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In this review article, the potentials of the nanoarchitectonic approach are demonstrated from the
viewpoint of the high capability of structure formation from simple fullerene units. The formation of
materials with huge morphological variety from simple unit components, fullerenes (Cgo and C;q), only
through conventional procedures is exemplified. Although fullerenes are zero-dimensional units made
only from a single element component, carbon, nanoarchitectonic processes from fullerene molecules
provide one-dimensional, two-dimensional and three-dimensional motifs, and a further extension to
complicated morphologies and hierarchical structures. The novel applications of nanoarchitected
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DOI: 10.1039/d0ma00744g fullerene materials are also described by showing their usages in micro-scale material recognition and fate

regulation of living cells. It is said that true innovation relies on the idea to create one from zero. This review
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Introduction

The synthesis and fabrication of functional materials are indis-
pensable keys for solving problems in the current society,
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article demonstrates this true innovation capability of nanoarchitectonics in material advances.

including energy production,' energy management,” sensing and
detection,” environmental remediations,’ and biomedical appli-
cations.? Solutions for all these demands can be brought about
by the properties and functions of materials fabricated for corres-
ponding targets. The target materials have been produced by efforts
in traditional scientific disciplines such as organic synthesis,® poly-
mer chemistry,” supramolecular chemistry,® and materials science.’

An innovative essence into these material processes has been
added by the contribution of nanotechnology. Nanotechnological
efforts have revealed the crucial importance of the regulation of
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nanostructures for material functions with high efficiency and
high specificity. The understanding of nano-scale phenomena by
high-resolution nano-level observation and precise fabrications
even with atom/molecular-level manipulation opens high possi-
bilities in the enhancement of material functions through the
regulation of nanoscale structures.'® Material synthesis with the
knowledge of nanotechnology would be a powerful strategy to
produce materials with desirable properties. Functional materials
with necessary performances can be constructed from nanoscale
units on the basis of the fusion of nanotechnology with
other research fields such as organic chemistry, supramolecular
chemistry, materials science, and bio-related technology. This
task is taken by an emerging concept, nanoarchitectonics."*

As pioneered by Richard Feynman, nanotechnology opened
plenty of scientific possibilities in the nanoscale bottom
world."? The rational construction of materials with regulated
properties from nanoscale units can have further potentials in
function developments as proposed by nanoarchitectonics,
which was initiated by Masakazu Aono."® The nanoarchitec-
tonic approaches are supposed to produce functional materials
using nanoscale units through combined and/or selected
efforts of atom/molecular manipulation, organic synthesis,
self-assembly/self-organization, micro-fabrication, and bio-
related processes (Fig. 1A)."* These processes and effects work
in harmony with nanoscale uncertainties such as thermal
fluctuations.” The contribution of multiple principles for
construction is beneficial to architect hierarchical structures.'®
The basic concept of nanoarchitectonics is general enough to be
applied to various research fields such as sensors,'” catalysts,"®
devices,' energy-related applications,*® environmental issues,?*
and biomedical problems.*” In addition to these practical fields,
the nanoarchitectonics concept is effective in basic sciences
including material synthesis,” structure fabrications,** and
bio-related science.””

In this review article, the potentials of the nanoarchitectonic
approach are discussed simply from the viewpoint of high
capability of structure formation. It is demonstrated by the
formation of materials with huge morphological variety from
simple unit components, fullerenes (Cgo and C,), only through
conventional lab-bench procedures (Fig. 1B).*® Fullerenes
are zero-dimensional units made only from a single element
component, carbon, although they and their derivatives have
various functional possibilities in fundamental synthesis,>”
electronic devices,”® and energy conversion.>® These fullerene
molecules can be regarded as the simplest assembling compo-
nents with respect to dimensionality, atomic variety, and
electronic uniformity. Although the usual self-assembly pro-
cesses are based heavily on the designs of the component
structures, examples explained in this review article demon-
strate that the nanoarchitectonics process itself is capable of
producing a huge variety of fabricated products.

Nanoarchitectonic structures from fullerene molecules
are first introduced according to dimensional classifications
of one-dimensional, two-dimensional, and three-dimensional
motifs in this review article. These processes are further
extended to the formation of complicated morphologies and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) Outline of nanoarchitectonics strategy for the preparation
of functional materials and systems from atoms, molecules, and nano-
materials. (B) Fabrication of one-, two-, and two-dimensional materials
and hierarchical structures from fullerenes as single-element and zero-
dimensional units.

hierarchical structures. In addition, a few novel applications of
nanoarchitected fullerene materials are also described through
showing their usages in (i) micro-scale material recognition and
(ii) fate regulation of living cells.

One-dimensional nanoarchitecture

Structure formation with various morphologies from fullerene
derivatives such as alkylated fullerenes has been reported.*®
These molecules sometimes behave as amphiphiles in the
appropriate media to form assemblies with particular shapes.
Unlike these amphiphile-type assemblies, Miyazawa and
co-workers developed a liquid-liquid interfacial precipitation
method to fabricate crystalline assemblies of fullerene mole-
cules themselves (mostly Cgo and/or Cy,).>" Fullerene molecules
are first dissolved in their good solvents onto which their poor
solvents are gently added. Fullerene crystals with specific shapes
are precipitated depending on the combinations between
the good and poor solvents. This method often provides one-
dimensional fullerene assemblies, namely, nanowhiskers,
nanofibers, nanowires, and nanotubes. The fabricated one-
dimensional structures of fullerene assemblies are sometimes
converted into graphitic carbon objects and are decorated with

Mater. Adv., 2021, 2, 582-597 | 583
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Fig. 2 Thermal conversion of one-dimensional crystalline Cgo Nanotubes
into graphitic nanoporous carbon materials.

metal nanoparticles. Their utilization in electrochemical appli-
cations and sensors has also been investigated.

