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Block copolymer micelle can be used as nano-reactor where separated domains serve as a compartment
for the production of nanomaterials, ultimately creating nanocomposite materials. In this work, thin
nanocomposite films generated from polystyrene-b-poly(acrylic acid) (PS-b-PAA) micellar solution in
which small amount of inorganic precursor was added were investigated. The films were prepared by
spin coating onto silicon substrate, and then solvent-annealed. As-spun films exhibit typical micellar
structure with spherical shape along which inorganic nanoparticles are dispersed. Such morphology
remains unchanged after solvent annealing for micellar films with small amount of inorganic precursor.
However, further increase in the amount of inorganic precursors brings about the morphological
changes, producing different organization of inorganic nanoparticles in composite films. This behavior
was found to strongly depend on the types of precursors and solvents used for annealing. These results
illustrate a simple yet useful route to generate the polymeric nanocomposites with diverse structure and
composition.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Polymeric nanocomposites are commonly defined as a binary
mixture of functional inorganic nanomaterials dispersed in a poly-
meric matrix. Inorganic materials with a characteristic size on the
nanometer scale can give various functionalities with unique
electric, magnetic, and optical properties while the polymer matrix
allows the integration and stability of nanomaterials as well as
processability. Moreover, nanocomposites of polymer and inor-
ganic nanoparticles can exhibit new properties that are not
possessed by the components in their own right. A large number of
research works have been presented in the literature that were
dedicated to technological and scientific problems of polymeric
nanocomposites, and, as a result, the combination of such kinds of
materials enables nanocomposites to be used inwide fields ranging
from microelectronics to biomedical applications [1e13].

Synthesis of nanoparticleswith uniform shape and size aswell as
effective control of spatial organization of nanoparticles are key in
determining characteristics and applications of polymeric nano-
composites. Preparation of nanocomposites with well-dispersed
nanoparticles in a matrix is still a challenge, requiring the
: þ82 32 873 0181.
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developmentof newandmoreefficient fabricationmethods. Among
several strategies for the creation of such nanocomposites, block
copolymer self-assembly can provide a very simple yet useful solu-
tion to overcome such problem,where block copolymers are used as
a template to control size, shape, and organization of nanoparticles
[14e19]. Block copolymer, composed of chemically distinct poly-
mers connected by covalent bond, can spontaneously form well-
defined, periodic nanostructures of which size and shape can be
tuned by controlling the molecular weight of copolymer compo-
nents and the composition of block copolymer. The domain size is
set by the molecular size on the nanometer scale because the self-
assembly of block copolymer is restricted by the connection of two
blocks. Therefore, the nanostructureswith regular periodicity based
on the block copolymer self-assembly can provide inorganic nano-
materials with an ideal place for generation of well-dispersed
nanocomposites. In effect, the incorporation of nanoparticles into
block copolymer domains can be done in twoways [20]. In the first,
the nanoparticles having uniform size and shape are synthesized
separately and then mixed with block copolymer to generate poly-
mericnanocomposites. In this case, it is easy to control the shape and
size of nanoparticles through separate synthesis, but difficult to
makewell-ordered dispersion in the polymermatrix due to the lack
of interaction between nanoparticles and polymers. In order to
improve the miscibility and dispersion of nanoparticles in the
polymer matrix, another process to attach the functional group on
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the nanoparticle surface should be required in themost cases. In the
otherway, the inorganic precursors aremixedwith block copolymer
in solution, and then self-assembled together to form the nano-
composites with better dispersion of inorganic nanoparticles
through reduction process. In this case, however, the reduction of
inorganic precursors can sometimes destroy the dispersion of
inorganicmaterials in thematrix, and it becomes difficult to control
the size and shape of nanomaterials in the matrix.

