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U
sing emulsion droplets to confine
block copolymer (BCP) solutions in
water, BCP colloidal particles can be

produced as the solvent in the emulsion
droplets evaporates. The nanostructures of
these particles are unique and can be con-
trolled by changing the volume fraction of
blocks, the particle size, and the interfacial
tension between each of the blocks and the
particle interface.1�3 For example, while
onion-like particles were prepared using
symmetric diblock copolymers, other nano-
structured particles were prepared sim-
ply by adding low-molecular-weight homo-
polymers in different ratios.1 In addition,
it has been reported that the internal nano-
morphology of BCPs in particles is signifi-
cantly affected by block interactions with
the particle surfaces (i.e., controlling surfac-
tants), and the overall colloidal particle
shape changes during structural evolution
as evaporation takes place.3

Functional nanoparticles (NPs) can be
incorporated into such colloidal particles,
using methods previously demonstrated in
thin films,4�7 to produce colloidal compo-
site particles with complex internal nano-
phases. Several experimental methods have
been developed to incorporate inorganic
NPs into polymeric nanostructures, which
can be categorized into so-called ex situ and
in situ methods.5,8�21 The ex situ approach
exploits the cooperative self-organization of
preformed NPs and BCPs. The strategy for
incorporating and controlling the location
of NPs in a BCP or polymer blend involves
tuning the surface properties of the NPs by
end-attaching ligands such as organicmole-
cules,5,22�24 homopolymers,10,25�30 mixtures
of homopolymers,4,8 or copolymers16,21,31�33

to theNP surfaces. In addition, a variety of NPs

can be incorporated into a polymer matrix
with a controlled positioning once they are
coated with suitable ligands. Another pop-
ular approach involves the in situ synthesis
of NPs within a BCP template using pre-
formed micelles of BCPs that contain metal
precursors.9,11�14,17,34 In this method, one
of the blocks should retain a strong affinity
for metallic precursors. Such blocks in-
clude poly(2-vinylpyridine) (P2VP) and poly-
(4-vinylpyridine) (P4VP),whosenitrogenatoms
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ABSTRACT Gold-decorated block copoly-

mer microspheres (BCP-microspheres) display-

ing various surface morphologies were pre-

pared by the infiltration of Au precursors into

polystyrene-b-poly(4-vinylpyridine) (PS-b-P4VP)

microspheres. The microspheres were fabricated by emulsifying the PS-b-P4VP polymers in

chloroform into a surfactant solution in water, followed by the evaporation of chloroform. The

selective swelling of the P4VP domains in the microspheres by the Au precursor under acidic

conditions resulted in the formation of Au-decorated BCP-microspheres with various surface

nanostructures. As evidenced by transmission electron microscopy (TEM) and scanning electron

microscopy (SEM) measurements, dotted surface patterns were formed when microspheres

smaller than 800 nm were synthesized, whereas fingerprint-like surface patterns were

observed with microspheres larger than 800 nm. Au nanoparticles (NPs) were located inside

P4VP domains near the surfaces of the prepared microspheres, as confirmed by TEM. The

optical properties of the BCP-microspheres were characterized using UV�vis absorption

spectroscopy and fluorescence lifetime measurements. A maximum absorption peak was

observed at approximately 580 nm, indicating that Au NPs are densely packed into P4VP

domains on the microspheres. Our approach for creating Au-NP-hybrid BCP-microspheres can

be extended to other NP systems such as iron-oxide or platinum NPs. These precursors can also

be selectively incorporated into P4VP domains and induce the formation of hybrid BCP-

microspheres with controlled surface nanostructures.
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interact strongly with metal precursors.6,7 Metal�
polymer composite particles can be produced by the
direct reduction of metallic precursors inside BCP
micelles, e.g., using a reducing agent or plasma
treatment.34�37 However, the in situ formation of
metallic particles within submicrometer BCP colloidal
particles has not been reported.
In this study, we have demonstrated a simple and

facile method to produce metal hybrid “BCP-micro-
spheres” with controlled surface nanostructures. First,
microspheres of polystyrene-b-poly(4-vinylpyridine)
(PS-b-P4VP) polymeric micelles were prepared by an
emulsion encapsulation and shrinkage method. Then,
upon the addition of Au precursors in acidic water,
Au NPs formed only near the surfaces of these BCP-
microspheres. Surprisingly, unique dot or fingerprint-
like patterns on their surfaces evolved during metalli-
zation because P4VP domains were selectively swollen
and migrated to the surfaces. The surface structures
can be controlled by tuning the diameter of the BCP-
microspheres. Thus, we successfully synthesized Au-
NP-decorated BCP-microspheres and demonstrated the
simultaneous control of their surface morphologies.

