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Behavior of single nanoparticle /homopolymer chain in ordered structures
of diblock copolymers
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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 interfac&00® American
Institute of Physics.[DOI: 10.1063/1.1575207

I. INTRODUCTION In this work, we report lattice Monte Carlo simulations
for systems of a single nanoparticle in lamellae of symmetric
Due to their ability to microphase-separate into ordereddiblock copolymers. For the microphase-separated block co-
structures on the length scale of tens of nanometers, blogkolymers, the addition of nanoparticles can change the char-
copolymers are receiving increased attention for potential apacteristic dimensions, or even the morphology, of the ordered
plications in nanofabricatiohFor example, ordered copoly- copolymer structures. This can be problematic in constant-
mer structures can be used as templates to guide the spatig@lume simulations, where it is difficult to avoid the influ-
arrangement of nanoparticleso manufacture selective ence of the periodic boundary conditions on the ordered
membranes, next-generation catalysts, photonic crystalstructures>? In contrast to previous work, this issue is
etc? For these materials, a desirable morphology is attaineechinimized in our single-particle simulations. Although the
by controlling the copolymer composition, the volume frac-problem at hand is also simplified because the particle—
tion of the patrticles, the interaction between the particles angarticle interactions are not considered, our simulations are
the blocks, etc. still able to provide useful insights into the systems of inter-
To the best of our knowledge, only a few theoretical est.
studies have been reported on nanoparticle/copolymer sys- We also report lattice Monte Carlo simulations for sys-
tems. Sevinket al. used a dynamic mean-field density func- tems of a single homopolymer chain in cylinders of asym-
tional theory to study the phase separation of symmetrignetric diblock copolymers. Although Monte Carlo simula-
diblock copolymers in the presence of immobile filler tions on the blends of block copolymers with homopolymers
particles’ Ginzburg et al. developed a hybrid mesoscopic have been reported in the literatdfethey have mainly fo-
model that combines cell dynamic simulations for the co-cused on the behavior of copolymers at homopolymer inter-
polymers with Langevin dynamics for the particles to studyfaces and on the phase behavior of the system; single-
the phase separation of nanoparticle/symmetric diblock cohomopolymer simulations have not been reported before.
polymer systems?® In these numerical calculations, molecu- Our work is motivated by recent experiments of Jeengl,
lar details about chain conformation were lost due to thevhere polymethylmethacrylate (denoted by PMMA ho-
mesoscopic nature of the models. Hehal. used lattice mopolymers were added into asymmetric diblock copoly-
Monte Carlo simulations and the strong-stretching theory taners polystyren&-PMMA (where PMMA blocks form cyl-
study the phase behavior of cubic nanoparticle/diblock coinders of about 22 nm in diamejeand pores of about 6 nm
polymer system$. Thompson et al. combined a self- in diameter were obtained after removing the
consistent mean-field theory for the copolymers with a denhomopolymers? This size scale is generally beyond the
sity functional theory for the particles, and performed 2Dbounds available to block copolymers alone, and extends the
calculations to explore the phase behavior of sphericapotential applications of block copolymer systems. As shown
nanoparticle/diblock copolymer systefid® Although their  later, our results are consistent with experimental observa-
work did not assume priori knowledge of the system’s tions.
morphology, the two-dimensional aspects of the work limits
the applicability of its predictions. Il. MODEL

Our Monte Carlo simulations are performed in an ex-

a) ) . . ) ) : X
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X L, are employed, and periodic boundary conditions are apthese move$! In addition, local(kink-jump and crankshajft
plied in all three directions. We only consider repulsions be-moves and reptation moves are employed both the co-
tween nonbonded nearest-neighbor A—B pairs separated Ipolymers and the homopolymer to change their chain con-
one lattice unit €,_g>0), and setes_p=€g_g=0. Any in-  figuration. We sete,_y=0, €5_n=0, €5_1=0, €a_n€z_H
teractions involving vacancig@noccupied lattice sit¢sare =0, and defineay=(eg_y— €a_n)/€a_g. Therefore, ay
also set to zero. =0 corresponds to a neutral homopolynieenoted by H),
ap=1 corresponds to an A-like homopolymé@tenoted by
H”), and ay=—2 corresponds to a B-like homopolymer
(denoted by ™).

