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ABSTRACT: Three-dimensional (3D) assemblies of metal
nanoparticles are promising materials for plasmonic materials.
Metal nanoparticles have unique surface plasmon resonances,
ranging from ultraviolet to visible light wavelengths, depending
on their metal species, size, and shape. The arrangements and
spacing of the nanoparticles also strongly affect the plasmonic
properties. The microphase separation of block copolymers can

create a nanoscopic periodic structure, where metal nanoparticle assemblies are arranged along the microphase separation structure.
In this paper, we construct 3D Au nanoparticle assemblies embedded in the microphase separation structures of confined block
copolymers, in the pores of inverse opals. Polymer-stabilized Au nanoparticles were synthesized, and submicrometer poly(styrene)
(PS) colloidal crystals were prepared using a simple coating method. After molding a PS colloidal crystal with poly(vinyl alcohol)
(PVA), block copolymers and Au nanoparticles were introduced into the PVA inverse opal from solution. The inner nanostructures

were analyzed by transmission electron microscopy (TEM).

1. INTRODUCTION

Three-dimensional (3D) assemblies of metal nanoparticles
are promising materials for plasmonic materials, such as highly
sensitive surface enhanced Raman scattering (SERS) substrates,"
plasmonic crystals,” and metamaterials for visible light optics,’
among others.* Metal nanoparticles have unique surface plasmon
resonances, ranging from ultraviolet to visible light wavelengths,
depending on their metal species, size and shape.® The arrange-
ments and spacing of the nanoparticles also strongly affect
the plasmonic properties.® Many methods for arranging metal
nanoparticles onto two-dimensional (2D) solid substrates have
been developed that employ top-down microfabrication techni-
ques including electron beam lithogralghy,7 photolithography,®
nanoimprint lithography,” and so on."® However, it is difficult
and time-consuming to create 3D arrays of metal nanoparticles
by using conventional lithographic technologies.

Bottom-up approaches for arranging metal nanoparticles into 2D
periodic arrays also have been reported. The Langmuir—Blodgett
technique can be used for preparing 2D crystals of fine metal nano-
particles."" Spatz et al. reported that 2D arrays of block copolymer
micelles, which contained metal nanoparticles, were fabricated on a Si
substrate using a simple dip-coating method."* For creating 2D arrays
of metal nanoparticles other methods employing dewetting,'®
supramolecular interactions,'* and DNA-mediated assemblies'”
have also been reported. However, the 3D arrangement of metal
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nanoparticles is still a challenge. Three-dimensional assemblies of
metal nanoparticles are required in order to construct ideal
plasmonic materials with broad-band absorption, high resonance
efficiency, and no angular dependence.

Block copolymer microphase separation structures are good
candidates for the bottom-up approach to arranging metal nanopar-
ticles. Recent developments in living polymerization have allowed
the preparation of a wide variety of block copolymers which have a
high affinity for metal nanoparticles and form unique microphase
separation structures. Many studies have been published detailing the
assembly of metal nanoparticles in 2D and 3D microphase separation
structures in bulk or thin film block copolymers.'® The microphase
separation of block copolymers can create a nanoscopic periodic
structure, where metal nanoparticle assemblies are arranged along
the microphase separation structure. However, the orientation of the
microphase separation structure’s nanodomain which contains the
metal nanoparticles cannot be controlled, and the domain sizes of the
microphase separation structures are too small for optical and elec-
trical applications. Mesoscopic templates avoid these problems by
arran?ng the nanodomains of the microphase separation struc-
tures.”” The microphase separation structures were arranged along
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Figure 1. (a) Photograph of coating apparatus (i) and the schematic illustration of colloidal crystal preparation (ii). (b) Schematic illustration of
preparation method of inverse opals and Au nanoparticles and block copolymer composites.

the interface between the template and the block copolymer; the
structure depended on the boundary conditions and size of the
confined space in the template.'® Thin film (1D) confinement,'® 2D
confinement systems,”® and 3D confinement have previously been
reported.”!

Inverse opals are suitable templates for 3D confinement systems
because their pore size is comparable to the characteristic length of the
microphase separation in block copolymers. Dispersions of submic-
rometer- or micrometer-sized colloidal particles can be assembled
into fine crystals by evaporation of solvent,” spin-coating™ or com-
pression.”* After molding the colloidal crystals with another material
and removing the template colloid, inverse opals can be prepared.”®
By using colloidal crystals and inverse opals as conﬁnement spaces,
frustrated block copolymer microphases can be created.”®

In this paper, we construct 3D Au nanoparticle assemblies
embedded in the microphase separation structures of confined block
copolymers, in the pores of inverse opals. Polymer-stabilized Au
nanoparticles were synthesized according to a variation of the method
reported by Brust et al.”” Submicrometer poly(styrene) (PS) colloidal
crystals were prepared using a simple coating method. After molding a
PS colloidal crystal with poly(vinyl alcohol) (PVA), block copolymers
and Au nanoparticles were introduced into the PVA inverse opal from
solution. The inner nanostructures were analyzed by transmission
electron microscopy (TEM).