RESULTS AND DISCUSSION

For BCP-microspheres, a 1 wt % chloroform solution
of PS-b-P4VP diblock copolymer was emulsified in
water containing 1 wt % Pluronic F108 surfactant via
high-intensity ultrasonic irradiation. Subsequently,
through the evaporation of the chloroform, BCP-
microspheres were produced, which were well dis-
persed in water, as shown in the optical micrograph
of Figure 1a. The SEM image in Figure 1c shows BCP-
microspheres with smooth surfaces. In contrast, after
the microspheres were treated with the Au precursor
(HAuCl4) solution in water, they exhibited very rough
surfaces covered with small hemispheres, as shown in
Figure 1d. These surface structures were found to be
uniform in size and ordered regularly. In addition, these
transformed microspheres were well dispersed in
water, as illustrated in the optical micrograph of
Figure 1b.
To gain deeper insight into the morphological

changes at the surface of the BCP-microspheres, the
microspheres were characterized by surface and cross-
sectional TEM images. For cross-sectional TEM mea-
surements, the microspheres were first dropped onto
an epoxy film and dried. Then, the samples were

carefully microtomed at room temperature to yield a
50 nm thick film. As shown in Figure 2a and c, spherical
micellar structures of PS-b-P4VP polymers with P4VP
cores were observed in the microsphere. The P4VP
cores in the micelles appear as dark regions in the
microsphere due to the selective staining of P4VP
chains by iodine vapor. It was found that the asym-
metric PS-b-P4VP polymers with a high molecular
weight (Mn = 262 kg/mol, fPS = 0.76, polydispersity
index(PDI) = 1.14) formed spherical micelles consisting
of PS coronae and P4VP cores in a chloroform solution
because chloroform has a much higher affinity for PS
than for P4VP. It is known that the polymer�solvent
interaction parameter between PS chains and

Figure 1. Optical images of PS-b-P4VP microsphere (a)
before and (b) after inserting Au precursors. Scale bar is
10 μm. The PS-b-P4VP microspheres were well dispersed in
water before and after addingAuprecursors. SEM images of
a PS-b-P4VP microsphere (c) before and (d) after adding Au
precursors. Scale bar is 200 nm. The morphology of the
microsphere changes from being spherical to adopting a
dotted pattern upon the addition of Au precursors.

Scheme 1. Schematic illustration of metal hybrid BCP-
microsphere with a controlled surface structure.

Figure 2. Surface TEM images of PS-b-P4VP microspheres
(a) before and (b) after inserting Au precursor and their
corresponding cross-sectional TEM images (c and d,
respectively). Scale bars are 100 nm. The inset in part (a)
shows a SEM image of the spherical microsphere before Au
precursor infiltration, whereas (b) and (d) show Au-NP-
incorporated P4VP domains on the outermost layer of the
BCP-microsphere in black.
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chloroform is 0.34, which is much lower than that
between P4VP chains and chloroform (1.55).38,39 The
average P4VP core size of PS-b-P4VP micelles in the
microspheres was estimated to be 47.5( 9.2 nm from
the TEM image. This value agrees with the average
P4VP core size (43.7( 3.1 nm) from the AFMmeasure-
ment, where a PS-b-P4VPmicellar filmwas prepared on
Si substrate from 0.5 wt % PS-b-P4VP solution in
chloroform. The AFM measurement (Figure S2) also
provides an estimate of the average PS-b-P4VP micelle
size from the center-to-center distance between two
different P4VP micelle cores, which was found to be
59.5 ( 5.8 nm.
After the infiltration of the Auprecursor into the BCP-

