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ABSTRACT: Micrometric linear chains (1D arrays),
monolayers (2D arrays), and superstructures (3D arrays)
of anisotropic Mn;O, nanocuboids were selectively
produced by oriented self-assembly through evaporation
of a dispersion. The 1D arrays were basically formed on a
substrate via oriented self-assembly of the rectangular
crystals in the (100) direction. The 2D and 3D
microarrays were obtained by adjusting the particle
concentration of the dispersion. The [001] direction of
tetragonal crystal was controlled to be parallel and
perpendicular to the substrate by changing the polarity

of the medium.

S elf-assembly of nanometric building blocks is a fascinating

phenomenon as a bottom-up approach to achieving a wide
range of novel functional materials with ordered architectures.
2D and 3D close-packed arrays of uniform spherical nano-
particles are built through self-assembly in liquid media."”
Various types of mesoscale unit cells are produced with
different-sized binary or ternary nanospheres.> > In the ordered
arrays, the crystallographic direction of the building units is
regulated with oriented self-assembly of specific crystal lattices
or the accumulation of rectangular blocks, especially nanocubes
synthesized from various cubic crystals, including metals and
metal oxides.®™"? 2D and 3D single-crystal-like superlattices are
formed via self-assembly of the nanocubes in the same
crystallographic orientation.*”'"'**® Micrometer- to milli-
meter-scale assemblies of the nanoblocks have been fabricated
on a substrate by convective self-assembly using disper-
sion.”’** Highly ordered assemblies of nanoparticles are
obtained through the lateral capillary force between neighbor-
ing particles when the liquid evaporates. A wide variety of
supercrystals, 3D superlattices having well-defined micrometric
facets, are constructed via 3D assembly of nanocubes.”®'371¢>%
Although the macroscopic morphology of the supercrystals is
changed by the shape of the nanocrystals,'® the supercrystals
exhibit isotropic morphologies due to the isotropic shapes of
the nanoscale units. Recently, control of the crystallographic
direction for 1D and 2D arrays has been achieved by using
truncated nanocubes.”® Anisotropic shaped superstructures,
such as linear chains, are fabricated with anisotropic
blocks.””~?° However, regulation of the direction and
dimension of the oriented self-assembly is fundamentally
difficult without any external fields. The crystallographic
orientations of 1D, 2D, and 3D ordered arrays have not been
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sufficiently controlled for the fabrication of assemblies with
diverse shapes.

In the present work, direction control of oriented self-
assembly for 1D, 2D, and 3D microarrays is achieved using
anisotropic nanocuboids as building blocks. We demonstrate
the ordered assembly of tetragonal Mn;0, covered with oleic
acid by a convective self-assembly method as shown in Figure
Sla. Synthesis of the metal oxide nanoblocks and control of
their assembly are very significant for practical use in
technological applications'*> because of their potential as
active catalysts,30’31 magnetic materials,®®> and electrode
materials®> >’ for rechargeable lithium-ion batteries.>*™>’
Here, the accumulation process of the Mn;O, rectangular
nanoblocks was controlled by the conditions of the dispersion
as shown in Scheme 1. Linear chains and two types of

Scheme 1. Direction Control of Oriented Self-Assembly for
1D, 2D, and 3D Microarrays of Anisotropic Rectangular
Nanoblocks by Changing Dispersion Media and Particle
Concentration
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monolayers and superlattices with different crystallographic
directions were fabricated by changing the particle concen-
tration and the polarity of the dispersion medium.

As shown in Figure 1, anisotropic rectangular nanoblocks
were synthesized through a two-phase (water and toluene)
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Figure 1. HRTEM images and FFT patterns corresponding to the
lattice fringes of Mn;O, rectangular nanoblocks with a projection
direction of [001] (a,b) and [100] (c,d). XRD pattern of the product
(a broad halo at 20—30° is ascribed to a glass holder) (e). Schematic
illustration of a standard Mn;O, rectangular nanoblock (f).

solvothermal method containing oleic acid and fert-butylamine.
The X-ray diffraction (XRD) peaks (Figure le) and fast Fourier
transform (FFT) spots corresponding to the lattice fringes
(Figure 1la—d) of the nanocrystals were assigned to tetragonal
Mn;O, (a = 0.576 nm and ¢ = 0.947 nm). The resultant
nanocuboids exhibit truncated cuboids with four definite {100}
faces (Figure la,c). The width and length of the cuboids
produced under the standard condition were ~10 and ~20 nm,
respectively (Figure 1f). The particle size increased by
increasing the amounts of the manganese sources, oleic acid,
and fert-butylamine, whereas the aspect ratio was almost fixed
(Figure S2). According to the thermogravimetry analysis, the
resultant rectangular nanoblocks were covered with ~14 wt% of
organic components (Figure S3). The nucleation was deduced
to have occurred in the water phase near the liquid—liquid
interface with an increase in the pH value through hydrolysis of
tert-butylamine above 100 °C. The rectangular blocks coated
with oleic acid were then formed in the toluene phase.®