In our work, block copolymer micelles are used as a template for
composites to generate well-controlled, well-dispersed nano-
particles with uniform size and shape without severe aggregation
of nanoparticles. Placed in a solvent where one segment is soluble
and the other is not, the block copolymers will self-organize into
supramolecular micelles with insoluble cores shielded from the
solvent by a corona formed by the soluble segments. The use of
block copolymer micelle as a tool of nanolithography has been
intensively studied over the last decade since it can provide
a simple, easy accessible route to generate nanostructured inter-
faces [21e25]. Another activity in block copolymer micelles finds
their usage as nano-reactor where the micellar core can serve as
a compartment for the production of inorganic nanomaterials
[26e31]. In this work, the block copolymer micelles are used as
a nano-reactor to produce uniform inorganic nanomaterials and to
generate well-dispersed nanocomposites. Nanocomposite films are
generated by using the micellar solution of block copolymers
complexed with inorganic precursors, and then solvent-annealed
for better organization. Solvent annealing technique was found to
be able to create an array of micelles with long-range lateral order
over large area [29]. Here, it is instead found that themorphological
transition occurs through solvent annealing. Such behavior is
observed to strongly depend on the concentration and type of
inorganic materials and the solvent used for annealing. Conse-
quently, it is demonstrated in our work that based on the block
copolymer micelles, various patterns and dispersion of inorganic
nanomaterials can be realized by controlling the solvent selectivity
Fig. 1. SFM images (a, b), and TEM images (c, d) of PS-b-PAA micelles in toluene (a, c) and T
shown in the inset. TEM images were taken after the films were immersed in Au precurso
and interactions of inorganic precursors with components via
selective complexation and solvent annealing.

2. Experimental section

2.1. Materials

The block copolymer used in this work was polystyrene-block-
poly(acrylic acid) (PS-b-PAA) purchased from Polymer Source Inc.
Its molecular weight and polydispersity are 20.3 kgmol�1

(MPS¼ 16.0 kgmol�1 and MPAA¼ 4.3 kgmol�1) and 1.15, respec-
tively. HAuCl4$3H2O and AgNO3 were purchased as inorganic
precursors from SigmaeAldrich. All the solvents including toluene,
THF, ethanol and dioxane were used without further purification.

2.2. Micelle formation and film generation

Two types of micelle were prepared by using different solvents
in this work. Toluene, selective solvent for PS blocks, was used to
produce the micelles with PAA blocks located in the core. In the
second, the micelles with PAA blocks in the corona were produced
by dissolving PS-b-PAA in THF and then adding ethanol dropwise
that was selective for PAA blocks. After micelle formation, each
micellar solution was mixed with predetermined amount of
precursors to produce the complexation of inorganic precursor
with block copolymer micelles.

The films were prepared by spin-coating the micellar solution
on silicon substrates. Before use, the substrates were cleaned in
piranha solution with 70/30 v/v of concentrated H2SO4 and H2O2 at
90 �C for 20min, thoroughly rinsed with deionized water, and then
blown dry with nitrogen gas. (Caution: Piranha solution reacts
violently with organic compounds and should not be stored in a closed
container.) The film thickness was controlled by adjusting spinning
speed and solution concentration. Spin-coated films were annealed
in a saturated solvent vapor for 6 h.
HF/ethanol (b, d), respectively. Size distribution of micelles in each solution by DLS is
r solution.



Fig. 2. SFM images of thin films of PS-b-PAA micelles complexed with different concentration of Au precursor in toluene before (a) and after (b) solvent annealing. The concen-
tration of Au in micelles is expressed as a ratio of concentrations of Au to acrylic acid unit in PAA blocks, [Au]/[AA].
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2.3. Characterization

The micellar solutions were characterized by dynamic light scat-
tering (DLS) (90Plus/Brookhaven instruments corp.) with l¼ 658 nm
at a scattering angle of 90�. The surface and internal structures of the
thin films were characterized by scanning force microscopy (SFM) in
tapping mode and transmission electron microscopy (TEM). SFM
used for characterization of surface morphology in this study was
Veeco Nanoscope Multimode IVa Scanning Probe Microscope. TEM
was performed on JEOL 100CS Electron Microscope operated at
120 kV to take images of the nanocomposites.

