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A R T I C L E I N F O A B S T R A C T

CCl⁠4-solvated C⁠60 crystals with hexagonal shape were grown by the liquid-liquid interfacial precipitation method
with CCl⁠4 and toluene as poor and good solvents, respectively. Interestingly, the morphology of the hexagonal
crystals with the growth liquid are drastically changed with drying in air. A lot of fine rod crystals appear over
the original crystals with air-drying, whereas the hexagonal outline of the original crystals is kept even after the
transformation. Such change in the morphology is explained by the solvent-mediated phase transformation due
to the dissolution of the original crystals by toluene and then re-precipitation of the rod crystals.

1. Introduction

Fullerene crystals of C⁠60 and C⁠70 have attracted much attention due
to their physical and chemical properties [1]. The properties strongly
depend on not only crystal structure but also size and shape. Vari-
ous growth methods have been developed to produce unique forms of
fullerene crystals. Recent studies have focused on solvated crystals with
small sizes from micrometers to nanometers. Actually many nano/mi-
crocrystals with various shapes called nanowhiskers [2–5], nanosheets
[6–8], nanowires [9,10], nanorods [11], nanoballs [12], nanocubes [13]
have been grown from the solution. They can be transformed into differ-
ent shapes by solvent treatments after the growth [14,15]. Such solvent
treatments can also produce interesting hierarchical architectures which
show fascinating properties and applications such as sensing [16,17].

Among various solution methods for the preparation of fullerene
nano/microcrystals, a liquid-liquid interfacial precipitation (LLIP)
method [2,5], using a mixture of solvents consisting of a good solvent
and a poor solvent, shows great potential in the morphology control of
fullerene crystals because of its facileness and versatility [18–20]. It is
known that the solvents play a crucial role in the morphology control
or crystalline determination of the fullerene crystals. The subtle varia-
tion of the solvent types or solvent ratios can remarkably change the
morphological features of the products [21,22]. Thus it is expected that

unique shapes and properties of nano/microcrystals can be further pro-
duced by the proper selection and combination of solvents.

In the LLIP method, the difference in the solubility of fullerene for
two solvents used is important for the precipitation of crystals. So far,
the kind of good solvent used has been mainly changed for the growth
of nano/microcrystals. On the other hand, alcohols have been usually
employed as poor solvents or precipitants. Thus, the selection of poor
solvent except for alcohols is of very interest for the growth of novel
nano/microcrystals.

In this paper, we report the growth of C⁠60 crystals by using carbon
tetrachloride (CCl⁠4) as poor solvent in the LLIP method with C⁠60-sat-
urated toluene solution. The obtained crystals are CCl⁠4-solvated C⁠60
crystals with hexagonal shapes. Interestingly, the morphologies of the
crystals are drastically changed with drying in air. A lot of fine rod
crystals appear in the hexagonal crystals with air-drying, whereas the
hexagonal outline of the original crystals is kept even after the trans-
formation. The long axes of the rod crystals are arranged to be paral-
lel to one of the sides of the original hexagonal outline. This means
that the hexagonal symmetry of the original crystals is passed down
to the orientation of the rod crystals through the transformation. It is
shown that such unique morphology is formed by the solvent-mediated
phase transformation in which the dissolution of the original crystals by
toluene and then re-precipitation of the rod crystals occur. The unique
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morphology after the transformation also correspond to a kind of hier-
archical architecture.

2. Experimental procedure

2.1. Sample preparation

C⁠60 powder with a purity of more than 99.95% was purchased from
MTR Ltd., USA. The solvents, toluene and CCl⁠4 were purchased from
FUJIFILM Wako Pure Chemical Corporation, Japan. The solvents were
used as received without further purification. Toluene solution saturated
with C⁠60 was prepared as follows. The C⁠60 powder was crushed in a mor-
tar using a pestle for 30min to facilitate dissolution of C⁠60 powder into
the toluene solution. The crushed C⁠60 powder was dissolved in toluene
with the assistance of ultrasonic oscillating for 30min at 5 °C. Then the
solution was filtered in order to remove the undissolved C⁠60 powder.
Such C⁠60-saturated toluene solution prepared in above procedure was
kept for 24h at 5 °C. On the other hand, CCl⁠4 as a poor solvent was also
kept at 5 °C to avoid the gradient of growth temperature.