In this case, cubic boxes of size 28r 42° are em- Metropolis-like acceptance criteria are used in these
ployed. The symmetric diblock copolymers have a chainsimulations. One MCS consists of XX L,XL, trials of
length of 24. The reduced temperature is set T  reptation, local, and growing/shrinking moves, occurring
=kgT/ea_g=1.2(wherekg is Boltzmann’s constant andis  with probability 0.45, 0.45, and 0.1, respectively. The co-
the absolute temperatyreand the reduced chemical poten- polymers and the homopolymer are chosen with the same
tial to u*=pu/(ksT)=43.4(whereu is the chemical poten- probability (0.5) for reptation and local trial moves, while the
tial of the copolymer chain Under these conditions, the growing/shrinking trial moves are only employed for the ho-
symmetric diblock copolymers form lamellar structures Ofm0p0|ymer_ The Conﬁguration of the Sing|e homopo|ymer
periodL = 14 along one axis of the boklenoted byz), and  chain is therefore changed much more frequently than that of
the copolymer segmental densifyaction of lattice sites oc-  the copolymers. We start from a well-equilibrated system
cupied by copolymer segmeitg . fluctuates around 0.8 configuration of the copolymers, and simulations are run for
during the simulatiort® 1x10° MCS while data are collected every 1 MCS.

A single particle(denoted by Pis fixedat the center of
the box. Two different shapes of the particle are considered:
a cubic particle consisting df lattice sites, and a spherical lll. RESULTS AND DISCUSSION
particle consisting of all the lattice sites whose distance fromA. Single nanoparticle in lamellae of symmetric
the center of the box is smaller than or equatltd. Because diblock copolymers
of the lattice structure, the latter is actually a quasispherical
particle. The lattice sites occupied by the particle cannot b
occupied by copolymer segments. We egt,=0 andeg_p
=0, and defineap=e€g_p/ep_g. Therefore,ap=0 corre-
sponds to a neutral particle, antgh=2 corresponds to an
A-like particle.

Metropolis-like acceptance criteria are used in thes

A. Single nanopatrticle in lamellae of symmetric
diblock copolymers

In order to employ ordered structures of block copoly-
ners to position nanoparticles, the particle size has to be
comparable to or smaller than the domain size of the copoly-
mers (/2 in the case of our lamellaeTwo different particle
sizes are considered in this work: “small” particles lof 6

or d=6 (where the box size of 28is used, and “large”
%articles ofl =10 ord=12.4 (where the box size of 42s

iTul?EOQSL' O?? IMon:(e Ca:lot_ ste(p/:CS)I cons:jsts of 9'8 / used. In the latter case, the spherical particle has about the
xLyxL, trals of replation, local, and growing’ gumne yolume as the cubic one.

shrinking moves of copolymer chains, each of which occurs The left section of Fig. 1 shows the position of the four

with the same probability. After equilibration, simulations lamellar interfaces in the direction during the simulation
are run for at least % 10° MCS and data are collected every for the case of “small” particles. The interfacial positions in

10 MCS. each collected system configuration are defined¢hyz)
— ¢p(2)=0, where ¢p,(z), for example, is the fraction of
lattice sites occupied by A segments in tkey plane at a
given z. Periodic boundary conditions are used when calcu-
lating the interfacial positions. Each solid horizontal liie

In this case, a rectangular box of size>682X60 is  black represents the average position of the corresponding
employed. The asymmetric diblock copolymers have a chaifnterface after the system is equilibrated. The two dashed
length of 36 and a compositidithe volume fraction of the A |ines mark the position of the particle in tledirection. The
blocks in the copolymejsof 1/4. The temperature and den- right section of Fig. 1 shows one quarter of the final system
sity are set tol* =1.5 and¢=0.693. Under these condi- configuration (kx<L,/2 and Isy<L/2), where the A
tions, the asymmetric diblock copolymers form hexagonallysegments are shown as pink, the B segments are blue, and
packed cylinders of the A blocks in the matrix of the B the particle is located at the corners closest to the reader.

B. Single homopolymer chain in cylinders
of asymmetric diblock copolymers

blocks. These cylinders are oriented along thdirection, Figure Xa) shows that, as expected, the A-like spherical
with an intercylinder distance of 17.3 along thg  particle is preferentially located in an A-rich domain, al-
direction!?16 though at the beginning of the simulation it is positioned at

