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ABSTRACT: Specific crystallographic planes of binary
colloidal crystals consisting of silica nanoparticles are two-
dimensionally replicated on the surface of gold nanoplates.
The selectivity of the surface patterns is explained by the
geometrical characteristics of the binary colloidal crystals as
templates. The binary colloidal crystals with the AIB,- and
NaZn,;-type structures are fabricated from aqueous dis-
persions of stoichiometrically mixed silica nanoparticles with
different sizes. The stoichiometry is precisely controlled on the
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basis of a seed growth of silica nanoparticles. Dimpled gold nanoplates are formed by the two-dimensional growth of gold
between partially cleaved surfaces of templates. The selectivity of the surface patterns is explained using the AlB,-type binary
colloidal crystal as a template. The surface pattern is determined by the preferential cleavage of the plane with the lowest density
of particle—particle connections. The tendency to form well-defined cleavage in binary colloidal crystals is crucial to formation of
dimpled gold nanoplates, which is explained using the NaZn,;-type binary colloidal crystal as a template. Its complex structure
does not show well-defined cleavage, and only distorted nanoplates are obtained. Therefore, the mechanism of the two-
dimensional replication of binary colloidal crystals is reasonably explained on the basis of their periodic mesoscale structures and

crystal-like properties.

B INTRODUCTION

Nanostructured metals with controlled morphologies have
attracted much attention for their unique properties and
potential applications in nanotechnology." Nanostructures of
metals are quite influential to their quantum-size eftects, such as
optical "> magnetic,> and catalytic properties.* Porous nano-
structures are quite important for their applications as
electrodes,® sensors,® and catalysts7 because of their high
surface area and eflicient diffusion of guest molecules within
pores. Morphological control of nanostructured metals into
rods or sheets is also important for their anisotropic electronic
and optical properties, applications for surface-enhanced
Raman scattering (SERS),® and assemblies into hierarchical
structures.

Gold is one of the most useful metals because of its
exceptional chemical stability, conductivity, and unique optical®
and catalytic properties.” Plasmonic materials, such as sensors,
imaging materials, metamaterials, SERS substrates, etc., have
intensively been explored using nanostructured gold.** Not
only gold nanoparticles but also nanoporous gold is promising
as a catalyst.” Morphosynthesis of gold with various nanoscale
shapes, such as polyhedrons,” rods,"”'" and plates,'”"* has been
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developed in recent years. Formation of unique shapes has been
systematically examined, based on anisotropic crystal growth by
the presence of organic molecules,'® polymers,”'* or metal
jons.! Crystalline defects, such as stacking faults, also lead to
formation of complex shapes which are difficult to be formed
only by anisotropic crystal growth.”'""* Although porous
nanostructures of metals have been prepared by replication of
surfactants,"* ¢ block copolymers,17 and mesoporous sili-
ca,"*'® formation of porous gold is quite difficult because of
undesired overgrowth of gold within templates."®

We recently reported the formation of nanostructured gold
with platelike morphology by a unique two-dimensional
replication of a colloidal crystal consisting of silica nanoparticles
whose arrangement is the face-centered cubic (fcc) structure.'”
Gold nanoplates with highly ordered dimples on their surfaces,
which we call dimpled gold nanoplates, are formed by the
method. Only two-dimensional parts of nanostructures of
templates are replicated with gold by the two-dimensional
crystal growth of gold between partially cleaved surfaces of
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templates. The colloidal crystals act not only as rigid templates
of dimpled nanostructures but also as flexible reaction spaces
for morphosynthesis of nanoplates. Such a flexibility of
templates is important to overcome the difficulty of the
synthesis of nanostructured gold and extends the diversity of
nanostructures and morphologies of replicas. Because the
dimpled gold nanoplates are mostly single crystalline, formation
of dimples is expected to be effective to create high-index
surfaces with many steps or kinks on the surface of gold, which
is crucial to highly active catalysts.*