For example, the thermal conversion of one-dimensional
crystalline Cg, nanorods and nanotubes into graphitic nano-
porous carbon materials was done with high-temperature
treatments (up to 2000 °C) under vacuum condition (Fig. 2).*>
One-dimensional Cg, nanorods and nanotubes were first
obtained through precipitation at the interface between mesi-
tylene and tert-butyl alcohol for nanorods or isopropyl alcohol
for nanotubes. They were then subjected to the high-
temperature process. Although the high-temperature process
destroyed fullerene molecular structures, one-dimensional
assembled motifs were maintained during the carbonization
process. A detailed structural observation by a transmission
electron microscope (TEM) revealed the formation of numerous
nanopore structures (approximately size of 40-50 nm) on the
surfaces of the prepared carbon structures. Furthermore, the
conversion of fullerene crystalline structures to graphitic motifs
was proved by their Raman spectra. The graphitic nature with
an enhanced effective surface area of the fabricated one-
dimensional carbon materials resulted in enhanced electro-
chemical performance and sensing capability to aromatic
compounds. Quartz crystal microbalance (QCM) sensors coated
with the fabricated carbon materials exhibited a higher sensi-
tivity to aromatic gas substances such as benzene and toluene
over aliphatic guests such as cyclohexane. The observed sen-
sing selectivity could be based on the n-r interaction between
aromatic guest molecules and sp>-based graphitic frameworks
of the carbon materials. This method provides an effective
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procedure to nanoarchitect n-electron-rich materials inevitably
from a m-electron molecular source.

A similar thermal treatment at 2000 °C was applied for the
conversion of fullerene C,, nanotubes into graphitic meso-
porous carbon nanotubes.*® The obtained one-dimensional
carbon materials possessed wall structures of mesoporous
robust frameworks consisting of conjugated sp® carbon. High
capacitance was observed for the fabricated carbon materials
on the basis of measurements by cyclic voltammetry and
chronopotentiometry (charge-discharge). This nanoarchitec-
tonics strategy using a m-electron carbon source is a rational
way to fabricate electrochemical supercapacitors with high
performances.

Composite structures of fullerene Cq, nanorods decorated
with silver nanoparticles were prepared through two-step
processes (Fig. 3).>* The fullerene nanorods with an average
diameter of ca. 200 nm and an average length of ca. 11 pm were
first fabricated at the interface between methanol and mesity-
lene. The addition of silver nitrate in ethanol and gentle growth
of silver nanoparticles resulted in Cg, nanorods decorated with
silver nanoparticles. The nanoarchitected composites were
plasmonic active and could work as substrates for highly
sensitive surface-enhanced Raman scattering measurements.

Quasi-one-dimensional odd-shape fullerene (Cq,) assemblies
can be similarly fabricated. Nanoporous fullerene assemblies with
bitter-melon-like shapes were prepared by quiet precipitation at

Ag(NO,)
in Ethanol

1y

Mix

Methanol I I

Cgo in Mesitylene

Fullerene
Nanorod

Fullerene
Nanorod
Decorated with
Ag Nanoparticle

Fig. 3 Fabrication of composite structures of fullerene Cgo nanorods
decorated with silver nanoparticles.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Quasi-one-dimensional nanoporous fullerene assemblies with
bitter-melon-like shape.

the interface between dodecylbenzene and isopropyl alcohol
(Fig. 4).*° Although the obtained objects had a rather odd shape,
their basic crystalline structures (face-centered cubic, fcc phase)
and lattice parameters were similar to those of pristine fullerene
Ceo crystals, as confirmed by powder X-ray diffraction pattern
measurement. The nanoporous feature was also confirmed by
TEM observation. The latter structural aspect was advantageous
for sensing properties as demonstrated by a QCM sensor coated
with the bitter melon fullerene objects. The order of sensitivity
(aniline > toluene > benzene > ethanol > hexane > cyclo-
hexane > methanol > water) again revealed high affinities for
aromatic guests probably through favourable n—r interaction.

Two-dimensional nhanoarchitecture

Two-dimensional objects have been paid much attention as
demonstrated through various functions using graphene and
related compounds,*® transition metal dichalcogenide,®” and
various nanosheets.”® Not limited to the exfoliation method
with multilayer materials, self-assembly and chemical reactions
provide opportunities for the bottom-up production of two-
dimensional materials. Various examples including two-
dimensional patterned molecular films,** two-dimensional
metal-organic frameworks (MOFs)'® and covalent organic
frameworks (COFs),*" carbon nanosheet from carbon nanoring
by vortex Langmuir-Blodgett method,** and spontaneously
formed protein nanosheets capable of controlling deferrization
of stem cells®® have been investigated at liquid interfaces.
As seen in these examples, two-dimensional liquid interfaces
are media appropriate for the fabrication of two-dimensional
materials.** This idea can be applied to the preparation of
fullerene-based two-dimensional nanoarchitectures.

For example, the fabrication of two-dimensional hexagonal
nanosheets of Cq, molecules was first found by Sathish and
Miyazawa who prepared Cs, hexagon nanosheets at the inter-
face between toluene and isopropyl alcohol.*® Further research
revealed that the appropriate selection of interface-forming
solvents leads to the variation of shapes and dimensionalities
of fullerene assemblies (Fig. 5).*® Various two-dimensional Ceq
assemblies can be formed simply through the addition of poor
solvents such as tert-butyl alcohol and isopropyl alcohol to
saturated Cgo solutions of good solvents such as benzene,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Preparation of various two-dimensional fullerene assemblies.

toluene, m-xylene, CCl,, and CS,. In addition to the formation
of hexagonal Cg, nanosheets at interfaces between toluene and
isopropyl alcohol, two-dimensional nanosheets with uniform
rhombi and hexagonal shapes were obtained through the
assembly of C4, molecules at tert-butyl alcohol/toluene inter-
face and isopropyl alcohol/CCl, interface, respectively. Two-
dimensional polygon mixtures of Ce, assemblies were formed
at the interface between tert-butyl alcohol and benzene. The
crystalline lattices favourably formed for these two-dimensional
objects are probably the most influential factors that determine
the shapes of the two-dimensional objects. With some stimuli
such as contact with water, the two-dimensional rhombi
objects were transformed into one-dimensional nanorods
through rolling-up motion. The latter transformation was driven
by the release of high surface energy.

