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Fullerene (Cg) has drawn much attention in materials science
because of its excellent electronic and mechanical proper-
ties.l! C4, has many potential applications in various devices,
such as photovoltaic cells,” organic transistors,” organic
light-emitting diodes (OLEDs), and sensors.”! Recently, it
has been recognized that the device performance, for
example, the power conversion efficiency in a bulk hetero-
junction solar cell, strongly depends on the morphology of the
photoactive Cg, layer.l) As a consequence, much effort has
been devoted to the controlled construction of well-defined
Cg¢ nano- and microstructures. One-dimensional (1D) Cg,
rods,”! wires,®! whiskers,”! tubes,'”! two-dimensional (2D)
sheets,"!l and three-dimensional (3D) spheres!'” have been
synthesized through the direct evaporation of solutions of
pure Cg, on substrates as well as by the template method, " a
solid—vapor process,''! a liquid-liquid interfacial precipita-
tion method,® and a reprecipitation method.” These
approaches, however, are usually accompanied by drawbacks
on the limited modulation of shape and dimensionality, and
particularly the fabrication of complex superstructures.
Self-assembly has proved to be an efficient approach to
create hierarchical supramolecular architectures with con-
trolled dimensionality and complex superstructures.!
Recently, this technique has been applied successfully to the
fabrication of supramolecular architectures of amphiphilic Cy,
derivatives,'* " wherein 1D fibers, 2D sheets, 3D spheres, and
flowerlike objects were obtained in a controlled fashion from
Cy, derivatives bearing multiple alkyl chains.') Although the
self-assembly of amphiphilic Cg, derivatives has led to the
fabrication of complex superstructures of novel shape, it is
necessary to covalently attach multiple functional groups on
the surface of C¢, by chemical modification. Alternatively, the
noncovalent functionalization of unmodified Cy, by making a
supramolecular composite would control the morphology and
yet retain the intact Cy4, molecule. Whiskers and spheres have
been obtained recently from a blend of C4 with poly(p-
phenylene) derivatives;'®! however, the crystal structure of
these objects was dominated by polymer packing. The
controlled fabrication of architectures of unmodified Cg,
with complex superstructures is still a challenging task.
Herein we report that a porphyrin polymer!!”! (Por,
Scheme 1) was employed to control the assembly of Cg,
utilizing supramolecular interactions."® Unprecedentedly,
well-defined 1D rods, 2D sheets, and complex 3D structures
were successfully obtained from Por/Cg, solutions under
different experimental conditions. In particular, Cq micro-
spheres comprising nanoplate structures with a face-centered
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Scheme 1. Molecular structures of porphyrin polymer (Por) and related
monomers (M1 and M2). The number-average molecule mass (M,) of
Por is estimated as M, =35000 by comparison with a polystyrene
standard.

cubic (fec) structure and single-crystalline in nature were
fabricated in a controllable fashion. Based on our analysis of
captured intermediates, we propose a mechanism for the
formation of Cy, microspheres that resembles a bio-inspired
mechanism of mineralization.

Self-organized objects of supramolecular composites
between Por and C4, were prepared by slow evaporation of
a toluene solution of Por and C, on a Si wafer under toluene
atmosphere (see the Experimental Section). Figure 1 shows
field emission scanning electron microscopy (FE-SEM)
images of the objects obtained. Diverse micrometer-sized
morphologies such as 1D rods and 2D sheets as well as 3D
complex superstructures were obtained under different
experimental conditions (see Figure 1 and Figure S1 in the
Supporting Information). Evaporation of separate toluene
solutions of pure Cg and Por provided rods and fibrous
objects, respectively, whereas irregular-shaped aggregates
formed from the solutions of Cg, with the monomers M1,
M2, or a mixture of M1 and M2 (Figure S2 in the Supporting
Information). These results indicate that both C4 and the
polymeric structure of Por contribute to the formation of
these unique morphologies, which can be finely modulated by
simply changing experimental conditions such as the weight
ratio and the concentrations of Por and Cy,.

When the weight ratio of Por to Cg, (0.5 mgmL™", [Cq] =
0.69 mMm) was fixed at 1:2 ([Por],,;/[Ce] =1:6; [Por]u
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Figure 1. SEM images of diverse objects of Por-Cg, blend obtained
under different experimental conditions. Concentrations of C¢, and Por
(in mgmL™"): a) 0.5, 0.05, b) 0.05, 0.05, c) 0.025, 0.25, d) 0.25, 0.25,

e) 0.5, 0. 25, f) 0.75, 0.25, respectively.

denotes the concentration of a repeating unit of Por in the
polymer shown in Scheme 1), highly monodisperse and
uniform microspheres (average size ca. 5 pum) comprising
nanoplates structures were predominantly obtained on the Si
wafer (Figure 2), accompanied by disklike objects (Figure S3

Figure 2. SEM images of Cg, microspheres of nanoplates. Concentra-
tions of Cg and Por (in mgmL™): 0.5 and 0.25, respectively.

