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ABSTRACT: Polystyrene-coated gold nanoparticles (molecular weight (Mn) of PS∼1300 g/mol, average particle
diameterd (core+ shell) ∼ 9.2 ( 2.2 nm, corresponding to a high areal chain density of PS) are incorporated
into symmetric poly(styrene-b-2 vinylpyridine) diblock copolymers with totalMn ∼ 60 000-380 000 g/mol at
volume fractions of 0.07-0.32. For allMn of diblock copolymers and particle filling fractions examined, particles
are centralized in the PS domains with Gaussian distribution profiles. The distribution width generally decreases
as the PS domain size decreases or as the particle weight fraction increases. These observations are discussed in
terms of the relative entropic contributions of the polymer chains and particles.

Introduction

Self-assembly of inorganic nanoparticles in block copolymer
thin films has attracted much attention due to its ability to control
and direct structure at the nanometer length scale. Recent reports
have shown some success in directed self-assembly of particles
within block copolymer templates. These studies include
deposition of particles formed in situ within the desired block
copolymer domains1-4 as well as controlled placement of
particles formed ex situ using block copolymer templates.5-10

Nevertheless, detailed experimental studies exploring many of
the important factors that control the location and assembly of
particles within the respective block copolymer domains have
not been reported. Recent calculations11,12 suggest that the
location of particles within a block copolymer domain can be
controlled simply by varying the sized of the particles relative
to the sizeL of the polymer domain in which they reside. The
particle filling fraction is also predicted to play an important
role in particle self-assembly.11,13

In this article, we investigate the self-assembly of particles
within block copolymer matrices and study the effects of particle
size and particle filling fraction on particle assembly. The system
we devise consists of nanoparticles formed ex situ and then
introduced into symmetric diblock copolymer templates for
which the d/L ratio and particle weight fraction are varied.
Entropic contributions to the free energy, as well as enthalpic
differences between the surface of the particles and the polymer
matrix, influence where the particles reside.14 In order to
minimize the role of enthalpy on particle location within a
polymer domain, we functionalize the particles with short
homopolymers A and disperse them in an A-B diblock
copolymer matrix, thus ensuring that the interaction between
the particles and the A block is minimized. As might be
expected, we find that particles are confined to the A block.
We then investigate localization of particles within the A block

for variousd/L ratios by varying the molecular weight (Mn) of
the symmetric diblock copolymer, thereby varyingL while
keeping the particle sized unchanged. In a parallel set of
experiments using the same size of particles and molecular
weight of diblock copolymer template, we also investigate
localization of particles for various particle concentrations by
controlling the concentration of particles at fixedMn.

Experimental Details

We use gold nanoparticles functionalized with thiol-terminated
polystyrene (PS) chains and symmetric poly(styrene-b-2 vinylpy-
ridine) (PS-P2VP) copolymers with totalMn ranging from 60 000
to 400 000 g/mol and low polydispersities (Mw/Mn e 1.11). The
properties of each diblock copolymer are listed in Table 1. PS-
P2VP withMn ) 60,000 is synthesized by living anionic polym-
erization and other copolymers are purchased from Polymer Source,
Inc. (Montreal, Canada). Thiol-terminated PS chains (Mn ∼ 1300
g/mol, Mw/Mn ) 1.10) are synthesized by living anionic polymer-
ization of styrene followed by reaction of the polyanion with
propylene sulfide.15 The molecular weight of the thiol-terminated
PS chains is determined by GPC and confirmed by NMR end-
group analysis. Gold particles functionalized with thiol-terminated
PS chains are synthesized by a two-phase method16 with a Au/S
ratio of 1.0 via the reduction of HAuCl4‚3H2O by sodium
borohydride in the presence of thiol-terminated PS stabilizing chains
dissolved in toluene. Particles are dried from toluene and washed
with a toluene/methanol mixture to remove any residual reducing
and transfer agents and unbound thiols.