Pore-engineering within two-dimensional objects was
achieved by faint adjustments of solvent systems at the liquid-
liquid interfacial precipitation. Two-dimensional nanosheets
possessing bimodal macroporous/mesoporous structures were
fabricated through Cg, assembly at interfaces between isopropyl
alcohol and CCl,/benzene mixtures (Fig. 6)."” At high contents
of CCl,;, macropores were formed on the two-dimensional
nanosheets (crystalline sheet size of ca. 5 pm and thickness of
0.8 to 1 um). In addition, smaller mesopores were also formed
within the macropores at appropriate mixing conditions
between CCl, and benzene. The average sizes of mesopores were
tuned to be 15 to 25 nm and 20 to 40 nm at mixing ratios of CCl,/
benzene at 80:20 and 90: 10, respectively. The latter bimodal
structures were accompanied by mixed fcc and hcp crystalline
structures. It is supposed that the evaporation of solvents
entrapped within these could be the origin of mesopore
formation. The formed bimodal nanoarchitectures had high

Mater. Adv., 2021, 2, 582-597 | 585
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Fig. 6 Fabrication of two-dimensional nanosheet possessing bimodal
macroporous/mesoporous structures.

surface areas with enhanced electrochemical activities, which
could be useful for energy-related applications.

Pore-formation on two-dimensional Cg, structures can be
achieved through heat treatment at a quite high temperature as
demonstrated in the fabrication of a mesoporous quasi-two-
dimensional carbon microbelt from the corresponding two-
dimensional Cg, microbelt (Fig. 7).** In the first step,
two-dimensional microbelts were prepared from Cg, molecules
at the interface between isopropyl alcohol and CS, with a certain
incubation time. The formed two-dimensional Cg, assemblies
were carbonized at ultra-high temperatures such as 900 and
2000 °C under a constant flow of nitrogen gas (120 cm® min )
at a heating speed of 5 °C min~' into two-dimensional nano-
carbon materials. The two-dimensional carbon microbelts
fabricated through the high-temperature treatment exhibited
excellent electrochemical supercapacitive performance with high
cyclic stability without any capacitance loss. The mesoporous
carbon microbelts had hierarchical bimodal pore structures that
are advantageous for storage and rapid ion transport throughout
the carbonaceous matrix.

Recently, Choi and co-workers reported an interesting example
of fullerene two-dimensional objects, flower-shaped crystals with
six symmetric petals, from Cgo and C,, dissolved in mesitylene
(Fig. 8).* This interesting shape is supposed to follow the first
nucleation of C,, with six-fold symmetry with co-crystallization of
both Cgo and C;, molecules. In the initial stage, a pure Cy, crystal
was grown that was followed by the two-dimensional growth of
crystals upon attachment of Cg, molecules to the lateral ends of
the initially created C, seed.

High
Temperature
Treatment

Precipitation

Nanoporous Microbelt

Fig. 7 Fabrication of mesoporous quasi two-dimensional carbon microbelt.
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Fig. 8 Growth of fullerene two-dimensional objects, flower-shaped crys-
tals with six symmetric petals.

The fabrication of non-crystalline two-dimensional fullerene
films was demonstrated using the electrochemical coupling of
electroactive carbazole and pyrene units attached to a fullerene
molecule.’® This strategy provided amorphous and fullerene
rich two-dimensional films. The prepared films had transparent
features and exhibited good photoactivity with a significant
optical-limiting response.

Three-dimensional nanoarchitecture

The capabilities of spontaneous self-assembling processes are
not limited to the formation of low-dimensional objects of
fullerene assemblies. The formation of three-dimensional
nanoarchitectures and their hierarchical structures from zero-
dimensional molecular fullerene units is also an active research
target of nanoarchitectonics. For example, the fabrication of
cubic-shaped assemblies from C, molecules was pioneeringly
reported by Choi and co-workers.*

Fullerene cube

The formation of three-dimensional cubic structures and their
conversion to hierarchical nanoarchitectures was also demon-
strated on the basis of the crystallization and decomposition of
Ag(1)-fullerene heteronanostructure (Fig. 9).>> Cubic crystalline
structures of the Ag(i)-fullerene complex in tens-of-micron-size
were formed at the interface of Cg, benzene solution and
silver(I) nitrate ethanol (or other alcohols) solution. The formed
cubic structures possessed a tetragonal space group of P4,/nmc.
Upon exposure of the cubic Ceo—fullerene-Ag(1) organometallic
crystals to aliphatic alcohols such as 1-butyl alcohol and
isopropyl alcohol, a transformation from smooth-faced cubic
structures to cube-shaped interpenetrated networks of needle-
like crystals was induced. The needle-like one-dimensional
structures were made of pristine Cgy, which was formed
through the removal of Ag(1) ions from the original complexes.
These integrated cubic structures were named as Bucky cubes.
The sparing washing process with aliphatic alcohols resulted in
the formation of cubic structures integrated with nanocomposites
with Cgo nanorods and silver nanoparticles. Theses composite

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Formation of three-dimensional cubic structures and their
conversion to hierarchical nanoarchitectures (Bucky cubes) based on
crystallization and decomposition of Ag(l)-fullerene heteronanostructure.

cubic structures were demonstrated to have high activities in
surface-enhanced Raman scattering (SERS) measurement for a
trace amount of organic analyte.

