As discus
below, we attribute this difference to the large box size u
in these simulations~and not the different particle shapes!.

As pointed out in our previous work, bulk lamella
~without the particle! also move during the course of a sim
lation run, due to the translational invariance of the system15

Because the lamellar interfaces move cooperatively~as
shown in Figs. 1 and 2!, the motion of lamellae become
smaller for larger simulation boxes. Since the particle is fix
in this work, in order to distinguish the motion of lamella
Downloaded 06 Mar 2007 to 128.104.198.190. Redistribution subject to A
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caused by the preferential location of the particle from t
caused by the translational invariance, we compare the
ond moment of the lamellar interfacial position about its a
erage position~after equilibration, denoted byd! with and
without the particle; the results are shown in Table I. We s
that, in the case of box size of 283, d is largely reduced by
the particle, i.e., the lamellae are ‘‘anchored’’ by the pref
ential location of the ‘‘small’’ particle. In the case of box siz
of 423, however, the values ofd with and without the
‘‘large’’ particle are comparable; our simulations are the
fore unable to reveal the preferential location of the ‘‘larg
particles.

B. Single homopolymer chain in cylindrical
structures of asymmetric diblock copolymers

In our simulations, we consider homopolymer cha
lengths in the range 0<N<120. We choose the reduce
chemical potential of the homopolymermH* [mH /(kBT),
where mH is the chemical potential of the homopolym
chain of N5120, such that homopolymers of length 4<N
<120 are sampled nearly evenly. The results are show
Fig. 3, whereP(N) is the fraction of collected samples ha
ing a homopolymer of lengthN.

The first graph of Fig. 4 shows the 2D order parame
profile O(x,y)[^fA(x,y)2fB(x,y)& of the copolymers in

an unit cell of 273171
3 of the hexagonal packing of the cy

inders, wherefA(x,y), for example, is the fraction of lattice
sites occupied by A segments at a given (x,y) in each col-
lected sample, and̂ & represents the average over all co
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 2. ~Color! The results for a
‘‘large’’ particle ~in a simulation box
of 423): ~a! A neutral spherical particle
of d512.4; ~b! An A-like cubic par-
ticle of l 510. Refer to Fig. 1 for more
explanation.
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lected samples, and then over the six unit cells containe
the simulation box. Similar to the aforementioned motion
bulk lamellae, the cylinders also move in thex–y plane dur-
ing the course of a simulation run, due to the periodic bou
ary conditions. Therefore, when averaging over collec
samples, we deduct this motion in a similar way to that u
in previous work,15 i.e., the 2D order parameter profiles a
aligned according to the average~over the 12 cylinders con
tained in the box! displacement of the cylinder’s center-o
mass in thex–y plane.18

The rest of Fig. 4 shows the 2D segmental distribut
profilesD(x,y;N)[(LxLy /N)^fH(x,y)&N of the A-like ho-
mopolymers HA of different N, where the prefactorLxLy /N
is used to rescale the profile such that the uniform distri
tion of the homopolymer segments in the system correspo

TABLE I. Comparison of the second moment of the lamellar interfac
position about its average position~after equilibration!.

Box size Particle size aP d

283 No particle ¯ 1.7

l 56 0 0.6
2 0.4

d56 0 0.7
2 0.5

423 No particle ¯ 0.7

l 510 0 0.6
2 0.5

d512.4 0 0.9
2 0.4
Downloaded 06 Mar 2007 to 128.104.198.190. Redistribution subject to A
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to D(x,y;N)51. The notation^ &N here is similar to^ &,
except that the average is taken only over collected sam
having a homopolymer of lengthN, and the motion of cyl-
inders is deducted as explained above. Figure 4 shows
HA is strongly localized at the center of the cylinders due
its energetic interactions; this is consistent with experimen
observations.14 We also see that this localization becom
stronger asN increases.

Similarly, the B-like homopolymers HB1 are localized in
the matrix, as shown in Fig. 5. Since the volume of t
matrix is about as three times as that of cylinders, the ma
mum value ofD(x,y;N) for HB1 is much smaller than tha
for HA.

FIG. 3. Fraction of collected samplesP(N) having a homopolymer of
lengthN. The chemical potential used for the homopolymer is shown in
legend for each case.

l
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FIG. 4. ~Color! Segmental distribution
of the A-like homopolymer HA of
lengthN in the cylindrical structure of
diblock copolymers. The first graph
shows the two-dimensional order pa
rameter profile of the copolymers in a
unit cell of 27317

1
3 of the hexagonal

packing of the cylinders, where the
color code of 0.7 corresponds to th
A-rich domain ~cylinders! and 20.7
corresponds to the B-rich domain~ma-
trix!. The rest shows the homopolyme
segmental distribution, where th
color code of 1 corresponds to the av
erage value~the uniform distribution
of the homopolymer segments in th
system!.
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The results for neutral homopolymers HN, shown in Fig.
6, reveal a number of interesting features. For short ch
lengths, HN exhibits the same behavior as neutral good s
vent molecules~which correspond toN51), i.e., it segre-
gates at A–B interfaces to screen the repulsion betwee
and B segments. For longer chain lengths, however, HN ex-
hibits an apparent preference for the cylinders over the
trix. That is, at the same radial distance away from an A
interface~denoted byr 0), D(x,y;N) in the cylinder is larger
than that in the matrix. This can be explained on the basi
geometrical considerations. Consider an A-cylinder and
surrounding B-matrix; the neutral homopolymer segments
Downloaded 06 Mar 2007 to 128.104.198.190. Redistribution subject to A
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not have an energetic preference for the A or B doma
However, the~differential! volume at a distancer from the
center of the cylinder is proportional tor ; this leads to a
higher density of homopolymer segments in the cylind
than that in the matrix~at the samer 0). Accordingly, for a
lamellar morphology, this preference of the neutral h
mopolymers for one domain over the other disappears
contrast, for a spherical morphology we anticipate an e
stronger preference for the spheres over the matrix, bec
the ~differential! volume at a distancer from the center of a
sphere is proportional tor 2.