To prepare the polymer-nanoparticle composite, we typically
prepare a 2 wt %polymer solution in dichloromethane, a nonselec-
tive solvent for PS and P2VP, admixed with PS-coated gold
particles having a weight fraction of∼0.2 in the solid (which
corresponds to 0.15 in volume fraction of gold and PS thiol in the
total polymer matrix). A polymer-particle composite film is
prepared by solvent casting a mixture of nanoparticles and polymer
in dichloromethane onto an epoxy substrate and then annealing
under a saturated solvent atmosphere at 25°C. The solvent
annealing time is usually 1 day followed by 1 day of slow drying
in air. Subsequent removal of any residual solvent is done under
vacuum for a minimum of 4 h. The resulting film consists of
alternating PS and P2VP lamellar layers parallel to the film-air
interface with the top layer being PS because the PS/air interfacial
energy is lower than that of P2VP/air.17 Gold particle location with
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respect to lamellar domain boundaries is determined by cross-
sectional transmission electron microscopy (TEM) performed on a
FEI T20 microscope operated at 200 kV. For these analyses,
samples are prepared by microtoming epoxy-supported bulk films
and by subsequent selective staining of the P2VP domains using
iodine vapor. The lamellar periods of the neat polymers are
estimated by small-angle X-ray scattering (SAXS) and dynamic
secondary ion mass spectroscopy (DSIMS). SAXS measurements
are done on bulk polymer films while DSIMS profiles are obtained
for silicon wafer-supported thin film samples annealed at the same
temperature (200°C). A thin (∼200 nm) silicon dioxide layer is
deposited on the neat wafer prior to use.

The particle size distribution of the gold is determined using
TEM. A monolayer of particles is prepared by drying a drop of
dilute gold suspension placed on a thin carbon substrate supported
by a copper grid. The size distribution is obtained from TEM images
of at least 400 particles using standard image analysis software.
The gold core diameter distribution obtained as a histogram from
the TEM image analysis was used to calculate the average surface
area per gold nanoparticle. Weight fractions of gold and polymer
chains were measured by thermal gravimetric analysis (TGA). These
numbers were confirmed by elemental analysis. The weight
fractions of carbon, hydrogen, and nitrogen in polymer-coated Au
particles were measured, and the weight fraction of residue was
assumed to be that of the gold core. The weight fractions of the
polymer chains were converted into volume fractions using the
density of the polymer (∼1.05 g/cm3) and the density of the gold
particles (∼19.3 g/cm3). The number of polymer chains per each
gold particle for various core-shell type particles, divided by the
average surface area of the gold particle, gives the chain areal
density of polymer chains on the particle surface.

Results

The average particle core (Au) diameter measured is 2.5(
0.8 nm (see histogram in Figure 1). The diameter of the particles
d (core+ shell), which is estimated from the center-to-center
distance between particles, is approximately 9.2( 2.2 nm. Thus,
the average polymer shell thickness is 3.4 nm. These estimates
of core and shell thicknesses yield gold and polymer weight
fractions that are in good agreement with elemental analysis
data obtained for these PS-coated gold nanoparticles. The areal
chain density of PS chains on the gold particle surface is∼9.3
chains/nm2. This areal chain density is sufficiently high to
prevent the contact of the gold surface of partially covered gold
particles with the P2VP block chains, contact that has been
shown to cause the gold particles to bind to the PS-P2VP
interface.18 For PS-thiols ofMn ) 1.5 kg/mol such interfacial
segregation occurs below an areal chain density of∼2.5 chains/
nm2.19 The respective PS domain sizes (LPS) for PS-P2VP
diblock copolymer with various molecular weights obtained
from SAXS and DSIMS are also in good agreement and are
summarized in Table 1. Using these values and the averaged
(core + shell) of 9.2( 2.2 nm, the correspondingd/L ratios
are also listed.