microspheres, the surfaces of the BCP-microspheres
were dramatically transformed, changing from smooth
to dot-patterned surfaces. Figure 2b and d show
surface and cross-sectional TEM images of the BCP-
microspheres with dot-patterned surfaces, which were
observed without iodine staining. The surface TEM
image in Figure 2b shows a uniform arrangement of
small hemispheres containing Au NPs on the micro-
sphere surfaces, with structures resembling raspber-
ries. This structure corresponds to the SEM image
shown in Figure 1d. To examine the internal structures
of the BCP-microspheres, cross-sectional TEM images
of themicrospheres were taken aftermicrotoming. The
TEM image in Figure 2d clearly demonstrates that the
Au precursor infiltrated the P4VP domains only near
the surfaces of the microspheres but not the P4VP
domains inside the microspheres. The Au precursors
could not reach the P4VP domain inside, because the
P4VP domains inside were isolated by the PS matrix in
the microspheres. The P4VP domains appear slightly
darker than the PS matrix in Figure 2d because the
electron scattering from P4VP polymers is stronger
than that of PS polymers.40

In previous reports, raspberry-like particles were
prepared by attaching premade NPs on spheres, which
was typically based on chemical interactions between
NPs and organic molecules on the sphere surfaces.41,42

For instance, amino-functionalized ligands43,44 on
spheres were used to attach iron or silica NPs, while
thiol-functionalized ligands45 were used to interact
with gold, silver, or copper NPs. However, in this
approach, specific types of NPs and organic molecules
on the sphere are required, which limits the types of
raspberry-structured particles that are formed. Re-
cently, a few researchers have prepared raspberry-like
particles using self-assembled structures of BCP micelles
with cross-linkable core units.46,47 Similarly, our BCP-
microspheres, which show dotted surface patterns,
resemble raspberry-like structures. However, the mech-
anism of the formation of such raspberry particles is
very different from that of the particles mentioned
above. Our BCP-microspheres were formed based on
the swelling and deswelling processes that occurred

upon the selective incorporation of Au NPs with acidic
water into P4VP domains.
To characterize the Au NPs formed within the P4VP

domains at the surface of the BCP-microspheres, both
TEM and UV�vis spectroscopy were performed. The
diameter distribution of the Au NPs was determined
from the cross-sectional TEM image using image-analysis
software; the inset in Figure 3a shows the diameter
distribution of the Au NPs, which have an average
diameter of 1.7 ( 0.3 nm. Moreover, the average
diameter of the Au NPs remained constant regardless
of the diameter of BCP-microsphere. To provide addi-
tional evidence of Au NP formation, the UV�vis ab-
sorption spectra of BCP-microspheres before and after
treatment with Au precursor solution were compared
as shown in Figure 3b. For the microspheres obtained
after the incorporation of Au NPs, a maximum absorp-
tion peak at approximately 580 nm was observed,
which is evidence of the presence of Au NPs. While it
is well known that the absorption spectrumof AuNPs is
highly sensitive to NP diameter,48,49 the peak position
(∼580 nm) of the Au-NP-decorated BCP-microspheres
is red-shifted compared to a typical absorbance peak
(510�520 nm) of Au NPs with similar diameters in the
solution.50,51 On the other hand, when the Au NPs are
sufficiently close to each other, the absorption peak
can be shifted to a higher wavelength because the

Figure 3. (a) TEM image of a Au-NP-decorated PS-b-P4VP
microsphere. The Au NPs were selectively formed in the
P4VP domains at the outermost layer of the microspheres.
The corresponding histogram (inset) represents the dia-
meter distribution of the Au NPs. Scale bar is 20 nm. (b)
UV�vis absorbance spectroscopy of BCP-microspheres
without (solid line) and with (dotted line) Au NPs. The
absorption peak at the wavelength of 580 nm indicates
the presence of densely packedAuNPs in themicrospheres.