in the Supporting Information). Energy-dispersive X-ray
(EDX) spectroscopy analysis and element mapping revealed
that carbon is the main component of the microspheres, as
indicated by the prominent C peak; additional weak peaks
reveal the presence of O and Zn in the objects, indicating the
concomitance of Por in these microspheres (Figure S4 in the
Supporting Information and vide infra). As shown in Figure 2,
the microspheres range from 4-7 um in diameter, and the
platelike building units were revealed to be 200-300 nm thick
from SEM images. Moreover, the size of the microspheres can
be fine-tuned by changing the concentration of Cy,. When the
C4 concentration was increased from 0.25 to 0.5, 1.0, and
2.0 mgmL ™, the average particle size increased from 3 to 5, 7,
and 10 um, respectively, while the weight ratio between Por
and C4 was maintained at 1:2 (Figure S5 in the Supporting
Information). When we diluted the Cg solution to
0.1 mgmL ", rodlike objects were mainly obtained.
Microspheres analogous to those obtained on the Si wafer
were also found on other substrates such as glass, indium tin
oxide coated glass, mica, and Al foil (Figure S6 in the
Supporting Information). Remarkably, both disk and micro-
sphere morphologies were also obtained from the slow
evaporation of a Por/C, solution in toluene at the air—water
interface (Figure S7 in the Supporting Information), which
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enables us to transfer the resultant objects to any substrate
such as a TEM grid (vide infra). These results indicate that the
formation of microspheres is substrate-independent, and the
objects can be prepared on different substrates for various
applications. In addition, neither light nor the water content
of the toluene solvent affected the resultant morphology;
similar microspheres composed of nanoplates were obtained
in the dark and also from water-saturated toluene solution. In
contrast, the drying speed, temperature, and solvent for the
Por/Cy, blend strongly influence the resultant morphologies.
The microsphere morphology dominated only when the
drying process continued over 10 hours under a saturated
toluene atmosphere (see Figure S8 in the Supporting Infor-
mation). Without sufficient toluene vapor, disklike objects
were mainly formed, suggesting that these objects are
intermediates. Meanwhile, the microsphere objects were
obtained in the temperature range of 15-26°C; at either
lower (10°C) or higher (30°C) temperatures, or with other
solvents such as benzene and p-xylene, we did not observe
microspheres on the Si surface.

To obtain further insight into how C4, and Por organize in
the microspheres, we conducted Raman spectroscopy, X-ray
diffraction (XRD), and transmission electron microscopy
(TEM). Figure 3 a shows Raman spectra recorded for micro-
spheres on a Si wafer. The corresponding spectra of Cg, rods
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Figure 3. Raman spectra (a) and XRD patterns (b) of Cq, powder, rods,
and microspheres.

obtained without Por under the same conditions and
untreated Cq, powder are also shown for comparison. The
characteristic band for the A,(2) pentagonal pinch mode in
the Raman spectra around 1460 cm ' was observed for all of
microspheres, Cg, rods, and untreated Cy, (Figure 3a). This
indicates that only monomeric Cy, molecules are involved in
these objects because the A,(2) line shifts to lower frequency
in polymerized Cg." It should be noted, however, that the
A,(2) band showed a substantial 3 cm ™" shift for microspheres
(1466 cm™) relative to those observed for Cg rods and
untreated Cg, (both at 1463 cm ™). This shift may be attributed
to supramolecular interactions between the porphyrin poly-
mer and Cg,. X-ray diffraction (XRD) patterns for micro-
spheres recorded on a Si substrate are shown in Figure 3b.
The well-defined XRD patterns of the microspheres match
very well with those of Cg, rods and untreated Cg,. Thus these
patterns were readily assigned as a classic fcc structure: four
strong peaks are indexed as (111), (220), (311), and (222) from
the fcc lattices, indicating that the microspheres have pure fcc
crystal structure. In contrast, previously obtained Cg, crystals
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usually have a mixed phase of the
fcc and hexagonal structure-
S'[‘), 10a,11a,b]

As the obtained microspheres
are too large to observe by TEM,
disklike intermediates were char-
acterized by this method. TEM
samples were prepared by direct
evaporation of toluene solutions of
Por/Cg, on a carbon-coated Cu grid
(Figure 4 and Figure S9 in the Sup-
porting Information) or by trans-
ferring objects formed at the air—
water interface to a grid (Fig-
ure S10 in the Supporting Informa-
tion). Figure 4 shows TEM and
high-resolution TEM (HR-TEM)
images of disklike objects. The
selected area electron diffraction
(SAED) patterns show regular hex-
agonal diffraction spots, and we
confirm that these objects are
single-crystalline in nature (inset

Figure 4. TEM (a) and HR-TEM (b) images of Cg, disks. The inset in
(a) shows the SAED pattern.

in Figure 4a). The HR-TEM image recorded near the edge of
the disk indicates well-defined lattice fringes with an inter-
planar spacing of 0.81 nm (Figure 4b), which matches well
with the XRD result (Figure 3b) and corresponds to the
diameter of Cy,.

