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ABSTRACT: A two-step self-assembly strategy has been developed for the
preparation of fullerene hierarchical architectures. Typically, the precipitation
method is utilized to synthesize the initial fullerene microstructures, and
subsequently a drop-drying process is employed to facilitate the fullerene
microstructures to self-assemble into the final hierarchical structures. Overall, this
methodology is quite simple and feasible, which can be applied to prepare fullerene
hierarchical structures with different morphological features, simply by choosing
proper solvent. Moreover, the as-obtained C70 hierarchical structures have many
superior properties over the original C70 microrods such as superhydrophobicity
and unique photoluminescence behaviors, promising their applications as
waterproof optoelectronics.
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■ INTRODUCTION

Fullerenes have gathered much attention in materials science
owing to their extensive potential applications in semi-
conductors, optoelectrical devices, and energy storage.1−5

Following this trend, it is of great importance to ensure that
fullerene molecules assemble into geometrically well-defined
structures, and therefore function remains unexplored.6−10

Fortunately, efficient synthetic routes developed for the
fabrication of low-dimensional organic crystals composed of
highly conjugated molecules provide opportunities for building
of fullerene nano/microstructures.11,12 Until now, fullerene
molecules are readily crystallized to well-ordered one-dimen-
sional (1D) or two-dimensional (2D) forms by self-assembly at
liquid−liquid,13−15 liquid−air,16,17 or liquid−air−solid inter-
faces.18−20 However, these approaches are always accompanied
by the drawbacks of limited shape and dimensionality
modulation, especially for the fabrication of complex structures.
Moreover, effective and feasible nanostructuring is still lacking
when compared to the profusely nanostructured inorganic
materials.21,22

Over the past decades, hierarchical structures have always
been a topic under intensive investigation in a variety of fields
because of their promising applications in functional materials.
Benefiting from the two or more structural levels, hierarchical
structures have exhibited distinctive properties in electro-
chemistry,23 photoelectrochemistry,24 hydrophobicity,25,26 and
so on. Therefore, the introduction of hierarchical structures to
fullerene crystals can of course be helpful for the full realization
of their applications in various fields and bring new prospects
for the development of fullerene nano/microstructures.

Previous studies have revealed that C60 and single-walled
carbon nanotubes, amphiphilic C60 derivatives, and C60-
porphyrin cocrystals can successfully self-assemble to hier-
archical architectures in a controlled fashion.27−30 However,
controllable fabrication of fullerene hierarchical structures
without functionalization or participation of other cocrystal
molecules is still a challenging task.
Although one-step assembly routes such as liquid−liquid

interfacial precipitation (LLIP) method8,31−34 and drop-drying
process18,35,36 have shown great success in preparing well-
defined 1D or 2D fullerene crystals, it is still demanding to
develop a universal method to prepare fullerene hierarchical
structures in a controllable manner. Herein, we propose a
solution-driven self-assembly approach for the fabrication of
fullerene hierarchical architectures (Figure 1). In detail,
fullerene microstructures were first obtained from the liquid−
liquid interface. Then a drop-drying method was employed for
the reconstruction of the microstructures into different
hierarchical structures. Our results show that the solvents
applied in the drop-drying process are intercalated into the C70

crystals, and consequently they play a critical role in
determining the morphology and crystalline structure of the
final hierarchical architectures. Furthermore, the mechanism for
the formation of hierarchical structures is systematically studied,
and different morphologies based on C60 or C70 are readily
obtained simply by alternating the solvents, showing the
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feasibility of this method. Finally, as a proof of concept, the
properties of fullerene hierarchical structures are investigated.
The second-level architecture brings enhanced hydrophobicity,
even superhydrophobicity, to C70 crystals, also distinguishing
photoluminescence behaviors in contrast with the original
samples, revealing their potential applications for waterproof
optoelectronics.