A
RTIC

LE



KIM ET AL . VOL. 6 ’ NO. 3 ’ 2750–2757 ’ 2012

www.acsnano.org

2753

dipole plasmonmodes of the AuNPs can be coupled.52

For example, the UV�vis absorption peak of Au clus-
ters consisting of Au NPs less than 2 nm was observed
at a higher wavelength than that of individual Au
NPs.53 Therefore, the red-shifted UV�vis absorption
peak indicates that the Au NPs were densely packed
in the P4VP domains near the microsphere surfaces.
In addition, the presence of Au NPs at the outermost
layer of the microspheres was confirmed by energy
dispersive X-ray spectrometry (EDX) measurement
using a cross-sectioned TEM sample, as shown in
Figure S3.
Deeper insight into the morphological transition

caused by the addition of Au NPs can be gleaned by
examining the structural change of Au-NP-decorated
BCP-microspheres as a function of the microsphere
diameter. Figure 4 shows SEM images of Au-NP-deco-
rated PS-b-P4VP microspheres with different diam-
eters ranging from 250 to 1190 nm. A discrete and
regular dotted pattern was observed on small BCP-
microspheres, as shown in Figure 4a�d. The surfaces of
BCP-microspheres smaller than 800 nm in diameter
feature regular arrays of hemispherical protrusions, i.e.,
raspberry-like structures. However, as the diameter of
the microspheres increased, the surface morphology
changed, showing a morphological transition from
distinct dotted structures to continuous finger-
print-like structures. When the microspheres were
larger than 800 nm, their surfaces showed finger-
print-like patterns that may have been caused by the

linear fusion of hemispherical protrusions (Figure 4e
and f).
To gain deeper insight into the surface structures of

the Au-NP-decorated BCP-microspheres, the dia-
meters of the swollen micelles and the distances
between adjacent surface structures on the micro-
spheres weremeasured from SEM images of themicro-
spheres and plotted as a function of the microsphere
diameter (Figure 5). Figure 5 shows that the diameter
of Au-NP-incorporated P4VP hemispheres on the mi-
crosphere surfaces increased from 40 nm as the micro-
sphere diameter increased. However, when the
diameter of the microspheres was 800 nm, the hemi-
sphere diameter reached saturation at approximately
50 nm. We suggest that the micelles on the micro-
sphere surface were merged in a different manner
depending on the curvature of the microsphere. How-
ever, because the distance between the hemispheres
was dependent on the length of PS brushes on the
P4VP hemispheres, the distance was found constant at
approximately 16 nm regardless of the microsphere
diameter.
The fluorescence properties of Au-NP-decorated

BCP-microspheres are of great importance in under-
standing the structural behavior of Au NPs in the P4VP
domain as well as the morphological transition of the
microsphere surface. Of interest is the fluorescence
lifetime, which depends mainly on NP size, NP-
surrounding interactions, and the concentration of
NP fluorophores.54�56 Therefore, fluorescence lifetime
imaging was performed for Au-NP-decorated BCP-
microspheres with different diameters and surface
structures; the results are presented in Figure S4. The
lifetime values for different diameters of microspheres
are summarized in Table S1. It was interesting to find
that the fluorescence lifetime increased for larger
microspheres. Because the Au NPs showed a similar
diameter of 1.7 nm regardless of the microsphere

Figure 4. SEM images of Au-NP-decorated PS-b-P4VP mi-
crospheres with diameters of (a) 250 nm, (b) 360 nm, (c)
540 nm, (d) 640 nm, (e) 1020 nm, and (f) 1190 nm. Scale bar
is 200 nm. These images clearly reveal that the P4VPdomain
structure incorporating the Au NPs on the microsphere
depends on the microsphere diameter. The surface struc-
ture of BCP-microspheres smaller than 800 nm in diameter
shows a discrete dot pattern. As the diameter of BCP-
microsphere increases, the surface structure changes from
a discontinuous to a continuous morphology.

