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Abstract

Supramolecular assembly can be used to construct a wide variety of ordered structures
by exploiting the cumulative effects of multiple non-covalent interactions. However, the
construction of anisotropic nanostructures remains subject to some limitations. Here we
demonstrate the preparation of anisotropic fullerene-based nanostructures by
supramolecular differentiation, which is the programmed control of multiple assembly
strategies. We have carefully combined interfacial assembly and local phase separation
phenomena. Two fullerene derivatives, PhH and C12H were together formed into
self-assembled anisotropic nanostructures by using this approach. This technique is
applicable for the construction of anisotropic nanostructures without requiring complex

molecular design or complicated methodology.
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Many of the constituents of natural systems including molecules,
biomolecules and cells are composed of asymmetric structures. This asymmetry is an
extremely important feature and it is maintained even through complex processes such
as embryonic cleavage where asymmetric cell division events lead to embryo
development from a zygote under control by cellular differentiation.! However,
processes of self-assembly in chemistry often only yield simple symmetric
nanostructures, such as lamellae, dimensionless particles or spheres, due to energy
minimization processes. The construction of asymmetric nanostructures requires
additional information which can be incorporated by applying molecular design
principles, such as can be found in finely tuned complex molecules or polymers where
phase separation processes can be affected by designing non-covalent interactions
including electrostatic, hydrophilic—hydrophobic, hydrogen bonding, dipole—dipole or
T-T interactions.>®

Liquid-liquid interfacial assembly has great potential for the synthesis of
asymmetric forms.” By using this technique, different aspects of anisotropic
nanostructures, including particle dimensions and morphology, can be controlled by
applying different external stimuli, such as solvent combinations, temperature and
incubation time. However, there remain some limitations of these approaches in the
fabrication of anisotropic nanostructures. Through a combination of the phase
separation and interfacial assembly techniques, anisotropic structures containing
specifically designed components can be constructed. We have coined the term

“supramolecular differentiation” (Figure 1) for this process.
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Figure 1. Supramolecular differentiation for preparation of self-assembled anisotropic
fullerene nanostructures. Schematic illustrations of (a) supramolecular differentiation

and (b) ULLIP method. (c) Structures of PhH and C12H. (d) SEM image of anisotropic

fullerene nanostructures. Scale bar is 1 pm.

Fullerene is a zero-dimensional molecule which possesses interesting
properties including high hydrophobicity due to strong van der Waals and =n-m
interactions derived from its fused m-conjugated structure.!®'* Even simple fullerene
derivatives with seemingly insignificant functionalities have been shown to form a wide
variety of self-assembled structures, such as particles,'>* fibers,224?> micelles 28
vesicles?®** and liquid crystals.**** We speculated that liquid—liquid interfacial assembly
and homogeneous growth could be finely programmed for supramolecular
differentiation under control by the local phase separation between aromatic fullerene
core and aliphatic substituents of fullerene derivatives, and hence used for the
construction of asymmetric nanostructures. Here we demonstrate the synthesis of an
anisotropic fullerene nanostructure by combining the liquid-liquid interfacial assembly

method  with local phase separation of two fullerene  derivatives:



pentakis(phenyl)fullerene (PhH),?>#! and pentakis(4-dodecylphenyl) fullerene (C12H)*
(Figure Ic). Of these two compounds, it is notable that the aliphatic substituents of

C12H are capable of inducing local phase separation at a liquid-liquid interface.?®