The most interesting point of our previous report is the
selectivity of the growth direction of gold nanoplates within the
three-dimensional interstitial nanospace of colloidal crystals.
The dimples on the surface of gold nanoplates were mostly
arranged with hexagonal symmetry, which implies that gold
grows selectively in the {111} plane of the fcc structure. The
reason for the selectivity was explained by the preferential
cleavage of colloidal crystals on the {111} planes because their
surface energy is lowest among those in the fcc structure.”!
Cleavage due to growth of gold nanoplates within their
interstitial nanospace probably distinguishes small differences in
the strength and geometries of local bonds among nano-
particles. No characteristic relationships were observed between
the crystal orientation of gold and the platelike morphology,
which suggests that the platelike morphology is controlled by
the limitation of the growth of gold in the two-dimensional
nanospaces between the cleaved surfaces. The mechanism of
the morphosynthesis is totally different from the previous ones
of anisotropic crystal growth of gold along specific crystalline
directions.” " This is surprising because growing gold selects
specific nanospaces in colloidal crystals, which has opened a
new door for the utilization of periodic mesoscale structures
with three-dimensional architectures. Xia et al. also reported the
use of nanoparticle arrays as flexible templates, whereas such a
selective growth was not observed.”” Similar ZnO nanoplates
with highly ordered dimples were also formed by their
preferential growth in the fcc-{111} planes of a colloidal
crystal consisting of polystyrene particles,”® though the size of
the template was on the submicrometer scale (polystyrene
particles ca. 270 nm in size). It was discussed that the growth
direction of ZnO nanoplates was affected by the larger
interplanar distance of the {111} plane than the {110} and
{100} planes. Holes penetrating through the nanoplates
indicated that the cleavage of colloidal crystals did not occur.
Therefore, the size of nanospaces is suggested to be important
for cleavage of colloidal crystals. Two-dimensional replication is
expected to have great potential to create a new field of the
syntheses of metal nanostructures. A deeper understanding of
the mechanisms underlying the nucleation and growth of metal
nanostructures within and beyond the colloidal lattice is
expected to design and synthesize nanostructures more
complex than anything currently available.”* However, the
understanding of mechanisms of the two-dimensional repli-
cation is quite limited because we used the colloidal crystal
possessing only the fcc structure. It is essential to develop a new
colloidal crystal system to extend the variety of mesoscale
structures.

Binary systems of stoichiometrically mixed nanoparticles with
two different sizes®>*® are quite promising to vary nanostruc-
tures of colloidal crystals. Diverse crystallographic arrangements
of nanoparticles in binary nanoparticle superlattices (BNSLs)
have been achieved.”® Even though enhanced physical proper-
ties (e.g, conductance and magnetoresistance) of BNSLs have
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been shown,*® the relationships between their functions and
their periodic mesoscale structures are still unclear. Various
nanostructures are expected to form by the synergistic
combination of two-dimensional replication and various binary
superlattices because nanostructural and morphological features
of products are highly dependent on the three-dimensional
periodic arrangements of nanoparticles. However, organically
capped nanoparticles cannot be used as templates of gold
because continuous networks of inorganic materials are not
present.

Binary colloidal crystals consisting of silica nanoparticles with
different particle sizes are promising for this purpose because
silica nanoparticles are covalently connected on their surfaces.
However, such binary colloidal crystals have not been prepared
in mesoscale,*’ though those consistin% of submicrometer-scale
colloidal silicas occur as natural opals™ and limited examples
using colloidal silicas and polymers in submicrometer scale
were reported.”” Therefore, we focused on the use of
monodispersed silica nanoparticles with much smaller sizes
reported by Yokoi et al. and Tsapatsis et al.”>® Periodic
arrangements of the nanoparticles in unary system have been
achieved by simple solvent evaporation. The solvent evapo-
ration process allows us to form a relatively large amount of
colloidal crystals. Because the surface of silica nanoparticles is
not covalently capped with organic molecules, it is also
important to understand the assembling behavior of silica
nanoparticles with different particle sizes. On the other hand, it
is generally complicated to control the stoichiometry of small
and large nanoparticles during formation of binary colloidal
crystals because the number of nanoparticles is difficult to be
estimated. We also focused on the seed-growth process of silica
nanoparticles.>’ The number of nanoparticles is in principle not
changed during the growth process, which is ideal to the
stoichiometrically controlled fabrication of binary colloidal
crystals. This concept can be extended to the control of BNSLs.

Herein, we report the preparation of binary colloidal crystals
consisting of silica nanoparticles with different particle sizes and
their application to two-dimensional replication for formation
of dimpled gold nanoplates possessing various surface patterns
(Scheme 1). We found that specific crystallographic planes of
binary colloidal crystals can be used as a a two-dimesnional
template, and its selectivity can be explained by the preference
of the planes to be cleaved, determined by the density of
particle—particle connections on each plane.