Using PS-P2VP with Mn in the range 60 000-380 000
g/mol, four samples withd/L ratios ranging from 0.44 to 0.13
are prepared at a fixed particle volume fraction of 0.15, as
summarized in Table 1. TEM images obtained for each sample
are shown in Figure 2. Gold particles, appearing as dark spots
in bright field TEM, are found at or near the center of the PS

block (unstained) for all samples while P2VP domains (stained)
are completely free of particles. The absence of particles in the
P2VP domains is checked by TEM analysis of unstained
samples.

The distribution of particle locations within the PS block is
obtained for each sample by detailed image analysis. Figure 3
shows histograms of particle location plotted as the normalized
distance from the center of the domain for variousd/L ratios.
As illustrated, the particle distributions fitted to Gaussian profiles
(solid lines) show particle concentration being the highest at
the center of the PS domain (0 on the normalizedx-axis) and
falling to zero at the interfaces ((1 on thex-axis) between the
PS and P2VP blocks. In particular, the normalized width of the
distribution σ/L is larger for the larger molecular weight
polymers (σ/L ∼ 0.50 and 0.53 for 196 500 and 400 000 g/mol,
respectively) compared to the smaller diblock copolymers (σ/L
∼ 0.40 and 0.36 for molecular weights 60 000 and 114 500
g/mol, respectively). We do not observe any segregation of
particles according to particle size; particles are randomly
distributed around the center of the PS domains irrespective of
their diameter.

As the filling fraction of gold particles in the diblock
copolymer matrix is varied, changes in the particle distribution
are also observed at a fixedd/L. Using PS-P2VP withMn ∼
196 000 g/mol (d/L ) 0.18), cross-sectional TEM images and
particle distribution proflies for particle/polymer composite films
prepared with particle volume fractions ranging from 0.07 to
0.32 (0.1-0.4 in weight fractions) are obtained and shown in
Figures 4 and 5, respectively. Higher volume fractions lead to

Table 1. Properties of Various Diblock Copolymers Used for
Samples with Varying d/L Ratios

sample Mn, g/mol PS fraction, % Mw/Mn LPS, nm d/L

A 60 000 52.0 1.05 21 0.44
B 114 500 50.0 1.08 30 0.31
C 196 500 46.6 1.11 52 0.18
D 380 000 50.0 1.10 71 0.13

Figure 1. TEM image of PS-coated gold nanoparticles and the
corresponding histograms of size distribution ford (core) andd (core
+ shell) with averages of 2.5( 0.8 and 9.2( 2.2 nm, respectively.
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macrophase separation of regions of a PS-coated gold particle
phase from the particle containing block copolymer.19 Similar
to our observations above, the particle concentration profiles
for all samples exhibit Gaussian distributions where the particle
concentration is highest at the center of the PS domain.
Furthermore, the width of the Gaussian distribution (σ/L ∼ 0.57,
0.50, 0.39, and 0.30, which corresponds to volume fractions of
0.07, 0.15, 0.23, and 0.32, respectively) decreases as the filling
fraction of particles increases, as shown in Figure 5 and
summarized in Figure 6. For the image shown in Figure 4b,
roughly 70% of all gold particles can be found within∼5 nm
from the center line of the PS domains. This corresponds to
approximately the middle 20% of the domain.

Discussion

The self-assembly of nanoparticles near the center of the
particle-compatible block copolymer lamellar domain that we
observe is generally consistent with recent numerical calcula-
tions by Balazs et al.11,12 For brevity, we revert to referring to
the particle-compatible and incompatible domains as the “A”
and “B” domains, respectively. The calculations of Balazs et
al. predict that the positions of nanoparticles are localized around
the center of the A domain if the particles are large compared
to the domain size, i.e., whend/L g 0.3. Whend/L is smaller,
the calculations predict that the particles remain entirely within
the A domain but move outward toward the edges of the domain
so that the concentration of particles is lower at the center of
the domain than near its edges. These two cases are referred to
as thecenter-filledandedge-filledlamellar phases, respectively.
In our experiments, we observe only the centered-filled mor-
phology, irrespective of the value ofd/L; the particle density is
largest at the center of the A domain for all values ofd/L ranging
from 0.13 to 0.44, evidenced by the location of the peaks of
particle frequency in the distribution profiles shown in Figure
5. It is important to note, however, that the nanoparticles we
use are fairly polydisperse, with diameters of 9.2( 2.2 nm.
Moreover, the outer layer of our particles consists of a dense
polymer brush. By contrast, the numerical calculations assume
perfectly monodisperse hard-sphere particles. These are impor-
tant differences that very well may affect the ordering of
particles within the A domain.