■ RESULTS AND DISCUSSION
In our experiment, fullerene hierarchical nanostructures were
prepared by two steps, as illustrated in Figure 1a. Typically, C70
microrods (C70−P) were prepared by the precipitation
method.37 The precipitates (C70 microrods) were centrifugally
separated from the suspension and washed with isopropyl
alcohol (IPA) several times prior to vacuum drying. The SEM
images of the as-prepared C70 microrods are displayed in Figure
2a. Then these C70 microrods were dispersed in IPA (40 mg/
mL), and a uniform C70 film (about 12 mm2) was formed by
drop-casting the dispersion onto an ITO glass. Finally, 2 μL of
appropriate solvent was dropped onto the dried film which was
then kept at 25 °C for the drop-drying process. Here three
kinds of solvents were employed in the drop-drying process:

1,3,5-trimethylbenzene (TMB), n-heptanol, and the mixture of
TMB and n-heptanol (v/v = 1/2), and the obtained products
are designated as C70−P−TMB, C70−P−HA, C70−P−
TMB/HA, respectively.
Figure 2b−d displays the representative morphologies of the

resulting hierarchical structures obtained from our method.
Evidently, after the drop-drying process, the C70 microrods all
evolve to well-defined hierarchical architectures. The morpho-
logical features of these three samples are remarkably different
from each other in spite of the fact that they all retain the
rodlike structures of the precursor (Figure 2b1−d1). In detail,
small cubes (Figure 2b2 and 2c2) are generated on the surfaces
with the average sizes of 0.5 and 1.0 μm when TMB and n-
heptanol are used as solvents, respectively. Thus, we conclude
that not only the good solvent (aromatic solvent)38 but also the
traditionally recognized poor solvent (alcohol)38 can trigger the
self-assembly process. In contrast, for C70−P−TMB/HA, it
can be observed that nanorods with diameters of about 150−
350 nm are formed on the surfaces (Figure 2d). Accordingly,
the solvents utilized in the drop-drying process play a crucial
role in the second-level morphology control of the as-obtained
hierarchical structures.
The structures and compositions of original C70 microrods

and the final C70 hierarchical structures were further
characterized by a collection of experimental methods. The
FTIR and Raman spectra of C70−P and C70 hierarchical
structures (Figure S1) show the characteristic features of C70
molecules in all samples.39 Figure 3a shows the corresponding

Figure 1. (a) Schematic illustration for the fabrication of C70
hierarchical architectures. (b) Schematic illustration for the formation
mechanism of C70 hierarchical architectures when (I) TMB or n-
heptanol or (II) the mixture of TMB and n-heptanol (v/v = 1/2) is
used in the drop-drying process.

Figure 2. SEM images of (a) C70 microrods (C70−P) and (b−d) C70 hierarchical structures: (b) C70−P−TMB, (c) C70−P−HA, and (d) C70−
P−TMB/HA.

Figure 3. (a) XRD patterns and (b) TGA results of (I) C70−P and
C70 hierarchical structures (II) C70−P−TMB, (III) C70−P−HA, and
(IV) C70−P−TMB/HA.
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XRD patterns, which reveal that these treated samples have
completely different crystalline types from the original C70
microrods. In detail, the original C70 microrods possess an hcp
packing mode.40 However, after the drop-drying process, the
hcp phase transfers to cubic,14 monoclinic,41 and orthorhombic
phases42 for C70−P−TMB, C70−P−HA, and C70−P−TMB/
HA, respectively, and the structural characteristics of each
crystalline phase are shown in Table S1. According to the
previous studies,14,37 we speculate that the crystalline differ-
ences of C70 hierarchical structures are caused by the
incorporation of different solvents in the crystals. All these
three samples transfer to mixtures of hcp and fcc phases after
400 °C treatment at Ar atmosphere (Figure S4) because of the
escaping of trapped solvents.41 Furthermore, NMR and TGA
measurements were conducted to confirm our speculation. The
NMR results (Figure S3) and the weight loss processes from
the TG results (Figure 3b) together clearly indicate that the
solvents are successfully intercalated into C70 crystals for all the
three C70 hierarchical structures. C70−P−TMB has a weight
loss of 7.62% at a temperature range from 121 to 152 °C, due
to the removal of TMB solvents. Similarly, C70−P−HA loses
its 6.66% weight from 100 to 237 °C, which is assigned to the
removal of n-heptanol. C70−P−TMB/HA has two weight loss
processes with a total weight loss of 17.52%, demonstrating the
entrapment of both TMB and n-heptanol molecules, which is
also corroborated by the DTG results (Figure S2).
Transmission electron microscopy (TEM) results provide