B EXPERIMENTAL SECTION

Materials. 1-Lysine (Sigma-Aldrich Co.) and tetraethoxysilane
(TEOS, Kishida Chemical Co.) were used for synthesis of silica
nanoparticles. HAuCl,-4H,0 (Kanto Chemical Co., Inc.) was used as
a metal source. Dimethylamineborane (DMAB, Wako Pure Chemical
Ind. Ltd.) was used as a reducing agent. Hydrofluoric acid (Wako Pure
Chemical Ind. Ltd.) and ethanol (Kanto Chemical Co., Inc.) were
used for removal of templates. All chemicals were used without further
purification.

Synthesis of Silica Nanoparticles with Different Particle Size.
Silica nanoparticles were synthesized by the modified Stéber method
according to the literature by Yokoi et al.>® An aqueous dispersion
containing silica nanoparticles 12 nm in size was prepared by stirring a
reaction mixture containing L-lysine (0.097 g), TEOS (7.4 mL), and
deionized water (100 mL) at 60 °C for 20 h. The particle size was
increased on the basis of the seed-growth method, in which an
appropriate amount of nanoparticle dispersion was added into an
unreacted reaction mixture and stirred at 60 °C for 20 h. The ratio of
the nanoparticle dispersion and the unreacted mixture was determined
by the following formula®"
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Scheme 1. Schematic Illustration of the Two-Dimensional
Replication To Form Dimpled Gold Nanoplates with
Various Surface Patterns Using (a) Binary Colloidal Crystals
and (b) a Unary Colloidal Crystal
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The particle size is monodispersed (standard deviation is 4—6%),
which is sufficient to form periodic colloidal crystals.

To control the stoichiometry of small and large nanoparticles for
fabrication of binary colloidal crystals, a nanoparticle dispersion was
divided into two parts (Scheme 2a). One was used as the dispersion of
small nanoparticles. The other was used as the seed dispersion of large
nanoparticles. Because all TEOS molecules are used for growth of seed
nanoparticles, the number of nanoparticles in the seed dispersion is
retained during the growth process.*"** The stoichiometry of small
and large nanoparticles was controlled by the volume of dispersions.

Formation of Binary Colloidal Crystals. The stoichiometrically
controlled dispersions containing small and large nanoparticles were
mixed according to Table 1 (Scheme 2b). The larger and smaller ones
are denoted as A and B nanoparticles, respectively. The ratio of the
particle sizes is denoted as a. The solvent in the mixture was
evaporated at 80 °C or room temperature. The flakes obtained after
solvent evaporation were heat treated at 550 °C for 3 h in air to
remove organic moieties.

Formation of Dimpled Gold Nanoplates. Dimpled gold
nanoplates were prepared by the method reported previously.” A
flaky binary colloidal crystal (0.2 g) was ground in a mortar and dried
under vacuum overnight. An aqueous solution (40 xL) containing 0.2
M HAuCl, was mixed with the powdery binary colloidal crystal. After
the composite was dried under vacuum, a HAuCl, solution (40 uL)
was additionally mixed with the composite and dried under vacuum.
The composite and DMAB were placed in a closed vessel overnight,
which allowed reduction of HAuCl, to Au(0) in the interstices of silica
nanoparticles. The reduced composite was mixed with 5% HF solution
(10 mL) to dissolve silica nanoparticles completely. The present
conditions are the same as those in our previous report using unary
colloidal crystals as templates," in which complete reduction of
HAuCl, to metallic gold and removal of silica templates have been
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Scheme 2. (a) Formation of Nanoparticle Dispersions
Containing the Same Numbers of Small and Large Silica
Nanoparticles. (b) Formation of a Binary Colloidal Crystal
(AB,) from the Nanoparticle Dispersions
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confirmed by the X-ray diffraction technique and energy-dispersive X-
ray analyses.

Characterization. High-resolution scanning electron microscopy
(HRSEM) images and bright-field scanning transmission electron
microscopy (BFSTEM) images were taken using a Hitachi S-5500
microscope. Transmission electron microscopy (TEM) images were
taken using a JEOL JEM-2010 microscope. Samples were crushed with
ethanol on a mortar and mounted on Cu grids coated by a holey
carbon film without any metal coating for both SEM and TEM
observation. HRSEM images were treated with noise reduction using
Adobe Photoshop CSS. The fast Fourier transform (FFT) was
performed by DigitalMicrograph (Gatan, Inc.).