While we do not observe the edge-filled morphology in our
experiments, we do observe a tendency for the particles to
become more delocalized within the A domain asd/L decreases.
This general tendency can be understood within the context of
the numerical calculations of Balazs et al. Their calculations

Figure 2. Cross-sectional TEM images of gold/block copolymer composite films of PS-P2VP with various molecular weights (totalMn): (a) 60,
(b) 114.5, (c) 196.5, and (d) 380 kg/mol. Particle volume fraction (core+ shell) is∼0.15.

Figure 3. Corresponding histograms of the particle distribution as a
function of normalized distance from the center of the PS domain for
the samples shown in Figure 2.
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predict that the entropic cost of stretching the A polymer chains
in order to accommodate the particles is greater than can be
offset by the translational entropy of the particles, which is
maximized by distributing particles homogenously throughout
the domain. To avoid this large stretching penalty, the transla-
tional entropy of the particles is sacrificed by localizing particles
at the narrow regions near the center of the polymer domains
where the ends of the polymer chains are located. In this way,
chain stretching can be almost completely avoided by opening
up space for the particles between the ends of the A blocks at
the center of the A domain. This interpretation of the entropic
contribution to the free energy is consistent with our observation
that the center-filled morphology is found for all samples
prepared with particle volume fractions up to 0.32 andd/L ratios
from 0.13 to 0.44. Asd/L decreases, the chain stretching penalty
is lessened, and the particles are less likely to be confined to
the center of the polymer domains, consistent with our observa-
tion that particles are more dispersed as the block copolymer
domain size increases.

When the particle concentration is increased at fixedd/L, the
distribution of particles around the center of the A domain
becomes narrower, as summarized by the data in Figure 6. The
mean-field theory simulations of particle/block copolymer hybrid
materials11 predict that as the filling fraction of particles
increases, the particles organize cooperatively to form a well-
ordered self-assembled (SA) core-shell structure in which a

tightly packed particle core is surrounded by a diblock copoly-
mer shell. For our system, formation of such well-ordered SA
phase is hindered by the polydispersity of particles; instead,
particles simply pack more densely around the center of the PS
domains, as evidenced by the particle distribution profiles. To
understand these observations, we refer again to the relative
entropic contributions of the particles and diblock copolymer
chains. As the particle filling fraction increases in a diblock
copolymer matrix, dispersion of particles within the PS domain
becomes increasingly unfavorable as the PS chains must stretch
farther to accommodate more particles. This increase in stretch-
ing penalty cannot be offset by particle translational entropy,
and thus particles are prevented from spreading throughout the
PS domains. To accommodate higher volume of particles
without incurring a larger stretching penalty, more particles
localize near the center of the compatible PS domains. As a
result, the width of the particle distribution in the PS domain
profile narrows as the filling fraction increases.

We can gain insight by comparing our particle/block copoly-
mer system with homopolymer A and A-B diblock copolymer
blends, which have been studied extensively.20-26 It was
observed that for systems consisting of homopolymers com-
pletely solubilized in the diblock copolymer matrix20,23,24(i.e.,
for the case where no macroscopic phase separation between
the two polymers occurs) low-Mn homopolymers are distributed
throughout the compatible polymer domain with nearly uniform
swelling of the block while high-Mn homopolymers accumulate
at the center of the respective lamellar domains. For such binary
blend of homopolymer and diblock copolymer, the distribution
profile of homopolymers changes gradually from central to
nearly homogeneous asMn of the homopolymer decreases.