3. Results and discussion

PS-b-PAA block copolymer is a representative amphiphilic block
copolymer of whichmicellar behavior has long been investigated in
both regular and reverse forms by many research groups
[27,32e34]. In an aqueous media, PS-b-PAA generates the normal
micelles where insoluble hydrophobic PS blocks are located inside
the core with hydrophilic PAA blocks comprising the corona while
reverse micelles with a hydrophilic core are formed in organic
solvents such as toluene. In this work, both types of micelles were
prepared in toluene and THF/ethanol, respectively. In toluene
which is a good solvent for PS blocks, the reverse micelles with PAA
blocks in the core form, but the regular micelles with PS blocks in
the core are produced in THF/ethanol solvent which is a selective
solvent for PAA blocks. Both micellar solutions were spin-coated on
the substrate to produce thin micellar films, and their morphol-
ogies were presented in Fig. 1. As shown in SFM images, both films
exhibit typical micellar structure with spherical bumps on the
surface. PS-b-PAA block copolymer is well-known to be able to form
micelles with various morphologies ranging from spheres, rods,
bicontinuous structures, vesicles, to even crew-cut structure
depending on the copolymer composition [32,33]. However, for PS-
b-PAA used in this work, only spherical micelles were observed in
both the regular and reverse forms. The size and size distribution of
micelles were measured by dynamics light scattering (DLS), and
their results are displayed in the inset of the corresponding SFM
images (Fig. 1(a) and 1(b)). The size of reverse micelles formed in
toluene is more polydisperse, compared with that of regular
micelles, showing two broad distributions. That was reflected in
thin filmmorphology where the micelles with small and large sizes
can be observed together, as shown in Fig. 1(a). If reverse micelles
with larger size are eliminated in calculation of average size, both
types of micelles exhibit very similar average size of 29.1 nm
(reverse micelles) and 29.3 nm (regular micelles), respectively. To
utilize the complexation ability of carboxylic acid units in PAAwith
inorganic precursors, thin films of PS-b-PAA micelles were
immersed in Au precursor solution to load the gold nanoparticles
into the PAA domains. As expected, the Au nanoparticles are
observed in the core for reverse micelles (Fig. 1(c)), whereas they
are dispersed in the matrix for regular micelles (Fig. 1(d)). These
results confirm successful formation of reverse and regularmicelles
in toluene and THF/ethanol solvents, respectively.

In order to investigate the complexation effects of inorganic
precursors on the structure of micellar films, small amount of Au
precursors was added to the toluene solution of PS-b-PAA block
copolymers with reverse micelles. Added Au precursors are



Fig. 3. Comparison of thin films of PS-b-PAA micelles with [Au]/[AA] ¼ 0.17 (a,b,c) and 0.33 (d,e,f): (a, d) TEM images of thin films of PS-b-PAA micelles with [Au]/[AA] ¼ 0.17 and
0.33; (b, e) TEM images and (c, f) EDX spectra of thin films of PS-b-PAA micelles with [Au]/[AA] ¼ 0.17 and 0.33 after dipping in Ag precursor solutions.
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expected to selectively complex with PAA blocks and located into
micellar core. Surface structures of as-spun films of micellar solu-
tion containing Au precursors are shown in Fig. 2(a) where different
number in each SFM image indicates the different concentration of
Au precursor in micellar solution. The concentration of inorganic
precursor was expressed as a molar ratio of Au ions to acrylic acid
units and changed from [Au]/[AA]¼ 0 to [Au]/[AA]¼ 0.5. At lower
concentration of Au precursor loaded, typical structure of micellar
films is observed as in the case without Au precursors. The micellar
films with higher content of Au precursors (Fig. 2(a-4) and (a-5))
appear to show slightly different surface structure but they also
have the micellar features in thin films as the micelle formation in
solution was indeed confirmed by DLS measurement. According to
DLS data, the average size of micelles in solution was increased
from 29.1 nm at [Au]/[AA]¼ 0 to 52.9 nm at [Au]/[AA]¼ 0.5. Similar
structure was observed for as-spun films of normal micelles in THF/
ethanol when they were complexed with Au precursors. However,
in this case, the average micellar size showed no change with
increasing the concentration of Au precursor in solution, but
exhibited constant micelle size at all the Au precursor
concentrations.