A single homopolymer chain, denoted by H, of varying an A—B interface. A similar result is observed for the A-like
chain lengthN is introduced into the ordered cylindrical cubic particle ofl =6.
structures via expanded grand-canonical Monte Carlo From Fig. Xb) it is seen that, during the simulation, the
moves!! In each of these growing/shrinking moves, two seg-neutral cubic particle moveselative to the lamellagfrom a
ments are appended to or removed from each end of thB-rich domain to an A-B interface and then fluctuates
homopolymer chain. Configurational bias is used to facilitatearound the interface. A similar result is observed for the neu-
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FIG. 1. (Color) The results for a
“small” particle (in a simulation box
of 28%): (a) An A-like spherical par-
ticle of d=6; (b) A neutral cubic par-
ticle of | =6. On the left shows the po-
sition of the four lamellar interfaces in
the z direction during the simulation,
where each solid horizontal linén
black represents the average position
of the corresponding interface after the
system is equilibrated, and the two
dashed lines mark the position of the
particle in thez direction. On the right
shows one quarter of the final system
configuration (kx<L,/2 and Isy
<L,/2), where the A segments are
shown as pink, the B segments are
blue, and the particle is located at the
corners closest to the reader.

tral spherical particle ofd=6. This clearly shows that caused by the preferential location of the particle from that
“small” neutral particles are preferentially located at the caused by the translational invariance, we compare the sec-
A-B interfaces of the lamellae. Consistent with the segregaend moment of the lamellar interfacial position about its av-
tion of neutral good solvent molecules at A-B erage positionafter equilibration, denoted by) with and
interfacest>’this screens the repulsion between A and Bwithout the particle; the results are shown in Table I. We see
segments, and therefore decreases the energy of the systetimat, in the case of box size of 284 is largely reduced by
One thing to note in Fig. 1 is that, although the particlethe patrticle, i.e., the lamellae are “anchored” by the prefer-
size is close td_/2, the lamellar structure is not visibly dis- ential location of the “small” particle. In the case of box size
turbed. We therefore expect that smaller particles would exef 42°, however, the values ob with and without the
hibit the same behavior. This is also true for “large” neutral “large” particle are comparable; our simulations are there-
particles, as shown in Fig.(@ for the case of a spherical fore unable to reveal the preferential location of the “large”
particle. particles.
In contrast, Fig. t) shows that the “large” A-like cubic
particle does distgrb the lamellar str_uc.ture; thg A segments, Single homopolymer chain in cylindrical
surround thg partlcle.due to energetic mteracnons,.and PE&tructures of asymmetric diblock copolymers
forate the middle B-rich layer. The center of an A-like par-
ticle is not always located in a B-rich laygas shown in Fig. In our simulations, we consider homopolymer chain
2(b)]. In the case of the “large” A-like spherical particle, the lengths in the range €N<120. We choose the reduced
center of the particle is located in an A-rich layer during ourchemical potential of the homopolymet};= u/(kgT),
simulation, and the two adjacent B-rich layers are disturbedvhere uy is the chemical potential of the homopolymer
by the A segments surrounding the particle. As discusse@hain of N=120, such that homopolymers of length=
below, we attribute this difference to the large box size useds120 are sampled nearly evenly. The results are shown in
in these simulationgéand not the different particle shapes ~ Fig. 3, whereP(N) is the fraction of collected samples hav-
As pointed out in our previous work, bulk lamellae ing @ homopolymer of lengtN.
(without the particlgalso move during the course of a simu-  The first graph of Fig. 4 shows the 2D order parameter
lation run, due to the translational invariance of the system. profile O(x,y)=(¢a(x,y) — ¢s(x.y)) of the copolymers in
Because the lamellar interfaces move cooperativigly  an unit cell of 2 173 of the hexagonal packing of the cyl-
shown in Figs. 1 and)2 the motion of lamellae becomes inders, wherep,(x,y), for example, is the fraction of lattice
smaller for larger simulation boxes. Since the patrticle is fixedsites occupied by A segments at a giveqy( in each col-
in this work, in order to distinguish the motion of lamellae lected sample, and) represents the average over all col-
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FIG. 2. (Color) The results for a
“large” particle (in a simulation box
of 42): (a) A neutral spherical particle
of d=12.4; (b) An A-like cubic par-

ticle of | =10. Refer to Fig. 1 for more
explanation.

b} # of Sample x 10"

lected samples, and then over the six unit cells contained ito D(x,y;N)=1. The notation{ )y here is similar to(),

the simulation box. Similar to the aforementioned motion ofexcept that the average is taken only over collected samples

bulk lamellae, the cylinders also move in tkey plane dur- having a homopolymer of lengtN, and the motion of cyl-

ing the course of a simulation run, due to the periodic boundinders is deducted as explained above. Figure 4 shows that

ary conditions. Therefore, when averaging over collecteH” is strongly localized at the center of the cylinders due to

samples, we deduct this motion in a similar way to that usedts energetic interactions; this is consistent with experimental

in previous work!® i.e., the 2D order parameter profiles are observationd? We also see that this localization becomes

aligned according to the averagmver the 12 cylinders con- stronger adN increases.