Using these solutions, C⁠60 crystals were grown by the LLIP method
in below procedure [2,5]. First, the CCl⁠4 as a poor solvent was put into
a glass bottle. Next, the toluene solution saturated with C⁠60 was gently
added to form a liquid-liquid interface (toluene solution saturated with
C⁠60:CCl⁠4 =1:2 (v:v)) (Fig. S1(a)). The bottle was capped and kept for
several seconds without any disturbances, and then shaken up by hand
(Fig. S1(b)). The obtained mixture of solutions was stored at 5 °C in an
incubator for 24h so that C⁠60 crystals were precipitated (Fig. S1(c)).

2.2. Characterization

The obtained C⁠60 crystals were dropped on a glass-slide. The in-situ
observation of the crystals with air-drying was carried out by using an
optical microscope (Olympus, BX50). In other measurements, C⁠60 crys-
tals were dropped on a glass-slide and dried at 23 °C to remove the
mother liquid. After drying, they were characterized. The compositions
in the crystals were examined by means of Fourier transform infrared
spectroscopy (FT-IR, JASCO, FT/IR-4100) with the attenuated total re-
flection (ATR PRO ONE, JASCO) and thermogravimetry (TG, Hitachi
High-Technologies, STA7300) at a heating rate of 10 °C/min under N⁠2
gas flow (200mL/min). The crystal structure and orientations of the
crystals were examined by using X-ray diffractometer (XRD, Bruker, D8
Advance) with Cu-Kα radiation (λ=1.5418 Å), and transmission elec-
tron microscopy (TEM, JEOL, JEM-2100F and JEM-1010) operated at
100kV and 200kV.

3. Results and discussion

3.1. Morphological transformation

Fig. 1(a) shows an as-grown crystal on the glass-slide just after tak-
ing it out of the solution. Note that the crystal is still covered by the

mother liquid consisting of the mixture of toluene and CCl⁠4. As seen in
Fig. 1(a), it exhibits a hexagonal shape with the length of the diagonal
line of 50μm and the thickness of 5μm. Interestingly, the morphology
of the hexagonal crystal is drastically changed with air-drying at 23 °C
as shown in Fig. 1(b)–(d) (Video S1). Such change is accomplished after
several 10 s. It should be noted that a lot of fine rod crystals appear in
the original crystal, whereas the hexagonal outline of the original crystal
is kept even after the transformation. The long axes of the rod crystals
are arranged to be parallel to one of the edges of the original hexago-
nal outline. The orientations of the rod crystals are classified into three
kinds of ones with a relative angle of 60° to each other. Thus, the hexag-
onal symmetry of the original crystals is passed down to the orientation
of the rod crystals through the transformation. Such morphology after
the transformation exhibits a kind of hierarchical architecture.

To examine such morphological transformation in more detail, addi-
tional samples were prepared by solvent treatments for as-grown ones.
It is well-known that the morphology of solvated crystals of C⁠60 depends
on the solvent. According to previous reports, the morphologies of C⁠60
crystals grown from toluene and CCl⁠4 solutions exhibits rod and hexag-
onal shapes, respectively [5,6,23,24]. It is speculated that the rod and
hexagonal crystals observed in this study are related to C⁠60 crystals sol-
vated with toluene and CCl⁠4, respectively. Therefore, it is supposed that
the toluene greatly affects the transformation of the hexagonal crystals
into the rod crystals in this study. It is expected that the morphological
transformation can be promoted by introducing toluene or hindered by
removing toluene.

To confirm these, additional CCl⁠4 was dropped on the as-grown crys-
tal covered by the mother liquid before the transformation. By this
treatment, the concentration of toluene on the as-grown crystal is re-
duced or removed. Consequently CCl⁠4 becomes predominant on the
as-grown crystal. After several seconds, the liquid on the as-grown crys-
tal is perfectly evaporated with air-drying. As a result, no morphologi-
cal transformation occurs even after the evaporation (Fig. 2(b)), in con-
trast with the drastic transformation as shown in Fig. 1. The morphol-
ogy of the as-grown crystal remained almost unchanged even after the
evaporation. This can be attributed to the suppression of the effect of
toluene due to the dropping of additional CCl⁠4. Thus, we can obtain
the as-grown crystals which are stable even in air-drying. Such stable
as-grown crystals are called “hexagonal” crystals after.