In the SFM images in Fig. 2(b) are shown the effects of solvent
annealing for the micellar films of PS-b-PAA complexed with Au
precursors, where dioxane was used as a solvent for annealing.
Based on the solubility parameter [35], dioxane ismore selective for
PAA blocks than for PS blocks. Depending on the concentration of
Au precursors, the effects of solvent annealing appear differently. At
lower concentration of Au precursors, as can be seen in Fig. 2(b-1)
and (b-2), solvent annealing induces open-up (sometimes called
cavitation) of micelles at the film surface, producing the hole
structure at the surface. This process allows PAA blocks to be
exposed to the surface and thus to be available for further reaction
through conjugation. However, at higher concentration of precur-
sors, different structure is generated, that is, the morphological
transformation from the spherical to cylindrical shapes occurs after
solvent-annealing under dioxane vapor. This may be caused by the
changes in volume fraction of block component domains and the
balanced interactions of Au precursor and solvent with block
copolymers, which will be discussed in detail later. The effects of
nanoparticles addition on the structure of block copolymers have
been investigated by several groups [36e41]. Some have focused on
the location of added nanoparticles within block copolymer
domains [36e38], and others have observed the nanoparticle-
induced phase transition of block copolymers [38e41]. Recently, it
was reported that the morphology in block copolymer films were
varied in depth by adding high concentration of nanoparticles. This
behavior was found to be due to the volume change of nano-
particles along the depth direction caused by the selectivity of
solvent. However, such spatial variation of morphology was
observed only for thick films, but not expected for thin films con-
taining one or two layers of micelles, as in our case. The same
morphological transformation at higher concentration of Au
precursor was observed for thicker films with thickness of about
150 nm ormore, showing thickness-independent behavior over the
range covered in our work. On the other hand, the same annealing
experiments have been conducted for PS-b-PAA micellar films
formed from THF/ethanol solution. In this case, the cavity of
micellar cores only was observed but the morphological transition



Fig. 4. SFM images of thin films of PS-b-PAA micelles complexed with different concentration of Ag precursor in toluene before (a) and after (b) solvent annealing. The concen-
tration of Ag in micelles is expressed as a ratio of concentrations of Ag to acrylic acid unit in PAA blocks, [Ag]/[AA].
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did not happen even at higher concentration of gold precursor for
limited annealing time. Although there may be still possibility that
the morphology would be transformed at even longer annealing
time, that’s out of scope here and so we will only concentrated on
the reverse micelles in the rest part of the paper.

Fig. 3 shows the TEM images of thin micellar films complexed
with Au precursors of different concentrations that directly exhibit
the formation and organization of the Au nanoparticles in the
polymeric matrix. Contrary to our expectation, few gold nano-
particles were seen in TEM images, as shown in Fig. 3(a) and (d).
Even after dipping the micellar films in the Au precursor solution in
ethanol, any appreciable increase of the gold nanoparticles in the
film was not observed (data not shown here), although we
managed to identify the location of nanoparticles within block
copolymer structure in Fig. 1 through prolonged dipping. But, when
dipped in the Ag precursor solution, the PS-b-PAA micellar films
were observed to load large amount of Ag nanoparticles along the
PAA microdomains. At lower concentration of Au precursor loaded
(Fig. 3(b)), the Ag nanoparticles are dispersed in the micellar core
with spherical shape. On the other hand, the Ag nanoparticles were
found to be loaded into the cylindrical PAA domains, as shown in
Fig. 3(e). These results clearly show the phase transition of PAA
domains through complexation and solvent annealing, and also
reveal that PAA blocks have stronger interaction with Ag precursor
than with Au precursors. The presence of both Au and Ag nano-
particles in the micellar films was confirmed by EDX analysis in
Fig. 3(c) and (f). Relative amount of Au and Ag nanoparticles in the
films is tabulated below the EDX spectra, showing that more Ag
nanoparticles are presented along the PAA microdomains. Conse-
quently, these results show that different types of nanoparticles can
simultaneously be loaded in the same domains by using different
loading methods in sequence.

When Ag precursor instead of Au precursor were added to PS-b-
PAA micellar solution and complexed with PAA blocks before spin-
coating, the different change in thin film structure from the case of
Au precursor was observed after solvent annealing, as demon-
strated in Fig. 4. Before annealing, the micellar films complexed
with Ag precursor have spherical micelles of which size increases
with increasing the concentration of Ag precursor, as in the case of
Au precursor. However, such spherical shapes are found to remain
unchanged in thin films after solvent annealing even at high
concentration of Ag precursor within block copolymer, and only
burst-out of the micelles occurs, producing the holes at the film
surface. This may be due to stronger interaction of Ag precursor
with PAA blocks, compared with Au precursor. In general, it is
known that Agþ ions in AgNO3 strongly interactions with carbox-
ylic acid groups in PAA blocks while AuCl4� from HAuCl4 in solution
formweak coordination interaction with COOH group. Such strong
interaction forces the aggregation of PAA blocks with Ag precursor
to maintain their morphology in spite of the increase in the volume
fraction of PAA domains during solvent annealing.