The capture of intermediate objects enabled us to under-
stand the assembly procedure. The drying process was
controlled by the amount of toluene vapor in order to capture
intermediate structures. We noticed that small particle
aggregates 20-200 nm in height and 200-500 nm in diameter
(according to AFM measurements) were mainly obtained
when a toluene solution of Por/Cy, (1:2 weight ratio) was
dried within 1 min in air without toluene vapor or by spin-
coating on a Si substrate (Figure 5a, b, and Figure S11 in the
Supporting Information).

When the Por/Cy, solution was dried within 6 hours under
less toluene vapor (200 uL), micrometer-sized multilayer
disks with a thickness of 40-200 nm and a diameter of
2.5 um were predominantly obtained (Figure Sc—f and Fig-
ure S12 in the Supporting Information). Moreover, with an
excess of toluene vapor (500 pL), the Por/Cy, solution dried
completely over 10 hours and microspheres were predom-
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Figure 5. Studies on the plausible mechanism for the formation of C4, microspheres. SEM (a) and
AFM (b) images of particles obtained after fast drying within 1 min in air. SEM (c) and AFM (d)
images of disks obtained under less toluene vapor and dried within 6 h. SEM (e, g) and TEM (f)
images of disklike intermediate objects. h) SEM images of ball-shaped microspheres. (i) Plausible
mechanism for the formation of C¢, microspheres from multilayer disks of nanoparticle aggregates.

inantly observed accompanied by disk- or incomplete ball-
like objects (Figure 5g, h and Figures S3 and S8 in the
Supporting Information). Based on these results, we propose
a process for microsphere growth (Figure 51i). During the slow
evaporation of the homogeneous composite solution, the
initially formed nanoparticle aggregates assemble to form a
micrometer-sized multilayer disk. This intermediate structure
provides a platform for the formation of another disk
composed of freshly formed nanoparticle aggregates perpen-
dicular to the initial platform; finally a complex microsphere
of nanoplates is constructed by an oriented-attachment
growth mechanism.”” The oriented-attachment process
involves the spontaneous self-organization of adjacent par-
ticles to share a common crystallographic orientation, and
subsequent fusion of these particles at a planar interface.””!

We infer that Por plays multiple roles in the present
system, such as interacting with Cg, to preorganize Cy,
molecules around polymer chain by molecular recognition
and then assisting in the self-assembly of C4 molecules to
disklike objects and microspheres.”!! It is noteworthy to
mention that EDX analysis (Figure S4 in the Supporting
Information) clearly indicates that the microspheres contain
only minor amounts of Por (the Zn/C atomic ratio is 1:1357,
corresponding ca. [Por],,;/[Cs] =1:20). This could be tenta-
tively explained by the exclusion of Por during the formation
of crystals C4. This step resembles stages in bio-inspired
mineralization,” where polymer additives exert a powerful
influence on crystal growth and the self-assembly of super-
structures but are predominantly excluded from the crystal-
line phase.”%) This approach has been used extensively for
the synthesis of inorganic crystals having complex shapes and
was also recently extended to the synthesis and crystallization
of organic dyes.”"

In conclusion, novel Cg microspheres composed of nano-
plates have been fabricated by porphyrin-polymer-assisted
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supramolecular self-assembly. We have shown that the
obtained C4, microspheres are single-crystalline and exhibit
pure fcc structure; this is a rare example of a hierarchical
supramolecular architecture with a complex superstructure
fabricated from the self-assembly of unmodified Cg,. The
possible formation mechanism was also described based on
the analysis of captured intermediates. Namely, the oriented
attachment of initially formed nanoparticles leads to the
growth of micrometer-sized disks, providing a platform for
further disk growth and final transformation into micro-
spheres. The porphyrin polymer Por was speculated to play
multiple roles such as preorganizing and assisting the self-
assembly of C¢, molecules in a “programmed” fashion to form
microspheres; it is then excluded from the crystalline phase.
The approach we have presented in this study paves the way
to the fabrication of new complex supramolecular architec-
tures of fullerenes as well as other organic molecules by
employing various functional polymers.

Experimental Section

Cgo (purity 99%) and toluene (anhydrous) were purchased from
Aldrich and Wako and used as received. The detailed synthesis of the
porphyrin polymer is described in the Supporting Information.

The typical procedure for the synthesis of Cq microspheres is
briefly described as follows: 20 pL. C, stock solution (1 mgmL ™" in
toluene) was mixed with 10 uL Por stock solution (1 mgmL™' in
toluene) and diluted with 10 pL toluene in a 1 mL vial; 20 pL of this
blend solution was transferred to a Si wafer (10 mm x 10 mm) and
slowly evaporated in a glass petri dish (diameter 95, height 20 mm)
under 500 pL toluene; the Si wafer had been simply rinsed with
acetone and dried in air before use.
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