On the other hand, the morphological transformation, as similar to
that in Fig. 1, is observed when a slight amount of toluene is dropped
on the as-grown crystal. The transformation rate is a little fast compared
with that in Fig. 1. Moreover, similar transformation also occur even for
the “hexagonal” sample when a slight amount of toluene is dropped on
the sample. (Fig. 2(c)). It is therefore obvious that the toluene promotes
the morphological transformation.

The results of the morphological transformations as mentioned
above are summarized in Fig. 2. The relationship among typical three
samples before and after the transformation are also shown with the
treatments. The three samples are (a) as-grown crystal covered by the
mother liquid, (b) hexagonal crystal dried in air, and (c) rod crystal

Fig. 1. Serial micrographs of the morphological transformation of the obtained crystal on the glass substrate with air-drying at 23 °C. (a) As-grown crystal which is covered by the mother
liquid, (b) Partially transformed crystal, (c) Almost perfectly transformed crystal, (d) Perfectly dried crystal.
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Fig. 2. Correlation diagram of specific crystals obtained by the treatments with CCl⁠4 and
toluene. (a) shows the as-grown crystal covered with the mother liquid, corresponding
to Fig. 1(a). (b) and (c) show the hexagonal crystal and the rod crystal dried in air after
treated with CCl⁠4 and toluene for (a) as-grown crystals, respectively. Note that the crystals
shown in the figure are obtained from different original crystals.

dried in air. The route (I) corresponds to the stabilization of the
as-grown crystal from as-grown sample with the growth solution, which
is unstable in air, to the hexagonal one, which is stable in air, due to the
addition of CCl⁠4. The routes (II) and (III) correspond to the morpholog-
ical transformations from the as-grown and hexagonal ones to the rod
sample due to the addition of a little toluene, respectively. Thus, the
morphology can be controlled by these treatments with solvents such
as toluene and CCl⁠4. It is expected that the change in the morphology
can be related to so-called solvent-mediated phase transformation as has
been reported for various crystals so far [25].

Similar change in the morphology has been observed for well-known
methanofullerene crystals [26]. The transformation is occurred by ther-
mal annealing around 160 °C. Therefore, it is considered that the trans-
formation mechanism induced by the heat-treatment is different from
that associated with two kind of solvents such as toluene and CCl⁠4 at
lower temperature of 23 °C in this study.

To clarify the mechanism of the transformation in this study, the
hexagonal and rod crystals before and after the transformation were ex-
amined by FT-IR, TG, XRD, TEM, and X-ray topography. First, to exam-
ine the solvation in the crystal, FT-IR and TG are measured.

3.2. Composition analysis

Fig. 3 shows FT-IR spectra of the hexagonal crystals and the rod
crystals before and after the transformation, respectively, taken at 23 °C
in air. They were measured with ATR prism which is made of ZnSe.
For references, FT-IR spectra of toluene, CCl⁠4 and C⁠60 powder are also
included in Fig. 3. For the hexagonal crystals before the transforma-
tion, clear peaks are observed at around 759, 782, 1181, 1428cm⁠−1.
Comparing with those of CCl⁠4 and C⁠60 powder, the peaks at around
1181, 1428cm⁠−1 are assigned to those of C⁠60. The other peaks at around
759, 782cm⁠−1 are associated with those of CCl⁠4. This means that the
hexagonal crystals are solvated crystals consisting of C⁠60 and CCl⁠4 as
expected. On the other hand, in the rod crystals, some new peaks at
around at 700 and 725cm⁠−1 are observed in addition to those ob-
served for the hexagonal crystals. Comparing with the spectrum of
toluene, these new peaks can be assigned to those of toluene. This
means that the rod crystals are also solvated crystals composing of C⁠60,

Fig. 3. FT-IR spectra of (a) rod crystals, (b) hexagonal crystals, (c) toluene, (d) CCl⁠4 and
(e) C⁠60 powder.

toluene and CCl⁠4. Thus the hexagonal crystals before the transformation
contain only CCl⁠4 as solvent, whereas the rod crystals after the transfor-
mation contains not only CCl⁠4 but also toluene. From these results, it is
suggested that the incorporation of toluene into the crystal gives rise to
the morphological transformation.