B RESULTS AND DISCUSSION

Structures of Binary Colloidal Crystals. All binary
colloidal crystal samples are flaky solids whose size is a few
millimeters. Transparent flakes could be prepared by slow
evaporation of solvent (see Supporting Information). Even
though they were prepared by simple solvent evaporation,
ordered binary colloidal crystals were obtained. Yokoi et al.
discussed that the buffering action of L-lysine during solvent
evaporation is crucial to formation of ordered unary colloidal
crystals without aggregation,**® which is probably applied in the
same way for the present case. Arrangements of nanoparticles
with a higher packing density than that of the fcc structure are
predicted on the basis of the hard-sphere approximation.>* The
arrangements can be varied by the stoichiometry of nano-
particles and the @ value. Because the stoichiometries of
nanoparticles were exactly controlled, multiple phases of
ordered binary colloidal crystals were rarely observed for the
AB, stoichiometry. In the case of AB;; stoichiometry, a small
amount of unary colloidal crystals consisting of B nanoparticles
was also segregated.

dx.doi.org/10.1021/ja3026054 | J. Am. Chem. Soc. 2012, 134, 8684—8692



Journal of the American Chemical Society

Table 1. Structural Parameters of Binary Colloidal Crystals Consisting of Silica Nanoparticles

A nanoparticles

B nanoparticles

sample stoichiometry a” average size/nm
AB,(0.50) AB, 0.50 51
AB,;(0.54) AB,, 0.54 35

std. % average size/nm std. % structural analogue
4 26 S AlB,
6 19 6 NaZn,,

“Ratio of the average particle size of B (smaller one) over the particle size of A (larger one).

(2)[(111 ]

A .
I T
y v

L T “U.i ' N

{b)[100]

Figure 1. TEM images of AB,(0.50) with the AIB,-type structure viewed along the (a) [111], (b) [110], (c) [210], and (d) [001] directions. Yellow
and orange filled circles indicate the positions of A and B nanoparticles, respectively. Right of the TEM images are (top) the corresponding FFT
pattern and (bottom) the corresponding structural model. Models are displayed by sticks and balls to clarify their internal structures.

The structure of AB,(0.50) was assigned to the AIB, type
(P6/mmm, SG191) from the TEM images along the [111],
[110], [210], and [001] directions (Figure 1). The lattice
constants a and ¢ were estimated to be ca. 51 and 52 nm,
respectively.** Some distortions were observed for the binary
colloidal crystals, which is probably due to strains caused during
the solvent evaporation process. Because nanoparticles are
almost in close contact, the interstices of the silica nanoparticles
are expected to be used as a reaction space for the two-
dimensional replication into dimpled gold nanoplates.'* The a
value of 0.50 is close to the geometrically ideal value (a =
0.527) to achieve maximum contacts of both A—A and A—B
connections.

When a is 0.54 for the AB; stoichiometry, it is expected that
NaZn,;-type (Fm3c, SG226) structure is formed as a binary
colloidal crystal of silica nanoparticles. This structure is
observed in natural opals®® and BNSLs.>* In the NaZn,;-type
structure, 13 B nanoparticles form an icosahedral cluster
surrounded by 8 A nanoparticles to form a periodic structure
with cubic symmetry. The TEM image of the product shows a
periodic square-like arrangement of A nanoparticles, corre-
sponding to the [100] projection of the NaZn,;-type structure
(Figure 2a). The filtered image by FFT also indicates the
ordering of A and B nanoparticles (Figure 2b and 2c). The
AIB,- and NaZn,;-type structures are consistent with those
predicted by the hard-sphere approximation of packing of

100 nm
" N

Figure 2. (a) TEM image of AB3(0.54), (b) its corresponding FFT
pattern, and filtered image of a.

colloidal particles.”® The present method by controlling the
stoichiometries and particle sizes is ideal to explore the phase
diagram of the binary colloidal system.