further insights into the morphological and structural features
of the C70 hierarchical structures (Figure 4). It is clearly
observed that all these rodlike assemblies consist of numerous
primary C70 nanocubes or nanorods (Figure 4b1−d1).
Furthermore, it is noteworthy that not only does the surface
of the microrods undergo the reconstruction but also the whole
microrods participate in the second-step self-assembly process.
Moreover, our conclusion is also supported by XRD results
(Figure 3a), which clearly show that no hcp phase of the
original C70 microrods is retained in the final products. As
demonstrated in Figure 4a2, the original C70 microrods are
single crystals with a lattice distance of 0.88 nm. After the drop-
drying process, the continuous lattice fringes in HRTEM
images are observed in every single nanocube or nanorod of the
C70 hierarchical structures, indicating that the resulting C70
hierarchical structures are also composed of single-crystal units.
In addition, the lattice values are in good agreement with the

XRD results above. As shown in Figure 4b2, the distance
between two adjacent planes is 0.78 nm, very close to d(011) of
the cubic lattice. The respective lattice distances in Figure 4c2
and Figure 4d2 are 0.50 and 1.20 nm, which can be assigned to
the (200) plane of the monoclinic structure and the (003)
plane of the orthorhombic structure, respectively. On the basis
of these experimental findings, the reorganization in the second
step is assured to be a thorough self-assembly process, not only
occurring at the surfaces of C70 microrods.
To study the formation mechanism of the hierarchical

structures, one-step drop-drying experiments (based on C70/
TMB or C70/n-heptanol) and precipitation experiment (based
on C70/TMB/n-heptanol) were conducted. The products
obtained from C70/TMB, C70/n-heptanol, and C70/TMB/n-
heptanol are denoted as C70−TMB, C70−HA, and C70−
TMB/HA, respectively. As displayed in Figure 5, C70 cubes are
obtained from drop-drying of both C70/TMB and C70/n-
heptanol solutions. However, C70 nanorods are formed at the

Figure 4. TEM (a1−d1) and HRTEM (a2−d2) images of (a) C70−P and the C70 hierarchical structures (b) C70−P−TMB, (c) C70−P−HA, and
(d) C70−P-TMB/HA.

Figure 5. SEM images of C70 nanostructures prepared from one-step
drop-drying process or precipitation method: (a) C70−TMB, (b)
C70−HA, and (c) C70−TMB/HA. (d) XRD patterns of the as-
mentioned C70 nanostructures (I) C70−TMB, (II) C70−HA, and
(III) C70−TMB/HA.
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interface of C70/TMB and n-heptanol. It is evident these
morphologies are quite similar to the secondary units of the C70
hierarchical structures prepared from the corresponding
solvents (Figure 2b2−d2). Moreover, the XRD patterns of
C70−TMB, C70−HA, and C70−TMB/HA are cubic,
monoclinic, and orthorhombic, which are consistent with
those of C70−P−TMB, C70−P−HA, and C70−P−TMB/HA,
respectively. Accordingly, we propose a formation mechanism
for the C70 hierarchial structures, as demonstrated in Figure 1b.
During the second step, when pure TMB or n-heptanol is used
(Figure 1bI), C70 molecules from C70 microrods are dissolved
in TMB or n-heptanol, and subsequently C70 nanocube-like
units are formed after the evaporation of the solvents. Then the
nanocubes gradually replace the original microrods as the
process proceeds. In sharp contrast, when the mixed solvent
(TMB/n-heptanol mixture) is applied (Figure 1bII), C70
molecules preferentially dissolve in TMB due to the higher
solubility than that in n-heptanol.38 Thus, the dissolved C70
molecules are localized in the cavity of the good solvent TMB,
which is surrounded by n-heptanol, and the C70/TMB/n-
heptanol interfaces facilitate the C70 molecules to self-organize
into C70 nanorods.14 In this way, numerous nanorods are
formed with the continuous dissolution of C70 microrods when
the precipitation process proceeds, which finally facilitates the
formation of the hierarchical structure consisting of nanorods.
Interestingly, the solubility of C70 in TMB (1.45 mg/mL) or in
n-heptanol (0.046 mg/mL) is too low to dissolve the C70 films
thoroughly.38 Accordingly, it should be a gradual progress that
initially the surfaces and finally the cores of the C70 microrods
participate in the reassembly process, which fundamentally
facilitates the formation of the resultant hierarchical structures
retaining the initial microrod-like morphology.
To verify the feasibility and versatility of this method, C70