2. EXPERIMENTAL SECTION

2.1. Synthesis of Au Nanoparticles. A toluene solution
(synthetic grade, 30 mL, S mM) of tetraoctyl ammonium bromide
(CgH1,NBr, Aldrich, USA) was added to a 2.5 mM solution of

hydrogen tetrachloroaurate(III) tetrahydrate (HAuCl, - 4H,0,
Wako/GR, Japan) in deionized water (20 mL). Soon after the
addition, the yellow aqueous phase became colorless, and the organic
phase turned orange. This color change implies that the gold ions
were transferred from the aqueous phase to the organic phase. A
2.5 mM solution of thiol-terminated poly(styrene) (PS-SH, M,, = 3.0
kg/mol, M,,/M,, = 1.07, Polymer Source Inc.,, Canada) was prepared
and added to the solution. An aqueous solution (10 mL, 0.5 M) of
sodium tetraborohydride (NaBH,, Wako/GR, Japan) was slowly
added to the water/toluene solution with vigorous stirring. After the
NaBH, solution was thoroughly mixed, the solution was stirred for
2 h. The toluene phase turned deep red, which indicates the
formation of Au nanoparticles, shortly after the addition of the
NaBH, solution. The toluene phase was extracted by decantation,
and the Au nanoparticles were precipitated by the addition of ethanol
(50 mL, Wako/GR, Japan) at 2 °C. The Au nanoparticles were
collected by centrifugation, and then used to prepare a 20 mg/mL
dispersion in chloroform.

The absorption spectrum of the Au nanoparticle dispersion
was acquired by UV—vis spectroscopy (V-670, Jasco), and the Au
nanoparticles were observed by TEM (H-7650, Hitachi, Japan).
The solution of Au nanoparticles (1 L) was cast on a Cu grid (grid
pitch =100 ym) covered with an elastic carbon membrane and dried
at ambient temperature to prepare the specimen for TEM observa-
tion. Thermogravimetoric analysis (TGA) was performed by using
TG-8310, RIGAKU, Japan. Synthesized Au NPs (5.67 mg) was
placed on a Pt pan, and the sample was heated to 100 °C with its
heating velocity of 10 °C/min. After keeping at 100 °C for 30 min to
evaporate adsorbed water, the sample was heated up to 750 °C with
its heating velocity of 10 °C/min. After acquisition of TGA curve, the
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Figure 2. (a) FE-SEM images of a 248 nm PS colloidal crystal, (b) a cross section of PS colloidal crystal, (c) an inverse opal, (d) a cross section of an
inverse opal, and (e) 498 nm PS colloidal crystals and an inversed opal of it, respectively.

sample was cooled to the room temperature. (See Supporting
Information, part S4.)

2.2. Preparation of PS Colloidal Crystals and PVA Inverse
Opals. Glass substrates (6.6 mm x6.6 mm) were sonicated in
acetone for 15 min, and then treated with UV—05 (OC-250615-
D+A, Iwatani, Japan). The cleaned glass substrate was soaked in
KOH aqueous (15 wt %) for 2 h, and then washed with Millipore
membrane filtered (Milli-Q) water. The equipment for coating
the colloidal crystals onto the glass substrate was composed of
two moving substrate holders (Figure 1a(i));*® the first glass
plate was placed in a substrate holder, which moved smoothly ata
speed set by a computer-controlled driving system. The second
glass plate was held in the other substrate holder. The glass plates
overlapped by about 4 cm and were separated by a gap of ~200 ym.
An aqueous dispersion of PS particles (0.1—0.4 wt %, diameter
244 + 6 nm, or 498 + 9 nm, Duke Scientific Corp) was added to the
gap between the two glass substrates, and the bottom glass substrate
was moved linearly at a speed of 1 um/s. A thin liquid film of the
colloidal dispersion and the meniscus were continuously formed in
front of the edge of the upper glass substrate, and the PS colloidal
particles were deposited on the bottom glass substrate after
the water had evaporated (Figure la(ii)). The sample was then
annealed at 75 °C for 30 min in a vacuum oven. The surface
structures of the colloidal crystals were analyzed by field-emission
scanning electron microscopy (FE-SEM, S-5200, Hitachi, Japan).
The sample was cut into 2 mm X 3 mm specimens and Os was

sputtered onto the surface (osmium coater, Shinku Device, Ibaraki,
Japan). The Os-coated specimen was attached to an Al sample
holder with carbon adhesive tape. The sample was observed at an
acceleration voltage of S kV.