tained in the boxdisplacement of the cylinder’s center-of- Similarly, the B-like homopolymers B are localized in

mass in thex—y plane'® the matrix, as shown in Fig. 5. Since the volume of the
The rest of Fig. 4 shows the 2D segmental distributionmatrix is about as three times as that of cylinders, the maxi-

profilesD(x,y;N)= (L,L,/N){(pn(x,y))n Of the A-like ho-  mum value ofD(x,y;N) for HB* is much smaller than that

mopolymers ¥ of differentN, where the prefactar,L, /N for HA.

is used to rescale the profile such that the uniform distribu-

tion of the homopolymer segments in the system corresponds 015 7+——T— T ——
] -0- H' (u=125.0) | |
v A B+ Fa
TABLE |. Comparison of the second moment of the lamellar interfacial 1: HA (w,"=142.0)
position about its average positiafter equilibratiod. 0.10 1: < HY (p,"=145.5)
Box size Particle size ap 6 : 1
28° No particle 1.7 =
o
=6 0 0.6 ]
2 0.4 0.05+ 4
d=6 0 0.7
2 0.5
42 No particle 0.7 ]
P 0.00 T T T T T T T T T T T T T
=10 0 0.6 0 20 40 60 80 100 120
2 0.5 N
d=12.4 0 0.9 FIG. 3. Fraction of collected sample®(N) having a homopolymer of
2 0.4 lengthN. The chemical potential used for the homopolymer is shown in the

legend for each case.
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AB,, N=4 N=16

FIG. 4. (Color) Segmental distribution
of the A-like homopolymer A 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 27x 17% of the hexagonal
packing of the cylinders, where the
color code of 0.7 corresponds to the
A-rich domain (cylinders and —0.7
corresponds to the B-rich domaima-
trix). The rest shows the homopolymer
segmental distribution, where the
color code of 1 corresponds to the av-
erage value(the uniform distribution
of the homopolymer segments in the
system.

The results for neutral homopolymer$' Hshown in Fig.  not have an energetic preference for the A or B domain.
6, reveal a number of interesting features. For short chaifdlowever, the(differential) volume at a distance from the
lengths, H' exhibits the same behavior as neutral good solcenter of the cylinder is proportional tq this leads to a
vent moleculegwhich correspond tiN=1), i.e., it segre- higher density of homopolymer segments in the cylinder
gates at A—B interfaces to screen the repulsion between fhan that in the matriXat the same ). Accordingly, for a
and B segments. For longer chain lengths, howevBreld  lamellar morphology, this preference of the neutral ho-
hibits an apparent preference for the cylinders over the mamopolymers for one domain over the other disappears; in
trix. That is, at the same radial distance away from an A—Bcontrast, for a spherical morphology we anticipate an even
interface(denoted by ), D(x,y;N) in the cylinder is larger  stronger preference for the spheres over the matrix, because
than that in the matrix. This can be explained on the basis athe (differentia) volume at a distance from the center of a
geometrical considerations. Consider an A-cylinder and itsphere is proportional to?.
surrounding B-matrix; the neutral homopolymer segments do  The chain conformation of the long neutral homopoly-

A,B,, N=4 N=16
E
4 H
EH
wiE
“
§ . L\
i T FIG. 5. (Color) Segmental distribution
' of the B-like homopolymer B of
lengthN in the cylindrical structure of
N=28 diblock copolymers. Refer to Fig. 4
for more explanation.
F-
5
2
Ed 15 I“
. i
i
[
!
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FIG. 6. (Color) Segmental distribution
of the neutral homopolymer M of
lengthN in the cylindrical structure of
diblock copolymers. Refer to Fig. 4
for more explanation.

mer could also influence its segmental distribution. To quan-
tify the homopolymer chain conformation, we calculate the
components of the mean square radius of gyration of the 21
homgpolyr?er, denoted byRj; (i =xy,2), where RS xy ]
=(RgxTRg,)/2; the results are shown in Fig. 7, where for
each set of data a linear fit for Rgpln N (with N=16) is o
shown and the slope is given in the legend. We see that &
R > Rg xy in all cases, an®; ,— Ry ., becomes larger for " o]
longer chains. The single homopolymer chain is therefore
elongated along the direction. This elongation is most pro- ] ¢
nounced for long chains of 4 whose conformation re- -1
sembles more a rod than a Gaussian coil. The difference 1o
between the and the other two directions is caused by the R
orientation of the cylinders. (a)

We also calculate the single chain structure factor of the
homopolymer, S

HY (1.21)
a H"(1.07)
H* (1.11)

o H" (1.10)
a H(0.94)
v H" (0.45)

axy

N |
1 . ]
S(q)ENkzm <eJQ~(fk—'m)>N 2-.