At an appropriate interfacial environment, three-dimensional
cubic structures were fabricated from another fullerene molecule,
C,, without the assistance of metal ions.”® Fullerene C, cubes
were prepared through crystallization at the interface between tert-
butyl alcohol and mesitylene. The fullerene cubes formed at room
temperature were then converted into mesoporous fullerene
cubes with heat treatment at 75 °C and casting on a solid
substrate. In the incubation process at 75 °C, the fullerene
assemblies were first converted to an unstable nanorod inter-
mediate that was further converted to mesoporous C,, cubes
upon solvent evaporation. The re-formed fullerene cubes with a
size of ca. 800 nm possessed mesoporous nanoarchitectures with
a pore diameter of ca. 24 nm. The fabricated mesoporous C,
cubes exhibited enhanced photoluminescent capability probably
because of the high crystallinity of C;, molecules at the pore walls,
and their mesoporous natures are advantageous for electro-
chemical activities.

The mesoporous fullerene (C,,) cubes can also be converted
into mesoporous carbon materials by high-temperature treat-
ments under inert gas condition. Carbonization at 900 °C gave
mesoporous carbon materials, preserving their cubic structures
and mesoporous features.>® Higher temperature conditions
such as 2000 °C promoted the graphitization of carbon frameworks,
but it was accompanied by the partial degradation of the
mesoporous cubic structures. The former mesoporous carbon
cubes especially exhibited a nice capacitive performance with

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Selective growth between three-dimensional C,o cubes and one-
dimensional Cyo tubes fabricated through re-precipitation from mixed
solvent systems of isopropyl alcohol and mesitylene.

long cyclic stability because of well-developed mesoporous
nanoarchitectures with highly active surface area.

Kim et al. revealed the fundamental aspects of selective growth
between three-dimensional C,, cubes and one-dimensional C-,
tubes that were fabricated through re-precipitation from mixed
solvent systems of isopropyl alcohol and mesitylene (Fig. 10).>
The fabricated objects had different amounts of mesitylene
molecules in their lattices, i.e., ratios of C;, to mesitylene were
1:2 in the case of C,, cubes and 1:0.7 for C,, tubes. The
crystallization pathways for these C, objects could be determined
by the amount of mesitylene molecules near the C,, molecules,
which depends on the mixing volume ratios between isopropyl
alcohol and mesitylene.

Other three-dimensional structures

The addition of appropriate surfactants to the processes of
fullerene crystallization at liquid-liquid interface sometimes
causes the transformation of low-dimensional fullerene
assemblies into shape-complicated three-dimensional nano-
architectures. One-dimensional nanorods were obtained upon
Ceo assembly at the interface between isopropyl alcohol and
ethylbenzene. The addition of only 1% of surfactants such
as diglycerol monolaurate and monomyristate resulted in
Konpeito-like three-dimensional crystals with an average
diameter of ca. 1.2 pm.>® The additive surfactant induced the
modification of faceted rod morphology into Ce, cluster aggre-
gates as three-dimensional structures. The formed Konpeito-like
crystals showed enhanced photoluminescent activity with a signi-
ficant blue shift. In the case of cluster-type structures, graphitiza-
tion at 2000 °C was harmless for morphology maintenance.
Therefore, high electrochemical performances were achieved by
heat-treatment at 2000 °C.

Lu, Tsukagoshi, and co-workers systematically investigated
the formation of three-dimensional polyhedral microcrystals of
Ceo molecules (Fig. 11).”” By re-precipitation process from
solvent systems of n-heptanol and aromatic solvents (p-xylene,
toluene, or ethylbenzene) with modulated solvent ratios,
well-faceted parallelepiped, hexagonal plate, cuboctahedral, or
octahedral Cgo crystals with varying degrees of edge- and
corner-truncation were obtained. As the ratio of n-heptanol
gradually increased, the crystallization process changed from

Mater. Adv., 2021, 2, 582-597 | 587
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Fig. 11 Formation of three-dimensional polyhedral microcrystals of Cgg
molecules by re-precipitation process from solvent systems of n-heptanol
and aromatic solvents (p-xylene, toluene, or ethylbenzene) with modu-
lated solvent ratios.

thermodynamic to kinetic regime, which created a huge variety
of three-dimensional polyhedral shapes. The prepared three-
dimensional objects could be useful for organic-molecule-
based optoelectronic devices.

Shape control of three-dimensional Cg, assemblies can
be done simply by the addition of water as demonstrated by
Piao, Guldi, and co-workers.>® The addition of water to iso-
propyl alcohol in the liquid-liquid interfacial precipitation
process suppressed the charge transfer processes between
electron-accepting fullerene and electron-donating solvents in
the partner phase (n-methyl-2-pyrrolidone, pyridine, and ani-
line). This effect is supposed to modify the morphologies of Cg,
assemblies from one-dimensional fibers to three-dimensional
particles. In addition, this mechanism can be applied to control
the activation and deactivation of charge-transfer interactions
in fullerene assemblies, which could be useful for applications
in optoelectronic devices including photo-detectors, light-
emitting devices, and solar cells.

As unique three-dimensional objects, cone-shaped Cgo
assemblies were fabricated by Raston and co-workers,>® while
similar cone structures from fullerene derivatives were previously
reported by Nakanishi et al.®® The fabrication of cone-shaped Cg,
assemblies by Raston and co-workers was based on micro-mixing
of Cgy 0-xylene solution with N,N-dimethylformamide under con-
tinuous flow in a vortex fluidic device (Fig. 12). Although the Cg
cones had to be prepared at well-selected conditions and solvent
selections, the process was scalable. It was reported that 4.2 mg of
the Ce, cones was produced by passing 40 mL of the two solutions
through the vortex fluidic device.