A low concentration aqueous solution of PVA (1 wt %, Wako
Chemical Industries, Inc., Japan) was applied to the annealed
colloidal crystals and dried at room temperature overnight. A
high concentration aqueous solution of PVA (10 wt %) was
applied to the colloidal crystals and dried to make the film rigid
(Figure 1b(ii)). The specimen was immersed in chloroform for 2
days to remove the PS colloidal particles. The PVA inverse opal
film was removed from the substrate, and washed with chloro-
form (Figure 1b(iii)). The surface structure of the film was also
analyzed by FE-SEM using the same sample preparation proce-
dure described above.

2.3. Introduction of Block Copolymers and Au Nanopar-
ticles into PVA Inverse Opals. Poly(styrene-block-1,4-isoprene)
(PS-b-PI, M,,(ps) = 16.5 kg/mol, M,,pp) = 30.5 kg/mol, M,,/M,, =
1.08, fpr = 0.74, Polymer Source Inc., Canada). PS-b-PI and the
Au nanoparticles were dissolved in chloroform to prepare a
20 mg/mL solution (PS-b-PI:Au nanoparticles =3:7 weight ratio).
The solution was applied to the PVA inverse opal film and dried
at room temperature (Figure 1b(iv)). The solvent was allowed
to evaporate, and the film was immersed in water at 50 °C to
remove the template PVA film (Figure 1b(v)). The surface
structure of the film was analyzed by FE-SEM using the same
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Figure 3. (a) FE-SEM image of Au nanoparticles and block copolymer composite filled in an inversed opal prepared from 248 nm PS colloidal crystals,
(b) cross-sectional, and close-up cross-sectional TEM images of (c) Au nanoparticles, (d) block copolymer composite, and (e, f) cross-sectional images
of Au nanoparticles and block copolymer composites filled in an inversed opal prepared from 498 nm PS colloidal crystals, respectively.

sample preparation procedure described above. The inner micro-
phase separation structure of the film was observed by TEM.
The PI moieties in the film were stained with OsO, vapor. The
samples were embedded in epoxy resin (Epok-812, Wako Pure
Chemical Industries, Ltd., Japan), and ultrathin specimens
(100 nm) were prepared using an ultramicrotome (EM UC-6,
Leica, Germany).

3. RESULTS AND DISCUSSION

Au nanoparticles were successfully synthesized, and a deep red
chloroform dispersion was obtained. The absorption peak from
the surface plasmon resonance was observed at 501 nm. The
average diameter of the Au core was 3.6 nm, as measured in a
TEM image (see Supporting Information, Figures S1 and S2).
There are several methods for estimate the length of polymer
chans adhered on nanoparticles. From the literature, the Froly
length and the coil-like model give the shortest and longest chain
lengths, respectively. The estimated chain length differences
between these two models increased with increasing molecular
weights of polymers. In this experiment, since the M, of the PS
was low (M, = 3.0 kg/mol), there is no significant change in the
estimated polymer length by using these two models. The total
diameter, which includes the length of the polymer chain, which
stabilizes the PS moieties, was theoretically calculated as 9 nm by
using the Flory length of the polymer chain.

A typical FE-SEM image of a colloidal crystal, prepared from
248 nm PS colloidal particles is shown in Figure 2a. A uniform fcc
colloidal crystal was formed; the characteristic bright green color
caused by the Bragg reflection was observed (Figure 2a (inset)). The
heat treatment at 75 °C made the particles stick to each other®
because the glass transition temperature of the PS colloidal particle’s
surface is lower than that of the bulk state.*" A cross-sectional FE-
SEM image of the colloidal crystal reveals that a multilayered
structure was formed (Figure 2b). The number of colloidal layers
was between 2 and 5, and was controlled by changing the concentra-
tion of solution from 0.1 wt % up to 0.4 wt % (see Supporting
Information, Figure S3). A PVA inverse opal was prepared by using
the colloidal crystals as templates. Figure 2c shows a top-down FE-
SEM image of the hexagonally arranged submicrometer pores in the
PVA inverse opal. The cross-sectional image of the inverse opal
shows an interconnected multilayered porous structure (Figure 2d).
The same colloidal crystals (Figure 2e) and PVA inversed opals
(Figure 2f) were successfully prepared from 498 nm PS colloidal
particles.