hierarchical structures were prepared when various solvents
were applied in the drop-drying process. As shown in Figure 6,
echinacea-like morphologies are formed when n-butylbenzene/
n-heptanol mixture is applied, while irregular microcubes are
formed at surfaces when n-butylbenzene/n-pentanol mixture is
used. However, when ethylbenzene/n-pentanol or toluene/n-
hexanol mixture is employed, the C70 microrods evolve to C70
hierarchical structures composed of nanorods with different
alignment at the surfaces for the two cases. Besides, as for the

cases of toluene/n-heptanol and n-propylbenzene/n-hexanol,
the final C70 hierarchical structures are built up with
nanoparticles of different morphological features. It is obvious
that the secondary structure varies upon the alteration of the
employed solvent; thus, the morphology of the hierarchical
structure can be easily controlled by proper solvent-choosing.
Moreover, C60 hierarchical structures are obtained from the
two-step self-assembly route (Figure S6) as well. Overall, the
results discussed above indicate that our approach is a facile
route for the fabrication of fullerene hierarchical structures,
which is quite controllable and feasible.
It is widely acknowledged that, in the effort to artificially

mimic water-repellent surfaces, a rough fractal interfacial
morphology is necessary.43 Moreover, thin films consisting of
fullerenes or fullerene derivatives are reported to be hydro-
phobic surfaces.28−30 Thus, the water contact angles are
measured to observe how the hierarchical structures effect the
hydrophobic properties of the as-prepared C70 films (Figure 7)
and C60 films (Figure S7). As shown in Figure 7b, the
mechanically pressed C70 film without the presence of ordered
nano/microstructures (Figure 7a) is actually hydrophilic with a
water angle of 66.55° (θ < 90°). In sharp contrast, the thin films
of C70 microrods and C70 hierarchical structures are all featured
with hydrophobic properties, with the water contact angles of
142.75°, 145.90°, 147.29°, and 154.12° for C70−P, C70−P−
TMB, C70−P−HA, and C70−P−TMB/HA, respectively. It is
evident that hydrophobicity is markedly improved when C70
hierarchical structures are introduced, especially for C70−P−
TMB/HA (θ > 150°, superhydrophobic). Accordingly, the
proper fabrication of hierarchical architectures can effectively
help to improve the hydrophobicity of fullerene micro/
nanostructures.
To further investigate the properties of the as-prepared

fullerene hierarchical structures, their PL spectra were also
measured, which leads to the finding of PL enhancement for
the C70 hierarchical structures (Figure 8) and C60 hierarchical
structures (Figure S8). The PL band positions for C70 powder,
C70−P, and the corresponding C70 hierarchical structures are
displayed in Table S2. The emission spectral changes such as
red shift and peak broadening are obviously observed, similar to
the C70 aggregates reported before.14,44 Besides, significant PL
enhancements are displayed for C70 hierarchical structures

Figure 6. SEM images of C70 hierarchical structures prepared from C70 microrods when different solvent mixtures were applied in the drop-drying
process: (a) n-butylbenzene and n-heptanol, (b) n-butylbenzene and n-pentanol, (c) ethylbenzene and n-pentanol, (d) toluene and n-hexanol, (e)
toluene and n-heptanol, and (f) n-propylbenzene and n-hexanol. The volume ratios of aromatic solvent to alcohol are set to 1:2 in all systems.
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when compared to C70 powder or the initial C70 microrods,
especially for C70−P−TMB/HA. The PL spectra for C70
powder shows one prominent peak located at 726 nm with a
793 nm shoulder. However, the PL spectra of C70−P and the
corresponding C70 hierarchical structures have the characteristic
of two prominent peaks located at 730 and 805 nm,
respectively. Surprisingly, C70−P−TMB/HA even has a
dominant peak at 808 nm, displaying different PL features
when compared to that of C70 powder. Since NMR and TGA
results discussed above demonstrate that different solvents are
incorporated in these C70 samples, we thus suppose that the
interactions between the trapped solvents and C70 molecules
are responsible for the PL enhancement.45 Furthermore, the PL