Hierarchical nanoarchitecture

As partially introduced in the previous section, structural
transformation after the primary assembling processes often
results in the formation of hierarchical structures (structure-in-
structure). Some examples of the formation of hierarchical
nanoarchitectures from fullerene units (Cg 0r C,) are introduced
in this section.

Crystal transformation for hierarchical structure

Hierarchical structures including features of microcubes, nano-
rods, and mesopores (fullerene cubes composed of mesoporous
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Fig. 12 Fabrication of cone-shaped Cgq assemblies based on micro-mixing
of Ceg 0-xylene solution in N,N-dimethylformamide under continuous flow in
vortex fluidic device.

nanorods) were formed through the interfacial assembly of C,
molecules and subsequent solvent treatment (Fig. 13).°" The
original C,, microcubes were first synthesized through an
ultrasound-assisted process for the precipitation of C;, mole-
cules at the interface between mesitylene and tert-butyl alcohol
followed by the application of mild sonication and incubation.
The obtained microcubes with smooth surfaces were exposed
to isopropyl alcohol with gentle shaking. This process induced
the growth of nanorods from the surfaces of the microcubes.
The nanorods grew mostly perpendicular to the faces of the
microcubes. Interestingly, the direction of nanorod growth
became parallel to the faces of the microcubes if the shaking
was avoided. These results suggested that the direction of
nanorod growth was governed by the diffusion kinetics of
isopropyl alcohol and/or C,, molecules. A detailed observation
further revealed the presence of the mesoporous features of the
nanorods, finally resulting in cube-rod-mesopore hierarchical
structures. Especially, the structural motif of the pore-
possessing antenna structures of fullerene C,, is advantageous
for the detection of gaseous guests. A QCM sensor coated with a
hierarchical C;, cube exhibited excellent detection affinity to
aromatic gasses such as toluene and pyridine. In addition, the
formed hierarchical structures due to the high surface area
showed enhanced electrochemical activity.

As two-dimensional hierarchical structures, Chen and
co-workers successfully prepared two-dimensional Ce, nano-
mesh structures based on faint solvent tuning (Fig. 14).°>
In their strategy, hexagonal nanosheets of Cg, assembly were
first prepared in a mixed solvent of CCl, and m-xylene mixture.
The precipitate solution was then exposed to air to induce
solvent evaporation. Since CCl, vaporized quicker than m-xylene,
the formation of nanorods within hexagonal nanosheets with an
m-xylene-rich condition was induced. Although the transformation

© 2021 The Author(s). Published by the Royal Society of Chemistry
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.
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Fig. 13 Formation of hierarchical structures including features of micro-
cubes, nanorods, and mesopores (fullerene cubes composed of meso-
porous nanorods) through the interfacial assembly of C;o molecules and
subsequent solvent treatment.

Crystal Transformation
Driven by Solvent Loss

-

Cgo / CCl, / Xylene Cgo / Xylene

Fig. 14 Preparation of two-dimensional Cgo nano-mesh structures based
on crystalline transformation through solvent composition change.

to one-dimensional nanorods was promoted, the entire hexagonal
shape was maintained. As a result, hierarchical structures, hexa-
gonal nanosheets with internal mesh structures, were finally
formed accompanied by the transformation of the crystalline
lattice from the fcc sheet to the Acp rod.

Tachibana and co-workers also reported the formation of a
two-dimensional hierarchical C4, assembly, rods-in-hexagon,
with detailed in situ observation (Fig. 15).°* Hexagonal
nanosheets of C¢o molecules were first prepared with a mixture
of CCl, and toluene. First, the evaporation of CCl, and enrich-
ment of toluene content induced the dissolution of Cg, mole-
cules within a hexagonal frame. Further, the evaporation of
toluene resulted in the re-crystallization of Cgo to form nano-
rods. The long axes of the re-crystallized nanorods aligned in
parallel to one of the edges of the original hexagonal frame.
This dissolution and re-crystallization of Cgq molecules upon
changes in solvent composition and concentrations finally
resulted in the two-dimensional hierarchical rods-in-hexagon
structures.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 Formation of two-dimensional hierarchical Cgo assembly, rods-
in-hexagon, by solvent composition changes through solvent evaluation.

Shape shifter for supramolecular differentiation

Shape-shifting behaviours of three-dimensional fullerene
assemblies were also reported. The time-programmed mechanisms
of shape-shifting can be likened to biological metamorphosis
during differentiation processes (Fig. 16). This non-biocomponent
differentiation mimics can be regarded as supramolecular
differentiation.®* Phase separation at interfacial media and selective
growth of assembled structures from two Cg, fullerene derivatives,

8

Phase Separation

“romh
(

QLW

Fig. 16 Time-programmed mechanism of shape-shifting of assemblies of
fullerene derivatives as supramolecular differentiation.
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pentakis(phenyl)fullerene and pentakis(4-dodecylphenyl)fullerene),
followed by homogeneous self-assembly, led to the supramolecular
differentiation phenomena like the transformation from eggs
to tadpoles in frogs. The co-assembly of these two fullerene
components at the interface between isopropyl alcohol and
toluene provided egg-like spherical structures. Phase separation
of an isolated patch-like domain of pentakis(4-dodecylphenyl)-
fullerene) was induced on the spherical surface of the main body
of pentakis(phenyl)fullerene. Transformation to the homo-
geneous assembly by the mixing of two systems upon sonication
initiated tale growth with a tubular assembly of pentakis(4-
dodecylphenyl)fullerene) and caused shape-shifting to tadpoles.
Only one single pentakis(4-dodecylphenyl)fullerene) tail could be
developed from one separated domain. The number of phase-
separated patch domains had time-dependent features and thus
the number of grown tales was determined by the timing of
transformation to homogeneous assembly modes. The final
shapes of egg-tail assembly were quite dependent on the timing
of the processes. Of course, all these processes including self-
assembly and phase-separation are processes without any use
of biological components. This example strikingly indicates that
a series of fundamental physico-chemical events can mimic a bio-
logical phenomenon, biological metamorphosis as a differentiation-
like process.