As shown in Figure 2, we observed alignments of several
nanocuboids of Mn;O, on a collodion film after evaporation of
the dispersion medium. The interparticle distance (3.2 nm) is
close to twice the molecular length of oleic acid (1.7 nm; Figure
2b). This suggests that the nanoblocks were covered with the
molecules that were slightly tilted.”® A set of the FFT patterns
of lattice fringes (Figure 2c) was obtained from the three
adjacent nanocuboids. This indicates that the nanoblocks were
strictly arranged in the same crystallographic orientation. The
Mn;0, cuboids tend to be aligned in the (100) direction when
rectangular faces, as opposed to square faces, are attached
(Figure 2d). Because the surface area of the rectangular faces is
larger than that of the square faces, the contacts of the
rectangular sides are more effective for decreasing the total
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Figure 2. TEM image of aligned Mn;O, rectangular nanoblocks (a).
HRTEM image of three adjacent Mn;O, nanocuboids and their FFT
patterns (b,c). Schematic illustration of three adjacent Mn;0,
nanocuboids (d).

surface energy of the assemblies than are those of the square
sides.

We accumulated the Mn;O, rectangular nanoblocks on a
silicon substrate using a convective self-assembly method. The
assembled architectures could be controlled by changing the
particle concentration and the dispersion medium (Scheme 1).
Linear chains (1D arrays) of the cuboids were obtained from
the dispersion of a mixture of hexane and toluene (1:1 in
volume) at a low particle concentration (2.2 X 107 g/dm?)
(Figure 3a,b). Chains approximately 200—1000 nm in length

Figure 3. SEM images (ab) and schematic illustration (c) of linear
chains consisting of Mn;O, rectangular nanoblocks aligned in the
(100) direction.

were composed of 10—50 nanoblocks. Because we observed
large {100} faces as shown in Figure 3b, the linear chains
consisted of nanoblocks aligned in the (100) direction (Figure
3c). Since the chains were gradually aggregated through a slow
evaporation at room temperature, rapid evaporation by heating
on a hot plate was effective for the production of isolated chains
on the substrate.

Monolayers (2D arrays) of the Mn;O, nanocuboids were
fabricated by increasing the particle concentration to 2.8 X 107"
g/dm® (Figure 4a—d). The dispersion medium was slowly
evaporated at room temperature to promote parallel assembly
of the linear chains. Because the substrate was observed in void
spaces of the arrays (Figure 4d), a monolayer arrangement is
suggested. The FFT spots (Figure 4a inset) indicate that the
ordered 2D arrays consist of linear chains approximately 30 nm
in width. Because the periodicity corresponds to the length of
the nanocuboid in the direction of the long axis, the linear
chains are deduced to align in the [001] direction in the arrays.
On the other hand, FFT spots in the (100) direction were not
observed. This suggests that nanoblocks in the linear chains are
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Figure 4. 2D and 3D arrays with a {100} face parallel to the substrate:
SEM images and the corresponding FFT pattern (inset) and schematic
illustration of 2D arrays (a—d). XRD pattern of 2D arrays on a silicon
substrate (e). SEM images and the corresponding FFT pattern (inset)
and schematic illustration of 3D arrays (f—h). SEM image of the cross-
section of 3D arrays (i). XRD pattern of 3D arrays on a silicon
substrate (j). Schematic illustration of the formation of 2D and 3D
arrays through parallel assembly of 1D chains (k).

displaced by a half unit in the (100) direction (Figure 4k).
Superlattices (3D arrays) of the nanocuboids were obtained by
increasing the concentration to 5.6 X 10~ g/dm® (Figure 4f—
i). The 3D arrays were confirmed to consist of more than 10
layers of 2D arrays according to the same FFT pattern as that of
the 2D arrays (Figure 4f inset) and an SEM image (Figure 4i).
Because intense (200) and (400) peaks were observed in the
XRD pattern (Figure 4e,j), the {100} plane was parallel to the
substrate in the 2D and 3D arrays. The size of the ordered
domains was 2—5 ym”. The 2D and 3D arrays exposing the
{100} face are produced by parallel assembly of the linear
chains (Figure 4k).