Results and Discussion

Preparation of anisotropic fullerene nanostructures. Supramolecular
nanoarchitectures of fullerene derivatives were prepared by an ultrasonic liquid—liquid
interfacial precipitation (ULLIP) method, which is the standard procedure for the
preparation of pristine fullerene nanocrystals. A poor solvent for fullerenes (e.g.,
isopropanol) is added slowly to a solution of fullerenes (in a good solvent such as
toluene), and then sonication is applied (Figure 1b).#>#¢ Fullerene derivatives, PhH and
C12H, were synthesized and purified using previously reported methods.**#!' Both
fullerene penta-adducts are highly soluble in aromatic solvents, such as toluene, but are
insoluble in polar solvents, such as alcohols. Poor solvent isopropanol was slowly added
to a solution of fullerene penta-adducts in toluene to form a liquid-liquid interface.
After a brief pre-incubation time (fytore) Of 1 h, sonication was applied to the mixture
leading to a homogeneous solution of toluene and isopropanol, then the resulting
solution was further incubated for an additional 48 h (incubation time, f,.;). ULLIP
using PhH only contains spherical structures with diameters 199 + 44 nm determined
by scanning electron microscopy (SEM) measurements, whereas C12H did not show
any nanostructures (Figures 2a and S1). Mixing PhH and C12H ([PhH]:[C12H] = 2:1)
and applying the ULLIP resulted in spontaneous formation of anisotropic structures of
spherical particles bearing tube-like protuberances on their surfaces (Figure 2b). Powder
XRD patterns of the PhH:C12H nanostructures contained only a broad peak, indicating
that they were in a non-crystalline amorphous state (Figure 2d). Spherical particle
structures were not observed if a dropcasting method, where the toluene solution of the
mixture of PhH and C12H was dropped onto the substrate then dried at 80 °C (Figure
S2), was used. This indicates that formation of the spherical core structures requires the
liquid-liquid interfacial assembly process. The size of the core particles can be
fine-tuned by changing the ratio of PhH and C12H. Increasing the content of C12H
from 0 to 60% leads to a linearly proportional increase in the size of the particles from
199 + 44 nm to 1.32 £ 0.27 um (Figures 2c.e and S4, histogram of the core particle size).

Remarkably, all the PhH:C12H nanostructures have a single tube-like protuberance on



their surfaces. Between the ratio of C12H vs. PhH ([C12H]/[PhH]) at 0.5 and 0.75, a
single tube-like structure was observed on the surfaces of the particles. At ratios less
than 0.5, the tube-like structures were not observed. In contrast, multiple tube-like
structures were formed on the surfaces of particles at ratios greater than 1.0 (Figure S5).
From these observations, we surmise that the number of tube-like structures is

dependent on the concentration of C12H.
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Figure 2. Fullerene nanoarchitectures of PhH and C12H. SEM images of
nanostructures of (a) PhH and (b) PhH:C12H prepared by ULLIP ([C12H]/[PhH] =
0.5). ¢) Ratio of C12H vs PhH affecting the diameter of the core particles. d) Powder
XRD measurements of PhH (blue), C12H (red) and PhH:C12H aggregates (green). e)
SEM images of the PhH:C12H nanostructures of different ratio of PhH and C12H
from O to 1.5. Scale bars are 1 um. Inset shows a magnification (scale bar in inset: 100

nm).

Control of interfacial assembly and homogeneous growth over time
before and after sonication. The construction of anisotropic structures requires precise
control of the liquid—liquid interfacial assembly process and the homogeneous growth,
which can be achieved by varying incubation time prior to sonication (Zyefore). When fiefore

is less than 1 h, the formation of core particles was not complete and the particles were



fused, possibly due to the premature loss of the confining medium of the liquid—liquid
interface before nucleation of stable seed particles had occurred (Figure 3a,c). Despite
the incomplete formation of the core, some of the aggregated PhH:C12H
nanostructures still contained the single tube-like structures on their surfaces (Figure 3b,
white arrows). In contrast, when e Was more than 3 h, formation of the core particles
was complete but particles obtained possessed multiple tube-like structures (Figure 3b).
For longer durations of e and without applying sonication in the liquid-liquid
interfacial precipitation (i.e., LLIP) method,”> formation of PhH:C12H nanostructures
with multiple tube-like structures was observed (Figure 3b). The sizes of core particles
for tyerore = 3 h and for the LLIP method increased from 714 + 118 to 874 + 199 and 1397
+ 159 nm, respectively. This is similar to what was observed for the formation of
PhH:C12H particles at higher compound ratios ([C12H]/[PhH] = 1.0) (see Figure 2c).
These results suggest that the number of tube-like structures is related to the diameters
of the core particles which is in turn controlled by setting the pre-incubation time fyefore
prior to sonication.
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Figure 3. Self-assembled anisotropic PhH:C12H nanostructures. a,c) Pre-incubation
time (fyerore)-dependent (a) and the incubation time (#.)-dependent (c) formations of

anisotropic fullerene nanostructure. b) SEM images of pre-incubation time-dependent



formation nanostructures. fyire = 0 min, 15 min, 30 min, 1 h and 3 h of ULLIP, and
LLIP methods. Scale bars are 1 um. Scale bars in inset images are 400 nm. d) SEM
images of incubation time-dependent formation of PhH:C12H nanostructures. #,q.r = 3 h,
6 h, 48 h and 6 days. Scale bars are 1 pum. e.f) Incubation time-dependent changes of
diameter of the core particles (e) and the number of tube-like structures on the surface

(f). Error bars indicate +standard deviation.