Figure 5. Plot of swollen-surface hemisphere diameter and
the distance between adjacent hemispheres as a function of
BCP-microsphere diameter. The figure also shows a mor-
phological transition in the microsphere structure from
a dot pattern with discrete surface hemispheres to a
fingerprint-like pattern with a continuous surface structure
as the microsphere diameter increases.
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diameter, the increase in the fluorescence lifetime was
not due to the changes in the diameter of individual Au
NPs. On the contrary, it is well known that fluorophore
concentration affects lifetime measurements, and a
high concentration of fluorophore typically increases
the lifetime through trivial reabsorption processes due
to the increased reabsorption probability in the high-
concentration region of bulk solution, although the
intrinsic lifetime remains unchanged.55 Therefore, we
suggest that fluorescence lifetime increases with in-
creasing microsphere diameter because a larger num-
ber of Au NPs can participate in these reabsorption
processes within the microsphere.57 For example, as
themicrosphere diameter increased from 380 to 810 nm,
the P4VP hemisphere on the microsphere surface in-
creased from 40 to 50 nm and thus caused a correspond-
ing increase in the number of Au NPs per P4VP domain,
which resulted in the change of the fluorescence lifetime
from 2.1 ( 0.2 to 3.3 ( 0.2 ns. Interestingly, the fluores-
cence lifetime further increased to 3.7 nswith the increase
in the microsphere diameter from 810 to 1380 nm.
We speculate that this was caused by the change in the
surface structure from a dotted to a continuous finger-
print pattern, which eventually produced larger numbers
of Au NPs per P4VP domain on the surface.
Morphological changes of the sphere surface during

swelling and deswelling processes have been investi-
gated in previous studies using buckling or wrinkling
theory.58�60 Diverse patterns are formed by surface
wrinkling on a core�shell sphere because the spherical
surface buckles as a consequence of energy minimiza-
tion, and this configuration is energetically favorable.
With increasing film stress on the spheres, the protru-
sions coalesce to reduce the stretching energy and
gradually evolve into labyrinth-like patterns. In our
experiment, the observed morphologies were quite
similar to those of buckled spheres. Moreoever, our
results show the formation of BCP-microspheres with
different surface structures as a function of the micro-
sphere diameter and thus the surface curvatures.
Scheme 2 presents the illustration of the surface-
structure evolution on the microspheres as a function
of themicrosphere diameter. Before the addition of Au
precursors, the spherical micelles of PS-b-P4VP were

present within the microspheres, in which the PS block
is highly swollen with solvent (chloroform) and the
P4VP in contrast is collapsed. Therefore, that spherical
morphology is retained in the microsphere. Near the
surface when the BCP-microspheres is treated with
acidic water the P4VP domains swell and burst through
the surface coating of PS brushes, forming amushroom
of highly swollen P4VP. We believe that the surface
reconstruction of PS-b-P4VP structures by Au precur-
sors in acidic water resembles that in thin film geome-
try by an alcohol reported by Russell et al.61�63 If the
curvature of the surface is high enough, the P4VP
mushrooms do not touch, thus forming the dot pattern
of P4VP structures. However, as the surface curvature
decreases, the swollen mushrooms can touch each
other and will tend to form continuous half-cylinders.
Therefore, the final size of the P4VP surface structure
on the microsphere shown in Figure 5 could represent
the considerably shrunkone after thedeswellingprocess.
Similar curvature-dependentbehaviors on the surfaces of
emulsions have been reported in a previous study.64

As a control experiment, P4VP colloidal particles
were prepared under identical conditions to the Au-
NP-decorated PS-b-P4VPmicrospheres, but P4VP poly-
mers were used instead of PS-b-P4VP polymers. Figure 6
shows TEM images of a P4VP colloidal particle (a) before
and (b) after inserting the Au precursors. Unlike the
PS-b-P4VP microspheres, the P4VP colloidal particles
showed no morphological changes upon the addition
of Au NPs. In addition, Au NPs were formed uniformly
throughout the P4VP colloidal particles. Therefore, it is
concluded that the presence of PS-b-P4VP spherical
micelles is critical to produce Au-NP-decorated BCP-
microspheres with controlled surface structures.
Because P4VP polymers can interact favorably with

various metal precursors,6,7 our approach for creating
Au-NP-decorated BCP-microspheres can be extended
to fabricate hybrid microspheres containing other
types of metallic NPs. To this end, metal NP-decorated
hybrid BCP-microsphereswith controlled surface struc-
tures were prepared using two different types of
metal precursors, FeCl3 and HPt2Cl6 3 6H2O, in which

Scheme 2. Schematic diagram of surface-structure evolu-
tion on the BCP-microspheres with different diameters as a
function of the degree of swelling.