The tendency of cleavage is an important factor for the two-
dimensional replication of binary colloidal crystals into dimpled
gold nanoplates. HRSEM observation of the binary colloidal
crystals shows their fractured surfaces formed by the crushing
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process. A binary colloidal crystal with AIB,-type structure
shows well-defined cleaved surfaces on the fractured surface
(Figure 3a). On the contrary, that with the NaZnj;-type
structure shows rough surfaces even though the BFSTEM
image of the same area shows a periodic structure inside the
assembly (Figure 3b and 3c). Although the NaZn,;-type
structure is highly ordered, the complex cluster-like arrange-
ment of B nanoparticles in relatively small length scale probably
changes the direction of cleavage propagation.

Surface Patterns of Dimpled Gold Nanoplates. The
binary colloidal crystals presented here have unique structural
features that are expected to be influential to two-dimensional
replication. The difference is as follows. The AlB,-type structure
is useful to discuss the effects of three-dimensional arrangement
of nanoparticles. It has two-dimensional arrangements of A
nanoparticles with hexagonal and rectangular (almost square
because a/c is ca. 1) symmetries on the {001} and {100}
surfaces, respectively. These arrangements are similar to those
of the {111} and {100} surfaces of the fcc structure,
respectively, though the three-dimensional particle—particle
connections are different from each other. The NaZn,;-type
structure does not show well-defined cleavage, even though it
has the well-defined periodicity. The tendency of formation of
well-defined cleavage is thought to be influential to the platelike
morphology of dimpled gold nanoplates.

Dimpled gold nanoplates were formed using AB,(0.50) with
the AIB,-type structure as a template (Figure 4a). Formation of
dimpled gold nanoplates is due to partial cleavage of the
template along the specific direction and two-dimensional
growth of gold between the cleaved surfaces, which is suggested
on the basis of their platelike morphology and the absence of
holes penetrating through the nanoplate.” Ill-shaped particles
formed by deposition of gold outside of binary colloidal crystals
were also observed. They are formed possibly by diffusion of
[AuCl,] " ions outside of the templates. Their amount could be
reduced by modifying the surface of silica nanoparticles with
organic groups to control diffusion of [AuCl,]™ ions.

Two types of surface patterns were observed for the dimpled
gold nanoplates formed in the AlB,-type structure, and one of
them was almost selectively observed. The major one is a
lattice-like pattern of large and small dimples (Figure 4b),
which corresponds to the structure of the {100} plane to be
cleaved in the AIB,-type structure. The minor one is a stripe-
like arrangement of large and small dimples (Figure 4c), which
corresponds to the {101} plane to be cleaved in the AIB,-type
structure. These results indicate that the two-dimensional
arrangements of dimples are significantly different from those
of the dimpled gold nanoplates formed in the fcc structure.'

When AB,5(0.54) was used as the template, gold nanoplates
with randomly arranged dimples were obtained (Figure S). The
product was not as flat as other dimpled gold nanoplates
prepared using colloidal crystals with the fcc or AIB,-type
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Figure 4. HRSEM images of dimpled gold nanoplates. (a) Low-
magnification image. High-magnification images with (b) AlB,(100)-
and (c) AlB,(101)-type surface patterns. Insets are (upper) the
corresponding structural model and (lower) the indication of the
cleaved surface in a three-dimensional model.

structures, which is consistent with the distorted geometry of
the fractured surface of the template (Figure 3b).

The selectivity of surface patterns of dimpled gold nanoplates
can be explained by the preference of planes to be cleaved in
templates because dimpled gold nanoplates were revealed to be
formed between partially cleaved surfaces of colloidal crystals."®

dx.doi.org/10.1021/ja3026054 | J. Am. Chem. Soc. 2012, 134, 8684—8692
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Figure 5. HRSEM image of the dimpled gold nanoplate replicated
from AB,5(0.54).

Once the colloidal crystal is partially cleaved, gold should grow
rapidly between the cleaved surfaces with a larger nanospace
than original interstitial nanospaces because of the efficient
diffusion of [AuCl,]”. The initial growth direction of gold
within a template before the occurrence of partial cleavage
should be limited by the geometry of the three-dimensional
interstitial nanospaces; however, such a limitation is immedi-
ately weakened due to the cleavages.

The preference of planes to be cleaved is probably
determined by their bond strength. We here propose the
density of particle—particle connections among silica nano-
particles on each plane as a decisive parameter to characterize
the preference of planes to be cleaved. We hypothesize that the
strains in colloidal crystals due to overgrowth of gold is basically
isotropic to all directions because the crystal structure of gold is
cubic. Therefore, the number of particle—particle connections
per unit area of each plane is thought to be the parameter to
discuss the preference of planes to be cleaved.