Figure 3a shows an FE-SEM image of an Au nanoparticles/PS-
b-PI composite array; the spherical submicrometer structure
reflecting the structure of the inverse opal template prepared
from 248 nm PS colloidal particles. The cross-sectional image of
the Au nanoparticles/PS-b-PI composite array also shows that
spherical domains were formed in the film (Figure 3b). The
close-up image of the single spherical domain shows onion-like
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microphase separation structures, consisting of gray PI phases
and bright PS phases (Figure 3c). When the inner structure was
more closed, black dots were observed in the PS phases, which
were identified as Au nanoparticles (Figure 3d). The cross-
sectional images of an Au nanoparticles/PS-b-PI composite array
prepared from 498 nm PS particles are shown in Figure 3, parts e
and f. In this case, the multilayered structures of spherical
domains were clearly observed, and the periodicity of each
microphase-separated structure is basically same as that in the
248 nm case. The array of Au nanoparticles are clearly imaged at
PS phase (Figure 3f).

An onion-like microphase separation structure was formed,
even though the fp; value for PS-b-PI is 0.74. The thermodyna-
mically stable microphase separation structure of this block
copolymer is PS cylinders dispersed in a PI matrix.*> We have
found that morphologies of inner phase separation structures of
block copolymer particles can be controlled by amount of
blended metal nanoparticles.33 From the TGA measurement,
the synthesized Au nanoparticles containing free PS-SH mol-
ecules. Because the PS-SH-stabilized Au nanoparticles and free
PS-SH molecules were incorporated into the PS phase, the
volume fraction of the PS phase increased, and a lamellar
microphase separation structure was formed. The microphase
separation structures of block copolymers in 3D confinement
spaces are affected by the size of the confinement spaces and the
affinity of the polymer segments for the template materials.
Experimental analysis of 3D confinement systems in block
copolymer particles®* and Monte Carlo simulations® indicate
that when the ratio between the periodicity of a microphase
separation structure (L) and the diameter of the confinement
space (D) (D/Ly) is smaller than 2.0, frustrated phases appear.
These phases are different from the microphase separation
structures observed in the bulk system. When the affinity (o)
of one of the polymer segments in the block copolymer used for
the confinement space material, is higher than that of the other
segments, the microphase separation structure is arranged along
the interface between the domain of the block copolymer and the
confinement space. In this case, the D value (249 nm) was
sufficiently larger than L to prevent the frustrated phase from
appearing.

It is noteworthy that Au nanoparticles locatd along to the
interface between the PVA matrix and the block copolymer phase
(Figure 3c). There are two considerable reasons for this localiza-
tion; one is segregation from the block copolymer phase, the
other is ampihpihlic property of Au nanoparticles. During the
solvent evaporation, the block copolymers constructed micro-
phase separation structures including Au nanoparticles and free
PS-SH, however, the excess Au nanoparticles were segregated
from the microphase separation, as the result, the Au nanopar-
ticles were located at the interface between the PVA matrix and
the block copolymer phase. Moreover, it is well-known that
nanoparticles have amphipihlic properties.>* The ampihpihlic Au
nanoparticles may also stabilize the interface.

4. CONCLUSION

In this paper, we reported a novel method for the 3D
arrangement of metal nanoparticles. PS colloidal crystals were
fabricated on glass substrates using a simple coating process, and
PVA inverse opals were prepared by molding PS colloidal
crystals. By embedding PS-b-PI and PS-stabilized Au nanoparti-
cles into the pores of the PVA inverse opals, Au nanoparticles

were three dimensionally arranged in onion-like microphase
separation structures, formed in the spherical domains of the
PVA inverse opals.

It has been reported that a unique microphase separation
structure can be prepared in 3D confinement systems. Our
method could be used to introduce various kinds of inorganic
nanoparticles, such as noble metals, semiconductors, and metal
oxides into three dimensionally arranged microphase separation
structures. These organic—inorganic composite materials could
be used in plasmonic devices, metamaterials, or lasers.

B ASSOCIATED CONTENT

© Supporting Information. TEM image of Au nanoparti-
cles (Figure S-1), UV—vis absoption spectrum of Au nanopar-
ticles (Figure S-2), cross-sectional SEM images of colloidal
crystals (Figure S-3), and TGA curves of synthesized Au
nanoparticles. This material is available free of charge via the
Internet at http://pubs.acs.org.
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