Similarly, for our particle/block copolymer system, particles
gradually change from a center-segregated state to a more
dispersed state as the polymer domain size increases (d/L
decreases) as indicated by the width of the Gaussian particle
distribution which increases as the molecular weight of the PS-
P2VP diblock copolymer template increases. A recent report27

involving PS-coated gold particles dispersed in poly(styrene-
b-ethylene propylene) (PS-PEP) copolymer with smalld/L ratio
of 0.045 showed a homogeneous distribution of particles within

Figure 4. Cross-sectional TEM images of gold/block copolymer composite films with particle volume fractions (core+ shell) of (a) 0.07, (b) 0.23,
and (c) 0.32. TEM for the sample prepared with particle volume fraction of 0.15 is displayed in Figure 2c. Molecular weight (Mn) of the PS-P2VP
copolymer is∼196.5 kg/mol.

Figure 5. Corresponding histograms of the particle distribution as a function of normalized distance from the center of the PS domain for the
samples shown in Figure 4.

Figure 6. Width of the Gaussian particle distribution for various filling
fractions.
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the PS polymer domain. Such a particle distribution is expected
for our system in the limit ofd/L , 1. Thus, our particles in
PS-P2VP templates appear like homopolymers PS with inter-
mediate molecular weights that swell the PS domains nonuni-
formly by locating around the center of the respective domains
in the polymer matrix.

To fully understand of the results presented here, a better
understanding concerning at what stage in the processing the
final distribution of particles is formed may be needed. During
the formation process, we have a three-component system
comprised of block copolymer, polymer-coated particles, and
solvent. The morphology we observe for the solvent-annealed
samples reflects the equilibrium structure when the glass
transition temperature of the system is approximately room
temperature as the solvent slowly evaporates, and it corresponds
to the point where 15-25 vol % solvent remains.28 While we
feel confident that the structure with this small an amount of
the nonpreferential solvent dichloromethane is close to the
equilibrium state for the two-component system, it would be
nice to verify this hypothesis by annealing above the glass-
transition temperature of the polymer. Unfortunately, we are
prevented from doing so because the thiol-bound PS dissociates
from the gold particles very near the glass transition temperature
for PS.

The particles we use are polymer coated metal particles whose
interactions may not be sufficiently described by those of hard
spheres. As mentioned, the particles also consist of a finite size
distribution which may further contribute to particle assembly
that is different from that predicted for model monosize spheres.
While there exist models for binary systems that describe the
equilibrium morphology and distribution of homopolymers or
hard spheres in diblock copolymer matrices in sufficient
detail,11,13,24,29a realistic model that includes solvent effects as
well as polymer-coated spheres with a finite size distribution
may be needed to describe fully the self-assembly process that
takes place here in our experiments.

Summary

We have designed an experimental system consisting of
diblock copolymer and nanoparticles whose surfaces are modi-
fied to be enthapically similar to one of the blocks. This system
is used to investigate particle arrangement within well-ordered
block copolymer domains due to entropic effects while enthalpic
contributions are minimized or can be ignored. For 100% PS-
coated particles dispersed in PS-P2VP diblock copolymer with
particle volume fractions ranging from 0.07 to 0.32, particle
segregation toward the center of the PS domain is observed for
all volume fractions with a decrease in the distribution width
as the particle volume fraction increases. Particle location at
d/L ratios ranging from 0.13 to 0.44 is also investigated using
different molecular weights of diblock copolymers. The results
are interpreted in terms of the relative entropic contributions of
the particles and the diblock copolymers and are compared with
recent theoretical calculations based on similar systems. For low
molecular weight diblocks, PS-coated gold nanoparticles resides
at or near the center of the PS domain as predicted. For high
molecular weight diblocks, particles are less confined to the
center as predicted and are evidenced by a broader distribution
in our experiments. To understand precisely the behavior of

polymer-coated particles within diblock copolymer templates
at variousd/L ratios and weight fractions, a realistic model that
captures the essential features of the three-component experi-
mental system that includes polymer-coated particles, block
copolymer, and solvent used here is needed.
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