We subsequently investigated the processes involved in the formation of the
tube-like structures. Isopropanol was slowly added to a mixture of PhH and C12H
([PhH]:[C12H] = 2:1) in toluene to form a liquid-liquid interface with the
pre-incubation time f.rore fixed at 1 h. For different incubation times after sonication
(faner), the diameters of core particles and numbers of tube-like structures per particle
were analyzed by SEM measurements. For all values of 7,4, formation of particles was
observed (Figure 3d). Diameters of the particles initially increased reaching a plateau at
ca. 700 nm from t.., ~ 48 h (Figure 3e). The tube-like structures were not observed at
tier = 6 h (Figure 3d,e). When #,., was increased to 6 days, the tube-like structures were
significantly elongated on the surface (Figure 3d). These results indicate an initial
formation of the core particles followed by growth of the tube-like structures on their
surfaces. Notably, the number of tube-like structures at 7 = 6 days is unchanged
(Figure 3f) and, in particular, does not increase. This feature strongly suggests that the
formation of the tube-like structures is programmed at an initial stage during
pre-incubation f.ore and the tube-like structures can form only at certain positions on the

particles’ surfaces.

Mechanism of formation of anisotropic fullerene nanostructures. As the
diameters of the core particles increased both when C12H content was high (Figure 2;
[C12H]/[PhH] > 1.0) and when pre-incubation time was long (Figure 3; fetore > 3 h), the
number of tube-like structures also increased, whereas the number of tube-like
structures was retained during the homogeneous growth occurring after sonication. Thus,
it is thought that the domains necessary for formation of the tube-like structures are
formed on the seed particles during the interfacial growth process, and also that
formation of the domain structures cannot occur after sonication has been performed.

Because of the lower solubility of PhH relative to C12H,** PhH initially forms seed



particles during interfacial growth. The surfaces of the seed particles can provide a
substrate for formation of the domain structures required for formation of the tube-like
structures. As the concentration of C12H increased (Figure 2), the diameters of the core
particles also increased with a concurrent increase in the number of tube-like structures.
It is likely that domains of alkylated fullerene C12H form on the seed particles because
of the aromatic/aliphatic phase separation caused by solvophobic forces generated by
the immiscibility of Cg and alkyl chains.®4

Although a detailed mechanism for the formation of PhH:C12H particles
bearing a tube-like structure remains unclear, based on the results presented here, we
propose the following mechanism (Figure 4): formation of the tube-like structures is
programmed during the liquid-liquid interfacial assembly procedure when seed
particles are initially formed at the liquid-liquid interface. The tube-like structures
cannot form if the concentration of C12H is too low (Figure 4a, particle 1), possibly
because local phase-separation cannot occur on the seed particles during the interfacial
growth. This suggests that the domain structure necessary to act as scaffold for the
formation of the tube-like structures cannot form on the seed particles (Figure 2).
Following sonication, tube-like structures can also not form on the surface of the
aggregated structures (Figure 4b, path A). If #yetore 1S too short (Figure 3b; foetore < 30 min),
the domain structures can also not form on the seed particles, possibly because the
concentration of C12H is not high enough lead to a local phase-separation on the seed
particle during the interfacial growth process. If #.sr 1S increased (Figure 4a, particles 11
and III) then the local phase-separation on the seed particles can occur leading to
formation of a single domain structure on the seed particles. When #yeore 1S 1 h (Figure 3)
or the ratio between PhH and C12H is 0.5 to 0.75 (Figure 2e; see also Figure S4), seed
particles contain a sufficient quantity of C12H so that formation of a single domain on
the seed particle can occur (Figure 4a, particle II). Thus, after sonication a single
tube-like structure can form on the surface (Figure 4b, path B). However, when fueore 1S
more than 3 h or the ratio of PhH and C12H is higher than 1.0, (Figure 4a, particle III),
the amount of C12H on the seed particles is sufficient for formation of multiple
domains on their surfaces, and consequently formation of multiple tube-like structures
during the homogeneous growth stage (Figure 4b, path C) is observed. The detailed
structures of the core particles and tube-like structures are unclear since they appear

amorphous. Despite this, the precise control of the formation of seed particle by



changing interfacial growth and homogeneous growth can be tuned by supramolecular
differentiation.
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Figure 4. Schematic illustration of proposed mechanism of particle growth Liquid—
liquid interfacial assembling process. a) Liquid-liquid interfacial assembly of a seed
particle and domain structures for formation of tube-like structures before applying
sonication. b) Homogeneous growth of particles and tube-like structures on the domain

after applying sonication.