Figure 6. TEM images of a P4VP colloidal particle (a) before
and (b) after inserting Au precursors. The P4VP colloidal
particlewith AuNPs shows a spherewithout any undulation
on the surface, which is completely different from that of a
Au-NP-decorated PS-b-P4VP microsphere. In addition, Au
NPs were formed homogeneously within the P4VP colloids.
Scale bar is 50 nm.
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PS-b-P4VP can be used as a template to control the
location of metal NPs. Both Pt NP- and FexOy NP-
decorated hybrid BCP-microspheres were prepared
under conditions identical to Au-NP-decorated BCP-
microspheres; however, the Au precursors were re-
placed with FeCl3 and HPt2Cl6 3 6H2O precursors, re-
spectively. Figure 7 demonstrates the successful
fabrication of a PS-b-P4VPmicrosphere decorated with
(a) FexOy and (b) Pt NPs on the surface. The morphol-
ogy of each microsphere type was carefully observed
using FE-SEM and TEM. Analogous to the previously
shown system of Au-NP-decorated BCP-microspheres,
the surfaces of the microspheres were dramatically
transformed from smooth to dot-patterned surfaces
upon the addition of the metal precursors, FeCl3 and
HPt2Cl6 3 6H2O. The formation of FexOy NPs and Pt NPs
on the P4VP domains of the microspheres was observed
in the TEM images. In addition, EDX measurement con-
firmed the presence of FexOy NPs and Pt NPs in the
microspheres. Asdemonstrated, anyprecursors thathave
selective affinities for one block of a BCP could be
incorporated for various applications including catalysis,
optical sensing, surface-enhanced Raman spectroscopy,
meta-materials, and plasmonics.

CONCLUSIONS

In this work, we successfully developed a simple route
forproducingmetal-decoratedhybrid “BCP-microspheres”

with controlled surface nanostructures. First, micro-
spheres of BCP micelles were prepared through an
evaporation-induced self-assembly inside an emul-
sion. These microspheres can be loaded with metal
NPs, through which the metal NPs are incorporated
only near the surfaces of themicrospheres. Depending
on the diameters of the microspheres, unique dotted
patterns or fingerprint-like patterns were produced on
their surfaces during the infiltration of Au precursors
because the P4VP domains near the surface were
selectively swollen with Au precursors. We also char-
acterized the optical properties of the Au-NP-deco-
rated BCP-microspheres. The maximum absorption
wavelength was observed at approximately 580 nm,
indicating that the Au NPs were aggregated or
densely packed inside the P4VP domains near the
surfaces of the microspheres. Moreover, as the dia-
meter of the microspheres increased, their fluores-
cence lifetimes were unusually longer than those of
smaller microspheres. Furthermore, our approach for
Au-NP-decorated BCP-microspheres has been ex-
tended to a variety of hybrid microspheres including
other metallic NPs, specifically, FexOy and Pt NPs.
Therefore, our approach is envisioned to expand
many other applications including catalysts, sensors,
and optical/electrical applications, due to their high
active surface areas and unique optical/electrical
properties.

METHODS
Preparation of BCP-Microspheres Using a PS-b-P4VP Polymer. A

volume of 0.5 mL of 1 wt % PS-b-P4VP (Mn = 262 kg/mol, fPS =
0.76, PDI = 1.14 from Polymer Sources Inc.) polymer solution in
chloroform was emulsified in 4.5 mL of distilled water contain-
ing 1 wt % Pluronic F108 (PEO-b-PPO-b-PEO, 15 kg/mol from
Aldrich) using a sonicator for 10min. The aqueous emulsionwas
diluted with distilled water, and the organic solvent was
evaporated at 50 �C under reduced pressure by rotary
evaporation. The sample was then annealed at 95 �C for
24 h to obtain the internal structures. The dispersion was
washed with deionized (DI) water to remove the remain-
ing surfactants by repeated centrifugations performed at
13 000 rpm for 30 min.