Figure S shows another type of 2D array obtained on the
substrate using a dispersion of toluene through gentle
evaporation at room temperature. Arrangements of the square
sides of nanocuboids in a square grid pattern were observed.
This suggests that the (001) plane is parallel to the substrate in
the arrays (Figure Sa—c). The FFT pattern supports the
tetragonal arrangement of quadrate units of 20 nm in size
(Figure Sa inset). Through observation of their edges, we
confirmed that the arrays are monolayers (Figure 5d). The size
of the ordered domains was approximately 1 um? The 3D
arrays in the square grid pattern that were 2—5 ym wide were
produced by increasing the particle concentration to 5.6 X 107"
g/dm?® (Figure Se—g). Two- or three-layered structures were
obtained on the collodion film from the dispersion (Figure Sh).
The SAED image of the multilayers indicates that the [001]
direction of the 3D microarrays is perpendicular to the
substrate (Figure 5i). We found 2D clusters consisting of 4—
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Figure S. 2D and 3D arrays with a (001) face parallel to the substrate:
SEM images and the corresponding FFT pattern (inset) and schematic
illustration of 2D arrays produced on a silicon substrate (a—d). SEM
images and schematic illustration of 3D arrays (e—g). TEM image of
3D arrays and its SAED pattern (h,i). Schematic illustration of the
formation of 2D and 3D arrays through oriented self-assembly of small
clusters and TEM images of the 2D clusters (scale bars are 50 nm) (j).

5 9 axis

6 nanocuboids that were arranged in two (100) directions
(TEM images in Figure 5j). Thus, we deduced that the 2D and
3D arrays are formed on the substrate through the
accumulation of small clusters by evaporation.

3D superlattices approximately 4 pm wide were observed on
the silicon substrate even at a low concentration (2.2 X 107 g/
dm?), when ethanol was used as a dispersion medium (Figure
6). The size of the quadrate units (20 nm) calculated from the
FFT spots of the 3D arrays indicates that the (001) face of the
nanocuboids is parallel to the substrate (Figure 6a—c). We also

Figure 6. 3D arrays with a (001) face parallel to the substrate: SEM
images, the corresponding FFT pattern (inset), and schematic
illustration of 3D arrays (a—c). Schematic illustration and TEM
images of 3D arrays formed in ethanol and the corresponding FFT
pattern (inset) (d).
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found 3D arrays on the collodion film when ethanol was
evaporated (Figure 6d). This result suggests that 3D arrays are
directly formed in ethanol.

Basically, the anisotropic nanocuboids of Mn;O, are aligned
in the (100) directions of the tetragonal crystal (Figure 2). We
deduced that 1D arrays are formed at the air—liquid interface
by lateral capillary force when the medium is evaporated, as
reported in previous works (Figure 3).>** 2D and 3D arrays
that expose the {100} face are produced by parallel assembly of
the linear chains when the particle concentration is increased
(Figures 4 and S1b). The hydrophobic nanocuboids covered
with oleic acid aggregate when the polar character of the
medium is increased. Thus, small 2D clusters of nanocuboids
arranged in two (100) directions are formed in toluene. The
micrometric 2D and 3D arrays that expose the (001) face are
obtained through accumulation of the clusters on the substrate
(Figures S and Slc). The 3D arrays are directly formed though
assembly of the clusters in ethanol, even at a low particle
concentration (Figure 6). The specific formation mechanisms
are discussed in the Supporting Information (Figure S1).

In summary, micrometric 1D, 2D, and 3D ordered arrays of
nanoblocks were selectively produced on a substrate through
self-assembly of anisotropic Mn;O, nanoblocks. Linear chains
(1D arrays) elongated in the (100) direction of the tetragonal
crystal were produced on a substrate from highly dispersed
nanocuboids through evaporation of a hydrophobic medium.
Monolayers (2D arrays) and superlattices (3D arrays),
consisting of nanocuboids with a {100} face that was parallel
to the substrate, were produced by increasing the particle
concentration to stack the linear chains. Another type of arrays,
having the (001) face parallel to the substrate, was obtained by
assembling the 2D clusters with increased polarity of the
medium. The anisotropic shape of the building blocks is
essential for controlling the crystallographic orientation of the
various dimensional assemblies. This direction- and dimension-
controlled self-assembly process is regarded as a novel
fabrication technique for a wide variety of functional nanoma-
terials.
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