spectra of C70 hierarchical structures without the incorporation
of solvent molecules (after high-temperature treatment)
(Figure S9) and UV−vis−NIR spectra (Figure S10) are
provided to illustrate the cause for the unique PL features.
The PL enhancement of C70 hierarchical structures after
desolvation is clearly displayed, demonstrating that the unique
hierarchical morphologies are also responsible for the PL
enhancement.14 However, there is a sharp decrease of the PL
intensity at the second peak of C70 hierarchical structures in
comparison with the respective original samples, which
provides clear evidence that the excited states and also the
vibronic bands depend strongly on the trapped solvents.46,47

Besides, the UV−vis−NIR spectra (Figure S10) of C70
microrods and C70 hierarchical structures are almost identical,
which reveals that the trapped solvents affect the excited states
but not the ground states of these samples. Accordingly, the
unique PL behaviors of C70−P−TMB/HA are ascribed to the
high content (17.52%) of solvent incorporation, with both
TMB and n-heptanol trapped inside, and also the unique
hierarchical morphology.

■ CONCLUSION
In summary, a two-step self-assembly method, which is quite
simple and facile, is developed for the fabrication of fullerene
hierarchical architectures. The key points for this method are
that precipitation method is utilized to synthesize the initial
fullerene microstructures, while the following drop-drying
process is applied to reconstruct the initial fullerene micro-
structures into hierarchical structures. Furthermore, the
solvents applied in the drop-drying process are incorporated
into the C70 crystals, which consequently determine the second-
level morphological features and crystalline types of the final
products. With this method, different hierarchical structures are
readily prepared simply by changing the solvents employed in
the precipitation or the drop-drying process. Finally, the
hierarchical structures exhibit hydrophobic properties, even
superhydrophobicity, while the C70 film without the presence of
nano/microstructure is hydrophilic. On the other hand, the C70
hierarchical structures all have enhanced photoluminescence
behaviors in contrast with C70 powder, caused by the
incorporation of solvent molecules in the C70 crystals and
also the unique hierarchical architectures. Therefore, the
universality and feasibility of this method make it a promising
route to design fullerene hierarchical architectures of different
molecular structures and diverse morphologies for the
applications such as waterproof optoelectronic devices.

■ EXPERIMENTAL SECTION
Preparation of C70 Hierarchical Structures. In the first step, C70

microrods (C70−P) were synthesized following the aforementioned
precipitation method,37 and the concentration of C70 in p-xylene was
2.5 mg/mL. After centrifugation and vacuum drying of the precipitates,
C70 microrods (4 mg) were collected and dispersed in isopropyl
alcohol (IPA, 100 μL) to prepare a uniform suspension by
ultrasounding for 10 min. Then a C70 film was formed by drop-
casting the above suspension (2 μL) onto an ITO glass (5 mm × 5
mm) and left in vacuum oven (50 °C) for 2 h to completely dry off the
IPA solvents from the samples. In the second assembly process, a small
aliquot (2 μL) of desired solvent was dropped right onto the as-
prepared C70 microrod film, using a pipet. After evaporation of the
dropped solvents at 25 °C, the final C70 hierarchical structures were
obtained. In our first attempt to fabricate C70 hierarchical structures,
three kinds of solvents were employed in the drop-drying process:
1,3,5-trimethylbenzene (TMB), n-heptanol, and mixtures of TMB and

Figure 7. (a) SEM image of the mechanically pressed C70 film
prepared from C70 powder, the photographs of a water droplet on the
films of different C70 samples, (b) the mechanically pressed C70 film,
(c) C70−P, (d) C70−P−TMB, (e) C70−P−HA, and (f) C70−P−
TMB/HA.