Fig. 4 shows TG curves of the hexagonal and rod crystals. The mea-
surements were performed at a heating rate of 10 °C/min under a N⁠2 gas
flow (200mL/min). For the hexagonal crystals, the weight loss of about
29.0% is observed between 97 and 133 °C as seen in Fig. 4. According
to the FT-IR analysis as mentioned above, the hexagonal crystals con-
tain only CCl⁠4 as solvent. Therefore, the weight loss is due to desorption
of CCl⁠4. From the analysis of the weight loss with molecular weights of
720.66 and 153.82 for C⁠60 and CCl⁠4, respectively, the composition for-
mula is obtained to be C⁠60 ∙ 2CCl⁠4 with 1:2 composition.

On the other hand, in the rod crystals, the weight loss of about
10.8% is observed between 120 and 188 °C which are a little higher
than those in the hexagonal ones as mentioned above. According to the
FT-IR analysis as mentioned above, the rod crystals contain not only
CCl⁠4 but also toluene. It is therefore considered that the weight loss is
ascribed to desorption of two kind of solvents such as CCl⁠4 and toluene,
although it is difficult to evaluate the composition ratio of the solvents

Fig. 4. TG curves of rod crystals and hexagonal crystals.
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from the TG curve. It is known that the boiling point of toluene is 111 °C
which is higher than 77 °C of CCl⁠4. Thus, the high temperature for the
weight loss in the rod crystals can be mainly due to the high boiling
point of toluene. Moreover, it should be noted that the weight loss of
10.8% in the rod crystals is much smaller than 29.0% in the hexagonal
crystal. This means that the solvent content in the rod crystals is small
compared with that in the hexagonal crystals. Thus it is suggested that
desorption of CCl⁠4 in the crystal occurs with the incorporation of toluene
during the transformation.

In the case of C⁠60 ∙ CCl⁠4 complex with smaller 1:1 composition, it is
expected that the weight loss is reduced to 17.6%. However, the value
is still larger than 10.8% observed in the rod crystals in Fig. 4. In the
case of C⁠60 ∙ toluene complex in which CCl⁠4 in C⁠60 ∙CCl⁠4 as mentioned
above is replaced by toluene with smaller molecular weight of 92.14, it
is anticipated that the weight loss is further reduced to 11.3%. The value
is in good agreement with that observed in the rod crystals. Actually,
the rod crystals include not only toluene but also CCl⁠4 according to the
FT-IR analysis. Thus, in the rod crystals, it is predicted that the compo-
sition ratio of toluene to C⁠60 is further less than 1.0. From such analysis,
a composition ratio of C⁠60:CCl⁠4:toluene with 1:0.2:0.6 is suggested as a
compound corresponding to the weight loss of 10.8% observed in the
rod crystals in Fig. 4.

3.3. Crystal structure and orientations

Fig. 5 shows XRD patterns of the hexagonal and rod crystals before
and after the morphological transformation, respectively. The XRD pat-
tern of rod crystals is quite different from that of hexagonal crystals.
This implies that the crystal structure in the rod crystals is different from
that in the hexagonal crystals. Thus the morphological transformation is
associated with the change in the crystal structure.

The XRD pattern of the hexagonal crystals is assigned to a hexago-
nal structure with lattice constants of a=10.165 Å and c=10.810 Å.
These crystal parameters are in good agreement with those of CCl⁠4-sol-
vated C⁠60 crystals reported previously [6,23]. This is consistent with
the fact that the as-grown hexagonal crystals contain only CCl⁠4 as sol-
vent. On the other hand, the XRD pattern of the rod crystals is an-
alyzed, and assigned to a monoclinic structure with lattice constants
of a=17.630 Å, b=10.181 Å, c=10.946 Å and β=116.40°. These
crystal parameters are slightly different from those of toluene-solvated
C⁠60 crystals reported previously [27], although both crystals exhibit a
monoclinic structure. The discrepancy in the crystal parameters can be

Fig. 5. XRD patterns of rod crystals and hexagonal crystals.

attributed to the fact that the rod crystals contains not only toluene but
also CCl⁠4 as solvents. This also suggests that our rod crystals exhibit a
specific solvated structure in which the toluene in the toluene-solvated
C⁠60 crystals reported previously [27] might be partially replaced with
CCl⁠4.