The morphological transformation by solvent annealing also
exhibits the strong dependence of type of solvent used for
annealing. As can be seen in Fig. 5 where Au precursor was com-
plexed with PAA blocks in solution, when a solvent selective for
PAA blocks such as dioxane and THF was used for annealing, the



Fig. 5. SFM images of thin films of PS-b-PAA micelles annealed in different solvent vapors of (a) toluene, (b) benzene, (c) CHCl3, (d) THF, and (e) dioxane. Each micelle was
complexed with different concentrations of Au precursor in toluene as denoted in each figure from [Au]/[AA]¼ 0e0.50.
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morphology changes from spheres to cylinders after solvent
annealing at higher content of Au precursor. However, as the
solubility parameter of solvent decreased and its selectivity
changed from PAA to PS blocks, such morphological transformation
was not observed even at higher concentration of Au precursor
with [Au]/[AA]¼ 0.5. Instead, featureless structure with no surface
patterns was formed where PS blocks would be expected to cover
the entire film surface due to lower surface tension of PS and
selectivity of solvent used. These results indicates that the inter-
action of solvent with block copolymer also have strong effects on
the structure of micellar films through solvent annealing.

All the results shown above can be understood as follows by
considering the volume change of PAA block domains induced by
addition of inorganic precursors and the interactions of both inor-
ganic precursors and solvents with copolymer components. When
Au precursors are dissolved in PS-b-PAA micellar solution in
toluene, Au precursors are selectively complexed with PAA blocks
and loaded into the micellar core, leading to the increase in average
micellar size as well as in volume fraction of PAA blocks. Such
increase in the volume fraction by loading Au precursors is further
amplified by use of selective solvent for PAA blocks during solvent
annealing. More solvent molecules are absorbed in the PAA
domains than in PS domains, leading to further increase in the
volume fraction of PAA domains and finally inducing the
morphological transformations from spherical to cylindrical
structures. For morphological changes, the assistance from solvents
selective for PAA blocks should be required to further increase the
volume fraction of PAA domains.When neutral or selective solvents
for PS blocks are used on annealing, the increase in volume fraction
of PAA domains in the PS matrix is not so enough to invoke the
morphological transformation in the concentration range of inor-
ganic precursor added in this work, instead the micellar films keep
their original structure during solvent annealing or exhibit the
surface structure with no patterns after solvent annealing because
the film surface is covered by the PS blocks. However, when the
precursor having stronger interactions with PAA blocks such as Ag
precursor are added, the micellar aggregation maintains its original
shape even under solvent vapor selective for PAA blocks, due to the
strong interaction between PAA blocks and Ag precursors. All these
results suggest that the block copolymer micelle complexed with
inorganic precursor can offer the templates for generation of
polymeric nanocomposites having various shapes and structures by
appropriately choosing the types of solvents and inorganic
precursors. Moreover, by using two different routes for loading the
inorganic precursors into block copolymer domains at the same
time, two different types of inorganic nanoparticles can be loaded
into the same domain simultaneously. However, in order to further
improve the uniformity in size and shape of inorganic nano-
particles within the copolymer microdomains, although severe
aggregation of inorganic nanoparticles were avoided by using the
block copolymer micelles as a template, controlled reduction
process should be added in our work.

4. Conclusion

We have demonstrated that block copolymer micelles in thin
films can effectively act as a template to produce well-controlled
nanocomposites with various structures through complexation
with inorganic precursors and solvent annealing. Choosing appro-
priate types of inorganic precursors and solvents for annealing and
controlling their concentration enable various nanostructures and
shapes in the micellar films to be realized in a simple way for just
one block copolymer system. Here, when Au precursors were
selectively complexed with PAA blocks in PS-b-PAA block copol-
ymer, the micellar film showed spherical structure at lower
concentration of Au precursor but exhibited the morphological
change from spherical to cylindrical nanostructure at higher
concentration of Au nanoparticles after solvent annealing under
dioxane vapor. However, different results were observed when Ag
precursor was added to the micellar solution or different solvents
were used for solvent annealing. Such behavior results from the
balance of relative change in volume fraction of copolymer
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components and interaction of inorganic precursors and solvents
with block components. Moreover, two different routes to load the
inorganic precursors were applied for onemicellar film to be able to
generate two different types of nanoparticles simultaneously
within the same domains in one diblock copolymer system.

This strategy to use the micellar films as a template for gener-
ation of nanocomposites is quite general and will be expected to be
applied for any micellar system of block copolymers by selecting
appropriate types of inorganic precursors and solvents. This can
provide a very simple route to produce well-defined, well-orga-
nized nanocomposites with various patterns and organization in
thin films.
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