Figure 8. PL spectra for C70 powder, C70−P, C70−P−TMB, C70−
P−HA, and C70−P−TMB/HA. The inset shows the magnified PL
spectrum for C70 powder. PL spectra were recorded at room
temperature upon excitation using a green laser at 514.5 nm.
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n-heptanol (vTMB/vn‑heptanol = 1/2). The C70 hierarchical structures
prepared from these three samples are designated as C70−P−TMB,
C70−P−HA, and C70−P−TMB/HA, respectively. Furthermore, we
also applied different solvents in the drop-drying process to verify the
feasibility of our approach, such as the mixtures of n-butylbenzene and
n-heptanol, n-butylbenzene and n-pentanol, toluene and n-heptanol,
toluene and n-hexanol, ethylbenzene and n-pentanol, and n-
propylebenzene and n-hexanol; the volume ratios of aromatic solvent
to alcohol were set to 1:2 in all systems.
Control Experiments. In the attempts to investigate the formation

mechanism of the hierarchical structures, one-step drop-drying or
precipitation experiment was carried out. For the drop-drying process,
saturated C70/TMB or C70/n-heptanol solution was applied. The
saturated C70 solution (2 μL) was dropped onto ITO glasses (5 mm ×
5 mm) by a pipet. Then the ITO glass with the saturated C70 solution
inside was left still at 25 °C for drop-drying. The resulting products are
denoted as C70−TMB and C70−HA, respectively. For the
precipitation process, TMB was applied as the good solvent and n-
heptanol as the antisolvent for C70. Then C70 saturated solution in
TMB (2 mL) was rapidly injected to n-heptanol (4 mL), the mixture
was left still at room temperature for precipitation, and the product is
designated as C70-TMB/HA. Furthermore, to study the structural
transition of C70 hierarchical structures and the PL feature of the
samples without the intercalation of solvent molecules, the three
samples (C70−P-TMB, C70−P−HA, and C70−P−TMB/HA) were
annealed at 400 °C for 2 h in Ar atmosphere to ensure the complete
elimination of any intercalated solvents in the C70 crystals; the
annealed samples are denoted as C70−P−TMB−400, C70−P−HA−
400, and C70−P−TMB/HA-400, respectively.
Preparation of C60 Hierarchical Structures. C60 hexagonal

prisms (C60−O) were initially prepared by a precipitation method
using the solvent system of C60/o-xylene/n-propanol (C60/o-xylene: 2
mg/mL, 10 mL, n-propanol: 20 mL). After centrifugation and vacuum-
drying process, C60 microstructures were dispersed in IPA at a
concentration of 40 mg/mL. Then the C60 films were prepared and
treated in the same way as that of C70 films. The solvents used for
drop-drying process here were TMB/IPA (v/v = 1/2) mixture and
CCl4, with other conditions identical to those for the preparation of
C70 hierarchical structures. The as-prepared C60 hierarchical structures
are denoted as C60−O−TMB/IPA and C60−O−CCl4, respectively.
In addition, in the control experiments, the C60 nanorods (as shown in
Figure S5) were prepared by the precipitation method using the
solvent system of saturated C60/TMB solution (2 mL) and IPA (4
mL).
Characterizations. The morphologies of all the products were

examined by scanning electron microscopy (SEM, Nova NanoSEM
450) with an ultrathin Au coating. TEM images were collected by a
Tecnai G2 F30 transmission electron microscope at 300 kV. X-ray
diffraction patterns were obtained using an Empyrean diffractometer
with Cu Kα radiation (λ = 0.1541 nm, operated at 40 kV and 40 mA).
Raman scattering (Bruker VERTEX 70) samples were excited using a
green laser at 514.5 nm and 0.05 mW power. FT-IR spectra were
recorded on a Bruker Tensor-27 spectrometer. 1H spectra were
recorded at 600 MHz in CDCl3/CS2. Thermogravimetric analysis
(TGA, Diamond TG/DTA) was performed to determine the solvent
content in the final samples, and all the samples for TGA were dried in
vacuum at 60 °C in prior. The measurements of the water contact
angles were performed on a USA kino SL200. Photoluminescence
spectra were obtained from a Bruker VERTEX 70 (samples were
excited using a green laser at 514.5 nm with 0.05 mW power). UV−
vis−NIR absorption spectra were obtained with a PE Lambda 750S
spectrometer using the films composed of C70 micro/nanostructures
on ITO glasses.
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