The densities of particle—particle connections on the planes
to be cleaved in the AlB,-type structure are summarized in
Table 2. The densities are geometrically calculated from the

Table 2. Density of Connections of Each Plane To Be
Cleaved in the AIB,-Type Structure With an a Value of 0.527

Cross-

sectional  number of A—A  number of A-B density of
area of the connections in connections in connections
unit cell two-dimensional ~ two-dimensional ((Ny+Ng)
plane (A)° unit cell (N,) unit cell (Ng) AT
{100} 1 2 4 6
{101} \7/2 3 6 6.8
{oo1} V3/2 1 6 8.1

“Cross-sectional area of the two-dimensional unit cell is normalized by
D? where D is the diameter of the larger nanoparticle.

models of the ideal AlB,-type structure with a = 0.527 (Figure
6). The diameter of an A nanoparticle is denoted as D. The
connections to be disconnected upon cleavage were counted.
Among these planes, the {100} plane has the lowest density of
particle—particle connections (weak connection), which is
consistent with the frequent observation of {100}-type surface
patterns on dimpled gold nanoplates. {101} has the second
lowest density, which is also consistent with the minor
observation of the corresponding surface pattern. On the
contrary, dimples arranged with hexagonal symmetry, corre-
sponding to the {001} surface, were not observed as the surface
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pattern of dimpled gold nanoplates, even though such dimples
arranged with hexagonal symmetry were quite frequently
observed for dimpled gold nanoplates formed in the fcc
structure.” This plane has a higher density of particle—particle
connections than those of {100} and {101} planes. Therefore,
the order of the density of particle—particle connections is well
consistent with the frequency of the corresponding surface
patterns on dimpled gold nanoplates.

There are some deviations in AB,(0.50) from the ideal
closely packed structure. The most significant deviation from
the ideal structure is the a value. The a value was 0.50 in the
present experiment, in which B nanoparticles are relatively
smaller than those in the ideal closely packed structure.
Therefore, the decrease in the a value for the AIB,-type
structure causes a decrease in the number of A—B connections,
whereas A—A connections should be constant. When the
number of A—B connections is more than 46.5% of the ideal
number, the order of the densities of particle—particle
connections does not change (see Supporting Information).
Moreover, it is expected that particle—particle connections are
also formed by shrinkage of colloidal crystals during heat
treatment. Therefore, it is thought that the selectivity of surface
patterns is not affected by such a small deviation of the a value.

The areas of contacts between silica nanoparticles should be
influential to the bond strength of the planes to be cleaved. The
area of contact in A—A connection is thought to be slightly
larger than that in A—B connection because of the difference in
sizes and surface curvatures of nanoparticles. However, it is
quite difficult to estimate the difference in the areas of contacts
because the size distributions of nanoparticles, the shapes of
nanoparticles, and the surface conditions are influential to the
areas of contacts.

The tendency was also observed for a unary colloidal crystal
with the fcc structure. The densities of particle—particle
connections on {111}, {100}, and {110} planes to be cleaved
in the fcc structure are summarized in Table 3, which was
calculated from the models in Figure 7. In our previous reiport
using a unary colloidal crystal with the fec structure’ a
hexagonal arrangement of dimples assignable to the {111}
structure was observed for more than 90% of the dimpled gold
nanoplates. Dimples arranged with square symmetry assignable
to the {100} structure were observed to a much lesser extent.
This order is consistent with the order of the calculated density
of particle—particle connections.

The size of nanoparticles is also important for formation of
dimpled gold nanoplates. When unary colloidal crystals
consisting of silica nanoparticles ca. 15 nm in size, products
have bulkier morphology (Figure S3, Supporting Information).
Dimpled gold nanoplates were also formed using unary
colloidal crystals ca. 60 nm in size as a template (Figure S4,
Supporting Information). Other researchers have reported
formation of three-dimensionally ordered macroporous gold
using larger colloidal particles (typically more than 100 nm) as
templates.®” Therefore, two-dimensional replication is a unique
phenomenon on the mesoscale.