Recently, Chen and co-workers reported an interesting
method for shape-shifting fullerene assemblies to produce
variously shaped hollow fullerene nanoarhitectures.®® Their
innovative method is based on the liquid-template concept.
Liquid-liquid interfaces for fullerene assemblies are not limited
to visible macroscopic two-dimensional interfaces, and templates
for fullerene assemblies are not limited to solid materials.
Based on these thoughts, shape-changeable liquid droplets
were used for assembling media for Cg, molecules (Fig. 17).
In their fabrication, Ceo m-xylene solution was added to
N,N-dimethylformamide with vortex and then isopropyl alcohol
was added to decrease the solubility of Cg, molecules. This
process resulted first in bowl-shaped hollow Cg, hemispheres
that were shape-shifted to spheres with tube-like protrusions
upon prolonged incubations. Due to the flexible shape-shifting
nature of the m-xylene liquid template, a variety of hollow Ce,
nanostructures including bottle-shaped hollow objects and
multi-compartment vessels could be synthesized under well-
designed processes. Their strategy opens ways to architect
interconnected hollow systems from an independent conven-
tional hollow structure. Very recently, they have extended a

m-Xylene

Extraction >

m-Xylene 4
Droplet

Oversaturated Cg,

Solvated Cg,

Fig. 17 Shape-shift from bowl-shaped hollow Cgo hemispheres to a
sphere with a tube-like protrusion on shape-changeable liquid droplets.
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related technique to the method for the precise dimerization of
hollow fullerene compartments.®®

Pore-engineering

As seen in various porous materials such as mesoporous
materials,”” metal-organic frameworks,*® and coordination
polymers,® pore-engineered materials have a huge variety of
functions and applications on the basis of their regular nano-
space geometries and enhanced active surface area. For example,
Vinu and co-workers developed a method to synthesize meso-
porous C,, materials via a hard-template approach.”® In their
procedure, two-dimensional mesoporous silica, SBA-15, was
used as the hard template (Fig. 18). Within mesoporous silica
nanochannels, a highly concentrated solution of C;, molecules
in chlorinated naphthalene was impregnated. Several steps
including high-temperature (900 °C) treatments induced cross-
linking and polymerization of C,, molecules where chlorinated
naphthalene assisted the molecular packing and polymerization
of C;o. The removal of the hard template by NaOH or HF finally
provided ordered mesoporous C,, nanoarchitectures with
crystalline pore walls. With their high active surface area with
bimodal pore geometry, excellent properties of the oxygen
reduction reaction for fuel cells and supercapacitors were
confirmed. These pore-engineered fullerene-originated materials
could also have high chances in applications such as catalysis
and energy storage.

Very recently, a new chemical etching technique to selec-
tively fabricate pore structures on one-dimensional fullerene
Cgo nNanorods, two-dimensional fullerene Cqq nanosheets, and
three-dimensional fullerene C;, cubes has been reported
(Fig. 19).”" These objects were first prepared by conventional
liquid-liquid interfacial precipitation processes. These objects
were etched by the addition of ethylene diamine whose high
nucleophilicity induced an amination reaction with relatively
electron-deficient fullerene molecules. The etching processes
selectively occurred depending on the dimensionality of the
fullerene assemblies. In the case of one-dimensional fullerene
Ceo Nanorods, etching proceeded selectively at the end of the
nanorod faces, and hollow nanotube structures were finally
formed. The difference in reactivity and lattice stability might be
origins of the observed etching selectivity. Preferential etching

e ¢

—4

Cro
l /\
Template
Removal

Mesoporous Silica Mesoporous C,

SBA-15
(Template)

Fig. 18 Synthesis of mesoporous C;o materials using two-dimensional
mesoporous silica, SBA-15, as a hard template.
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Fig. 19 Chemical etching to selectively fabricate pore structures on one-
dimensional fullerene Cgo nanorods, two-dimensional fullerene Cgo
nanosheets, and three-dimensional fullerene C,o cubes.

occurred at upper and lower faces of two-dimensional Ceg
nanosheets, resulting in porous nanosheets. In contrast, etching
proceeded from all the faces of three-dimensional cubes. Etching
with three-dimensional C,, cubes resulted in three-dimensional
objects with a gyroid-like morphology. The fabrication of the latter
nanoarchitectures with a highly integrated structure would be
tough with the conventional self-assembling processes. The
etched objects are generally surface-modified with amino groups,
and, therefore, the water-dispersibility of these objects becomes
high. The etched objects have enhanced surface area and exhibit
superior capabilities in sensing and energy applications as
expected. These chemical etching processes apparently cost less
compared with the usual physical lithographic techniques. The
above-mentioned chemical etching technique can work as beaker
lithography to provide well-integrated pore-engineered fullerene
materials that could be useful in a wide range of applications
including sensors, energy devices, drug carriers, and biomedical
usages.