The chain conformation of the long neutral homopo
FIG. 5. ~Color! Segmental distribution
of the B-like homopolymer HB1 of
lengthN in the cylindrical structure of
diblock copolymers. Refer to Fig. 4
for more explanation.
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 6. ~Color! Segmental distribution
of the neutral homopolymer HN of
lengthN in the cylindrical structure of
diblock copolymers. Refer to Fig. 4
for more explanation.
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mer could also influence its segmental distribution. To qu
tify the homopolymer chain conformation, we calculate t
components of the mean square radius of gyration of
homopolymer, denoted byRg,i

2 ( i 5xy,z), where Rg,xy
2

[(Rg,x
2 1Rg,y

2 )/2; the results are shown in Fig. 7, where f
each set of data a linear fit for lnRg,i

2 ;ln N ~with N>16) is
shown and the slope is given in the legend. We see
Rg,z

2 .Rg,xy
2 in all cases, andRg,z

2 2Rg,xy
2 becomes larger for

longer chains. The single homopolymer chain is theref
elongated along thez direction. This elongation is most pro
nounced for long chains of HA, whose conformation re
sembles more a rod than a Gaussian coil. The differe
between thez and the other two directions is caused by t
orientation of the cylinders.

We also calculate the single chain structure factor of
homopolymer,

S~q![
1

N (
k,m

N

^ej q•(rk2rm)&N

5
1

N K F(
k

N

cos~q•r k!G2

1F(
k

N

sin~q•r k!G2L
N

,

wherej 5A21; q is the wave vector;r k , for example, is the
lattice position of thekth segment of the homopolymer; an
^ &N here denotes an average over collected samples ha
a homopolymer of lengthN. Figure 8 showsSi(q)/N ( i
5xy,z), whereSxy(q), for example, is obtained by averagin
S(q) over vectorsq that are limited in thex–y plane and
have a length ofq; Si(q) is determined in the rang
2p/max$Lx ,Ly ,Lz%<q<2p. Lattice features become appare
in Fig. 8 for q*2 (lnq*0.7).

The conformation of the single homopolymer chain c
also be characterized using the scaling exponentn, defined
by Si(q)}q21/n; n50.5 corresponds to the chain conform
Downloaded 06 Mar 2007 to 128.104.198.190. Redistribution subject to A
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t FIG. 7. The components of the mean square radius of gyration of the
mopolymerRg,i

2 ( i 5xy,z), whereRg,xy
2 [(Rg,x

2 1Rg,y
2 )/2. The symbols are

simulation results, with different shapes corresponding to different
mopolymer interactions as shown in the legend. Each line represents
linear fit for the corresponding set of data~where only the results forN
>16 are used!, with its slope given in the legend.
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tion in au solvent,n,0.5 corresponds to a compressed co
formation in a poor solvent, andn.0.5 corresponds to an
extended conformation in a good solvent. Figure 9 shows
value of n for the longest homopolymer chain ofN5120,
obtained from Fig. 8. Forq<0.45 (lnq<20.8), n monotoni-
cally decreases asq increases in all cases. It is interesting
see that, for the A-like homopolymer HA, Sz(q) exhibits two
regimes~at q around 0.5 and 1.5! with different values ofn,
while Sxy(q) hardly exhibits a regime of constantn. All other
curves in Fig. 9 exhibit one regime with an almost const
n, which compares favorably with the corresponding slope
the linear fit for lnRg,i

2 ; ln N shown in Fig. 7. Note that, for
the HA, the slope of lnRg,z

2 ; ln N is close to the averag
value of 2n in the two different regimes, while the lnRg,xy

2

; ln N data cannot be well-fitted by a linear function.

IV. CONCLUSIONS

We have performed Monte Carlo simulations to stu
the behavior of a single nanoparticle in lamellae of symm
ric diblock copolymers. The particle is fixed at the center
the simulation box, and the lamellae move during our sim
lations performed in an expanded grand-canonical ensem
We find that ‘‘small’’ particles~with their size smaller than
half the lamellar periodL) can be located in the preferre

FIG. 8. The single chain structure factorSi(q) ( i 5xy,z) of the homopoly-
mer of lengthN.
Downloaded 06 Mar 2007 to 128.104.198.190. Redistribution subject to A
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lamellar domain according to their interactions with t
blocks ~at the A–B interfaces if they are neutral!, and the
lamellar structure is not disturbed by the particle. In contra
‘‘large’’ particles ~with their size larger thanL/2) disturb the
lamellar structure if they are not neutral, due to the surrou
ing of the preferred segments around the particle. For
particle sizes considered here, the shape of the particle~cubic
or spherical! does not have a significant influence on its b
havior.

We have also reported Monte Carlo simulations of
single homopolymer chain in cylinders of asymmet
diblock copolymers. The chain length of the homopolymer
varied using expanded grand-canonical~growing/shrinking!
moves. We find that homopolymers preferring the shor
blocks are highly localized in the cylinders, consistent w
recent experimental observations.14 We also find that this lo-
calization becomes stronger for longer chains. While sh
neutral homopolymers segregate at the A–B interfaces
screen the repulsion between A and B segments, longerneu-
tral homopolymers exhibit an apparent preference for
cylinders over the matrix, mainly due to geometrical cons
erations associated with the curvature of A–B interfaces.

FIG. 9. The scaling exponentn for the homopolymer ofN5120, deter-
mined from~a! Sxy(q) and ~b! Sz(q) shown in Fig. 8, respectively.
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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