Conclusion
In conclusion, we have succeeded in constructing anisotropic fullerene
nanoarchitectures by using supramolecular differentiation, which might be considered

analogous with embryonic development but applied in the field of material science. We



have finely tuned the local phase separation by means of time-programmed control of
the liquid-liquid interfacial assembly and homogeneous growth. In contrast,
homogeneous growth alone leads to formation of spherical particles.?> This fullerene
anisotropic nanostructure will provide a great variety of opportunities in a wide range of
applications in materials science, including in electronic devices, sensors and
biomaterials.**° Our technique, which is essentially a combination of the interfacial
assembly and phase separation phenomena, can be used to further enable the

construction of anisotropic nanostructures.

Experimental Section

Preparation of PhH:C12H nanostructures. PhH and C12H were synthesized and
purified by using previously reported methods.**#! Briefly, the respective Grignard
reagent (6.00 mmol) in THF (ca. 1.0 M) was added to a suspension of CuBr-SMe, (1.23
g, 6.00 mmol) in THF (3 mL) at 35 °C. After stirring for 10 min at 35 °C, a solution of
Ceo (361mg, 0.502 mmol) in 1,2-dichlorobenzene (16.2 mL) was added to the
suspension. After stirring for 1 h at 35 °C, a saturated aqueous solution of ammonium
chloride (1 mL) was added to the suspension. The suspension was stirred under reduced
pressure to remove THF and dimethyl sulfide. The concentrated mixture was
filtered/washed through pads of silica gel and celite with CS,. The filtrate was
concentrated under reduced pressure until precipitation occurred. Methanol was then
added until precipitation was complete. The precipitate was collected by filtration,
washed with methanol, and dried under reduced pressure overnight to obtain an orange
powder.

Fullerene anisotropic nanostructures were prepared by the liquid-liquid
interfacial precipitation (LLIP) method.*> Stock solutions were prepared by separately
dissolving PhH (30 mg) and C12H (30 mg) in 10 mL each of toluene with
ultrasonication for about 30 min. In a typical procedure, the mixture of PhH and C12H
at selected molar ratio was taken in a thoroughly cleaned 13.5 mL glass vial and
incubated at 15 °C. A liquid-liquid interface was prepared by slowly adding isopropyl
alcohol (IPA, 5 mL), which had been incubated at 15 °C for more than 1 h, onto the
toluene solution of fullerenes. The mixture was then incubated at 15 °C for 48h. For the
ultrasonic liquid-liquid interfacial precipitation (ULLIP) method,*#447 after preparing

an interface, the mixture was stored at 15 °C for 1 h (pre-incubation time, fyesor.) Without



disturbance. After 1 h, sonication was applied for 30 s followed by a light shaking by
hand. The resulting mixture was again stored at 15 °C in an incubator for an additional

48 h.

Scanning electron microscopy. Scanning electron microscopy (SEM) images of the
fullerene anisotropic nanostructures were obtained using a Hitachi Model S-4800 field
effect scanning electron microscope (FE-SEM) operating at an accelerating voltage of
10 kV. All the samples for SEM were prepared by dropping a suspension of fullerene
anisotropic nanostructures onto passivated silicon substrates followed by drying at
80 °C. The samples were coated with platinum (ca. 2 nm) by sputtering using a Hitachi

S-2030 ion coater.

Powder X-ray diffraction. Powder X-ray diffraction (XRD) patterns were recorded at
room temperature (25 °C) on a Rigaku RINT2000 diffractometer using Cu-Ka radiation
(A =0.1541 nm). For recording the XRD pattern, toluene solution of C12H and freshly
prepared anisotropic nanostructure were drop casted on a glass substrate and dried at 80
°C. In case of PhH, solid powder was placed on a glass substrate and XRD pattern was
recorded at 25 °C.
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