Micro-function with fullerene
nanoarchitecture

Fullerene assemblies and their converted carbon materials
have been used in many applications including energy-related
usages, sensors, and drug deliveries. Their high-surface-area
aspects, m-electron-rich nature, and sufficient hydrophobicity
are mainly used in these applications. Not similar to the other
carbon materials such as nanoporous carbon materials, the
fullerene assembling materials often have microscopic or sub-
microscopic structural features. The latter features are advan-
tageous for the interaction of microscopic objects. From this
viewpoint, some functions specific to microscale objects such

© 2021 The Author(s). Published by the Royal Society of Chemistry
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as microparticles and living cells are below exemplified as
applications of the fullerene assembling materials.

Micro-object recognition

The recognition of molecules at interfaces and molecular
cavities has been extensively investigated. For example, artifi-
cial molecular cavities such as crown ethers, cyclodextrins, and
other cyclic hosts are often used to discriminate the appro-
priate guest molecules upon matching of size and shape
together with the interaction of functional groups between the
guest and cavity.””> Since some fullerene assembling materials
have micron and/or submicron-sized pore geometries, these
materials are suited for the discrimination of microscopic objects.
For example, the selective recognition of submicron particles by
hole-in-cube C,, assemblies was demonstrated.”® The hole-in-
cube C,, assemblies having one hole (1-1.5 um) on every face of
the cubic structure (3.4 + 0.4 pm) were synthesized through
precipitation using C,, molecules at mesitylene/tert-butyl alcohol
system with a dynamic mixing process. The resulting cubic
objects possessed one open hole structure at every face, and the
holes could be intentionally closed and reopened by the addition
of extra C;, molecules and electron beam irradiation, respectively.
The hole-in-cube structures with open holes were subjected to the
discrimination of two kinds of submicroparticles, resorcinol-
formaldehyde polymer resin particles and graphitic carbon parti-
cles (Fig. 20). Observations by scanning electron microscope
(SEM) revealed that the holes in the cubes tend to be occupied
by the graphitic carbon particles but the entrapment of the
polymer-resin particles is limited. Although both the submicron
particles are hydrophobic, the particles with graphitic surfaces
were preferentially entrapped into the holes of the cubes of C;,
molecules. The selective recognition of the graphitic carbon
particles is probably based on favourable n-m interaction between

J Graphitic Carbon
Particle

=
./_\

Polymer Resin
Particle

Fig. 20 The hole-in-cube Cy structure for discrimination of two-kinds of
submicron particles, resorcinol-formaldehyde polymer resin particles and
graphitic carbon particles.
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particles and surface of holes. This kind of recognition on a
microscopic scale could be extended to many application oppor-
tunities including solving environmental problems such as toxic
particle matter removal and in medical uses as drug carriers.
Similar to hole-in-cube structures of fullerene-related
materials, Tian and Yang recently reported excellent work on
the selected fabrication of cube and dice structures from
several metal nitride cluster fullerenes.”* By just selecting
appropriate ratios of mesitylene and isopropyl alcohol, these
three-dimensional structures were selectively synthesized.
Especially, the dice-shaped objects showed enhanced photo-
luminescence as compared with the corresponding cubes.
Very recently, a novel fullerene object, fullerene microhorns,
was fabricated in situ through fullerene microtube structures.””
The precursor fullerene microtubes were spontaneously formed
through the addition of tert-butyl alcohol into a mesitylene
solution of Cgy and C5, fullerene mixture. The structural trans-
formation of the resulting fullerene microtubes into the full-
erene microhorns was performed by the addition of a few drops
of a tert-butyl alcohol/mesitylene mixture to the fullerene
microtubes deposited on the surface of a silicon wafer and
the subsequent slow solvent evaporation. Upon detailed obser-
vation, it was found that one fullerene microtube was broken
into two fullerene microhorns within a few seconds. Dissolu-
tion by solvents selectively occurred in the middle region of the
fullerene microtube to create two microhorns with half-length
of the original fullerene microtube. This manipulable micro-
scale hollow object, fullerene microhorn, was next subjected to
the recognition of micron-sized objects. Among the examined
microparticles, silica particles were preferentially entrapped
and attached to the fullerene microhorns as compared with
the other similar-sized particles such as fullerene C,, particles,
polystyrene latex particles, hydroxylate particles, and carboxy-
late particles (Fig. 21). The zeta-potential measurement
revealed that the zeta-potential of the fullerene microhorns

Silica Particle
Capture

Fig. 21 The transformation from fullerene microtube to microhorn and
their selective capture of silica particles.
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was negative (—51.1 mV), and the silica nanoparticles had a
positive value (+1.2 mV) for the zeta-potential under the same
condition. Electrostatic interaction has a crucial contribution
in this selective particle recognition. Interestingly, the selectivity
of microparticles is different between hole-in-cube and micro-
horns of fullerene assemblies. These fullerene objects can be
selectively used depending on the type of application, such
as toxic particle entrapment and bio-related particle carrier.
Especially, the fullerene microhorns could be useful in smart
selective drug/biomaterial delivery and transport-release of
micron-sized bio-related objects.

Fate control of living cell

Another attractive research target in microscopic science is the
regulation of living cell behaviours. Living cells sensitively
perceive the viscoelastic features of the contacting material
surfaces, which is widely studied in the field of mechanobiology.”®
Since fullerene-based nanoarchitectures and microarchitectures
have a rigid mechanical nature, their assemblies would provide
interesting opportunities for the mechanical control of living cells.
Although the high aspect ratio of one-dimensional nanocarbon
materials such as carbon nanotubes may be suspected to have
certain cytotoxicity, the aspect ratios of one-dimensional fullerene
assemblies are not so high and thus they are bio-harmless. For
example, the highly aligned two-dimensional assemblies of
one-dimensional fullerene nanowhiskers fabricated by the con-
ventional LB method”” and vortex LB methods’® are actually
evaluated as platforms for the regulation of cell orientation and
cell differentiation.