The present system gives a novel concept for creation of
diverse mesoscale structures. The diversity of conventional
mesoporous materials prepared using surfactant templates
depends mainly on the packed structures of surfactant micelles.
Various three-dimensional cage-type mesoscale structures were
shown to be explained by soft-sphere packing of micelle
templates, in which the interfacial area of the packed micelles is
minimized.*® On the other hand, the present system is based on
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(a){100} (b){101}

(c){001}

Figure 6. Models of the AlB,-type structure on (a) {100}, (b) {101}, and (c) {001} planes. Black and gray lines indicate the outlines of nanoparticles
on upper and lower layers of a cleavage, respectively. Blue lines indicate the two-dimensional unit cell of each plane. Green dots indicate particle—

particle connections between the upper and the lower layers.

Table 3. Density of Connections of Each Plane To Be
Cleaved in the fcc Structure

number of connections in density of
cross-sectional area  two-dimensional unit cell connections
plane  of the unit cell (4)% (N) (NATY)
{111} \V3/2 3 35
{100} 1 4 4
{110} V2 6 42

“Cross-sectional area of the two-dimensional unit cell is normalized by
D?, where D is the diameter of the nanoparticle.

hard-sphere packing of silica nanoparticles, in which packing
density is maximized.”® Therefore, binary colloidal crystals are
promising for creation of a wide variety of new three-
dimensional mesoscale structures. Several researchers and we
have shown that the arrangements of silica nanoparticles can be
replicated with carbon,>® metal oxides,® zeolites,”” ceramics,>®
metals,” and polymers;** however, all of them showed the fcc
structure. Our binary colloidal crystals can be extended to their
templates. Moreover, Yu et al. reported the hard-sphere packing
of silicate—micelle composites into the fcc arrangement and
their transformation into highly ordered mesoporous silica,*' to
which the present strategy can be extended.

Two-dimensional replication gives a synergistic effect for the
diversity of mesoscale surface patterns. The extended three-
dimensional mesoscale structures by formation of binary
colloidal crystals are further replicated into three- and two-
dimensional nanostructures. Techniques of two-dimensional
replications to form replicas of other strongly bonded planes of
colloidal crystals are challenges to create various nanostructured
patterns. This unique concept means that truly new mesoscale
structures will be created by the present system. As we
mentioned previously," dimpled gold nanoplates can arrange

nanoparticles periodically on their dimples. The present
products are expected to arrange two kinds of nanoparticles
with different sizes in various arrangements. Thus, the variety of
dimpled gold nanoplates makes it possible for them to be
applied as building blocks of anisotropically and hierarchically
structured materials.

B CONCLUSIONS

We demonstrated that the variety of surface patterns on
dimpled gold nanoplates is extended by use of binary colloidal
crystals as flexible templates. Such a diversity of mesoscale
structures gives us important insights on the mechanisms of
two-dimensional replication. Use of a binary colloidal crystal
with AIB,-type structure gives information on the selectivity of
surface patterns. The most weakly connected planes are likely
to be cleaved during the templating process. Use of a binary
colloidal crystal with the NaZn,;-type structure has indicated
that formation of well-defined fractured surfaces on binary
colloidal crystals, which should be related to the complexity of
mesoscale structures, is crucial to formation of highly ordered
dimpled gold nanoplates. The significant points of the present
findings are similarity between crystals in classical chemistry
and colloidal crystals in mesoscale chemistry and synergism of a
crystal-like property of colloidal crystals and templating
technique. These ideas lead to extension of surface patterns
of dimpled gold nanoplates which are expected to be useful in
catalysis, electronics, and optics. We believe that the design of
periodic nanospaces in porous materials like colloidal crystals is
of growing importance beyond their current applications, such
as reactors, supports, adsorbents, etc. These applications utilize
not their periodicity but their porosity and uniformity (high
surface area and molecular sieving effects). Only periodic

(@){111} (0){100}

/,-— [ =5 -a.\\
M \

(©){110}

. '\\;-‘
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Figure 7. Models of the fcc structure on (a) {111}, (b) {100}, and (c) {110} planes. Black and gray lines indicate the outlines of nanoparticles on
upper and lower layers of a cleavage, respectively. Blue lines indicate the two-dimensional unit cell of each plane. Green dots indicate particle—

particle connections between the upper and the lower layers.
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nanostructures can provide such useful reaction spaces for the
syntheses of complex nanostructured materials

B ASSOCIATED CONTENT

© Supporting Information

Transparency of flakes of binary colloidal crystals; calculation of
the number of particle—particle connections per unit area for
the AIB,-type structure with smaller B nanoparticles. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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