Incorporation of Metallic NPs into BCP-Microspheres. To prepare
BCP-microspheres decorated with Au NPs, a Au precursor

(HAuCl4 3 3H2O, purchased from Aldrich) solution was added
to a BCP-microsphere dispersion in a 1:1 molar ratio with the
P4VP units. The mixture was stirred for 24 h. The mixture was
then purified by washing with DI water and repeated centrifu-
gations at 13 000 rpm for 30 min. The products were redis-
persed in DI water and used for further characterization.

To prepare BCP-microspheres with other types of NPs,
HPt2Cl6 3 6H2O and FeCl3 were used as metal precursors; both
were purchased from Aldrich. The hybrid microspheres were
prepared using the same procedure followed to prepare the Au-
NP-decorated BCP-microspheres.

Characterization. Field-emission scanning electron micro-
scopy (FE-SEM, Hitachi S-4800) and transmission electron mi-
croscopy (TEM, JEOL 2000FX) were used to observe the surface
and internal structures of the metal-decorated BCP-micro-
spheres. To visualize the surface structures of the microspheres

Figure 7. PS-b-P4VPmicrospheres decoratedwith (a) FexOyNPs and (b) Pt NPs. Scale bar is 100 nm. Parts (a) and (b) show SEM
(top left), TEM (top right), and EDX (bottom) images of FexOy- and Pt-decorated BCP-microspheres, respectively.
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using FE-SEM, the samples were prepared by drop-casting
microsphere suspensions onto silicon wafers, which were then
washed and sputtered with gold. To investigate the surface
structures of the microspheres by TEM, the samples were
prepared by dipping TEM grids coated with a 20�30 nm thick
carbon film into the microsphere suspensions, followed by
drying in air. The prepared samples were exposed to I2 vapor
to selectively stain the P4VP domains of PS-b-P4VP. However,
after inserting the Au precursor into the PS-b-P4VP micro-
spheres, the samples were characterized without staining due
to the strong contrast between the Au NPs and polymeric
domains. The sizes and distributions of the PS-b-P4VP micelles
and the Au NPs in the microspheres were determined by
analyzing the FE-SEM, TEM, and AFM images. To investigate
the internal structures of the microspheres by cross-sectional
TEM, the samples were prepared by drop-casting microsphere
suspensions onto an epoxy film and allowing the solvent to dry.
Then, the epoxy-supported films were cured in an oven at 60 �C
for 24 h. The epoxy-supported filmswere thenmicrotomedwith
a diamond knife at room temperature into 50 nm slices.

To characterize the optical properties of the Au-NP-deco-
rated BCP-microspheres, UV�vis absorption spectroscopy (Cary
50 Conc UV�vis spectrophotometer) and fluorescence lifetime
imaging FLIM were performed. FLIM was performed using an
inverted-type scanning confocal microscope (MicroTime-200,
Picoquant, Germany) with a 100� objective. A single-mode
pulsed diode laser (with a 470 nm output and an instrumental
response function of∼96 ps in full-width at half-maximum, a 40
MHz repetition rate, and an average power of less than 1 μW)
was used as an excitation source. A dichroic mirror (490 DCXR,
AHF), a long-pass filter (HQ500lp, AHF), a 50 μm pinhole, and a
single-photon avalanche diode were used to collect the emis-
sions (λ > 500 nm) from Au-NP-decorated samples that were
spin-coated onto glass coverslips. Data acquisition was based
on a time-correlated single-photon counting technique. Time-
resolved fluorescence decay curves were obtained from FLIM
images, and fluorescence lifetimes were evaluated according to
nonlinear least-squares iterative curve fitting using the Sym-
PhoTime software (ver. 5.1.3).

The presence of Au, FexOy, and Pt in the hybrid BCP-micro-
spheres was confirmed by EDX measurement (JEOL). The
samples were prepared using the same procedure as that used
to prepare the samples for TEM but were not stained.
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