This strategy was recently applied to regulate human
mesenchymal stem cells for their enhanced renewal capability
and multipotency where aligned one-dimensional fullerene
nanowhiskers o a solid surface worked as a large area scaffold
for cell culture (Fig. 22).”° In this approach, fullerene nano-
whiskers with different aspect ratios were first prepared at the
interface between m-xylene and isopropyl alcohol by changing
the speed of addition of isopropyl alcohol into Cg, m-xylene
solution. The fabricated fullerene nanowhisker materials were
then subjected to the LB process to produce highly aligned

Human Mesenchymal
Stem Cell

~
= :.'»A%

=P (= — il

Uncontrollable
= Differentiation

CooNanoewhisker

<

Promoted Self-Renewal

Fig. 22 Regulation of human mesenchymal stem cells for their enhanced
renewal capability and multipotency on aligned one-dimensional fullerene
nanowhiskers on a solid surface as large area scaffolds for cell culture.
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arrays of one-dimensional Ceo nanowhiskers on a glass plate.
The culture of human mesenchymal stem cells in the fabricated
surface revealed their long-term multipotency retention and
enhanced regenerative capacity, especially on a surface of
aligned relatively longer C¢o nanowhiskers. Appropriately modi-
fied contact between human mesenchymal stem cells and the
fullerene-modified surface together with the regulated nucleus
localization of Yes-associated protein could cause the ideal
behaviour of human mesenchymal stem cells. Protein nano-
patterns adsorbed on the fullerene nanowhisker arrays induced
elongated focal adhesion parallelly along the long axes of one-
dimensional fullerene nanowhiskers, resulting in uniform uni-
directional cell spreading. This situation could lead to the
uniform activation of the mechano-transductive processes of
human mesenchymal stem cells. Methylation and acetylation
of histone patterns may be affected by the uniform elongation
of the cells, which may stimulate the nuclei of the stem cells for
their self-renewal patterns. Focal adhesions and F-actin poly-
merization promoted the localization of Yes-associated pro-
teins from cytoplasm to the nucleus of human mesenchymal
stem cells. This localization factor could promote the expres-
sion of stemness regulators. The obtained features of long-term
self-renewal capability while preserving multipotency are
favourable for therapies using human mesenchymal stem cells
that often encounter the limited availability of stem cells with-
out undesirable differentiation. In addition, this LB method
with one-dimensional fullerene assemblies provides large area
substrates for this ideal cell culture with easy processes.
It would trigger nanoarchitectonics-based technologies for
regenerative therapies using human mesenchymal stem cells.
In this nanoarchitectonics strategy for stem cell control, various
additional advantages such as high proliferation, cell shape
control, biocompatibility, large-area culture, low cost, and simple
procedures are satisfied. Therefore, significant contribution to
stem cell technology can be expected in practical applications.

Summary

The design, synthesis, and production of functional materials
are crucial keys to solve various current problems. These
functional materials desirably have rational nanostructured
motifs to accomplish the required demands with high efficiencies.
The whole construction of such sophisticated materials through
traditional synthetic techniques is usually tough. If we can architect
complicated functional materials by only using simple molecular
and nanoscopic units, the scientific and technological efforts to
create functional materials would overcome the difficult synthetic
barriers. An emerging concept, nanoarchitectonics, is supposed
to produce functional materials using nanoscale units through
various combined and/or selected processes. In order to exemplify
the high potentials of this approach, the formation of materials
with huge morphological varieties from simple unit components,
fullerenes (Cgy and C), is demonstrated in this review article.
Fullerenes are actually zero-dimensional units made only from a
single element component, carbon, but they can be converted
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Fig. 23 Fullerenes as single-element and zero-dimensional units can be
nanoarchitected into one-, two-, and three-dimensional structures and
hierarchical architectures. The nanoarchitected fullerene structures
express new functions such as microparticle capture and regulation of
living cells.

into one-dimensional structures, two-dimensional morphologies,
three-dimensional motifs, and even more complicated hierarchical
architectures. Their applications are wide ranged from the mole-
cular level to material sizes as demonstrated in their sensing
applications, and the discrimination of macroscopic materials
becomes possible on the basis of the specific micro-scaled struc-
tural features of well-architected fullerene assemblies materials.
The higher-level functional feature can be even applied to regulate
living cells (Fig. 23).

If sophisticated and systematic research efforts are made
with the other construction units and their regulated combina-
tions of units, this approach could create huge possibilities
in material production for required applications. So far,
a considerable number of approaches to create new functional
materials have been taken on the basis of self-assembly and
related processes rather separately. However, the unification
and re-organization of this independent knowledge and facts
with nanoarchitectonics would lead to a more logical under-
standing and pathway finding in ways of materials science.®

A crucial key to architect functional materials from nano-
units would be the use of an interfacial environment. The self-
assembly and self-organization of molecules and nanomaterials
within defined two-dimensional media are more advantageous in
well-expectable and well-designed assembled materials than those
processes in expanded three-dimensional media. Anisotropy and
orientation are easily created in the interfacial environment.
As seen in many precipitation processes of fullerenes, the inter-
facial media can utilize the drastic changes in the natures of the
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contacting phases for material organization. Molecular recogni-
tion capability is often highly emphasized at the interfacial
media,®" and macroscopic actions and nanoscopic events can be
coupled at interfaces.®> For applications including biomedical®®
and physical usages,** the connection of assembled materials with
living cells and devices at interfaces becomes a crucial matter.
Interfacial nanoarchitectonics would be one of the key concepts for
future material choice.®> Recent advancement in analytical tech-
niques enables us to observe molecular processes at nanocarbon
interface.*® It is said that true innovation relies on the idea to
create one from zero. This review article demonstrates this true
innovation capability of nanoarchitectonics in material advances.
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