2
+

N

1 N 2 1
=5 |2 codaer| +|[ 2 singr| ), vy
N K K N

wherej = \/—1; q is the wave vector, , for example, is the
lattice position of thekth segment of the homopolymer; and = 1
( ) here denotes an average over collected samples having 14 ]
a homopolymer of lengttN. Figure 8 showsS;(q)/N (i o
=xy,2), whereS,(q), for example, is obtained by averaging '
S(q) over vectorsqg that are limited in thex—y plane and (b)
have a length ofg; Si(q) is determined in the range
Zw/ma){LX,Ly,Lz}sq$277, Lattice features become apparent FIG. 7. The components of the mean square radius of gyration of the ho-
in Fig. 8 forq=2 (Ing=0.7). mopolymerR?; (i=xy,z), whereR3, =(R%,+R2,)/2. The symbols are

. P . simulation results, with different shapes corresponding to different ho-
The conformation of the smgle homOpOIymer chain C"’mmopolymer interactions as shown in the legend. Each line represents the

also be characterized using the scaling exPOI_‘emeﬁned linear fit for the corresponding set of dafahere only the results foN
by Si(q)<q~*”; »=0.5 corresponds to the chain conforma- =16 are usetj with its slope given in the legend.

2 3 4 5
InN

Downloaded 06 Mar 2007 to 128.104.198.190. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



11284  J. Chem. Phys., Vol. 118, No. 24, 22 June 2003 Wang, Nealey, and de Pablo

(o — . T T T T T

In S, (@V/N]

in [S (Q)/N]

T T T T ‘I"". d——7————
-2 -1 0 1 2 -1.0 -0.5 0.0 05

(b) Inq (b) inq

FIG. 8. The single chain structure fact8i(q) (i=xy,z) of the homopoly- FIG. 9. The scaling exponent for the homopolymer oN=120, deter-
mer of lengthN. mined from(a) S,,(q) and(b) S,(q) shown in Fig. 8, respectively.

tion in a @ solvent,»<<0.5 corresponds to a compressed con-

formation in a poor solvent, and>0.5 corresponds to an

extended conformation in a good solvent. Figure 9 shows thi@mellar domain according to their interactions with the
value of v for the longest homopolymer chain &f=120,  blocks (at the A-B interfaces if they are neutrabnd the
obtained from Fig. 8. Foi=<0.45 (Ing=-—0.8), » monotoni-  lamellar structure is not disturbed by the particle. In contrast,
cally decreases agincreases in all cases. It is interesting to “large” particles (with their size larger thah/2) disturb the
see that, for the A-like homopolymertiS,(q) exhibits two  lamellar structure if they are not neutral, due to the surround-
regimes(atq around 0.5 and 1)Swith different values ofv,  ing of the preferred segments around the particle. For the
while S,,(q) hardly exhibits a regime of constantAll other  particle sizes considered here, the shape of the paftiatec
curves in Fig. 9 exhibit one regime with an almost constanr spherical does not have a significant influence on its be-
v, which compares favorably with the corresponding slope ot ayior.

the linear fit for InR§’i~ In N shown_ in Fig. 7. Note that, for We have also reported Monte Carlo simulations of a
the H, the slope of IrRé'; InN is close to the average gingle homopolymer chain in cylinders of asymmetric
value of 2v in the two different regimes, while the R, giplock copolymers. The chain length of the homopolymer is

~In N data cannot be well-fitted by a linear function. varied using expanded grand-canoniéglowing/shrinking
moves. We find that homopolymers preferring the shorter
IV. CONCLUSIONS blocks are highly localized in the cylinders, consistent with

We have performed Monte Carlo simulations to study'ecent experimental observatiolfswve also find that this lo-

the behavior of a single nanoparticle in lamellae of Symmetcalization becomes stronger for longer chains. While short
ric diblock copolymers. The particle is fixed at the center ofneutral homopolymers segregate at the A-B interfaces to
the simulation box, and the lamellae move during our simu-screen the repulsion between A and B segments, longer
lations performed in an expanded grand-canonical ensembltral homopolymers exhibit an apparent preference for the
We find that “small” particles(with their size smaller than cylinders over the matrix, mainly due to geometrical consid-
half the lamellar period.) can be located in the preferred erations associated with the curvature of A—B interfaces.
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