To clarify the relative orientations of the crystals, TEM images and
its selected area electron diffraction (SAED) patterns are observed for
the hexagonal crystals and the monoclinic rod crystals before and after
the transformation. Fig. 6(a) shows TEM image of the hexagonal crys-
tal before the transformation. The corresponding SAED pattern from the
area surrounded with a red squire in Fig. 6(a) is shown in the inset. The
SAED pattern exhibits clear isolated spots corresponding to a single crys-
tal with hexagonal symmetry. All spots in the SAED pattern are indexed
according to the hexagonal structure. This is consistent with the hexag-
onal structure by XRD analysis as mentioned above.

On the other hand, TEM image and SAED pattern of the rod crys-
tals after the transformation are shown in Fig. 6(b). The TEM exhibits
a part of the hexagonal aggregation consisting of the rod crystals. Fig.
6(c) shows TEM image and SAED pattern of one rod crystal which is
selected from the rod crystals in red square in Fig. 6(b). The SAED pat-
tern from the red circle in the rod crystal is shown in the inset of Fig.
6(c). The SAED pattern exhibits clear isolated spots corresponding to a
single crystal, which can be assigned to a monoclinic structure. The an-
gle between (200) and (001) is 116°, which is in good agreement with
that by XRD analysis as mentioned above. In addition, other SAED pat-
terns from different directions are observed (Fig. S2). The d-spacing of
7.8 Å, 8.7 Å and 5.1 Å corresponding to main spots are (200), (110)
and (020), which are also in good agreement with those by XRD analy-
sis as mentioned above. Comparing with the SAED pattern with that of
the hexagonal crystal in Fig. 6(a), it is found that the a-c plane ((010)
basal plane) in one rod crystal with the monoclinic structure is associ-
ated with a-b plane ((0001) basal plane) of the hexagonal crystal.

Moreover, the SAED pattern from the area including three kinds of
the rod crystals with different orientations as mentioned above exhibits
unique complex pattern as seen in Fig. 6(b). The pattern shows the su-
perposition of three identical subpatterns corresponding to the mono-
clinic structure as shown in Fig. 6(c). The lattices of the three subpat-
terns are also drawn with different colors on the extended SAED pattern
in Fig. 6(d). It is obvious that the lattices are completely coincident with
diffraction spots. The three diffraction subpatterns form a relative angle
of 60° to each other. This geometrical relationship among three direc-
tions is the same with that among the rod crystals after the transforma-
tion as mentioned above.

From the analysis of SAED pattern as mentioned above, the relative
orientations between the lattices of the hexagonal crystal and the mon-
oclinic rod crystal before and after the transformation can be drawn as
shown in Fig. 7. The directions of [100] in the rod crystals are arranged
to be parallel to one of three identical directions of in the
hexagonal crystal. It should be noted that the periodicity of [100] di-
rection in the monoclinic rod crystal after the transformation is in good
agreement with that of in the as-grown hexagonal crystal. It
is considered that this agreement in the periodicity is the reason why
the hexagonal crystals have passed down their hexagonal symmetry to
the orientation of the rod crystals during the transformation. The out-
line of the aggregation of the rod crystals also exhibits the hexagonal
shape of the original crystal.

To evaluate the crystal perfection of the rod crystal after the trans-
formation, X-ray topography by using synchrotron radiation at KEK-PF
was applied for the aggregation of the rod crystals with well-defined
hexagonal outline (Fig. S3(a)). The hexagonal outline of the aggrega-
tion of the rod crystals is clearly observed in the X-ray topography
(Fig. S3(b)), although it is difficult to resolve individual rod crystals
due to the resolution limit. The clear image of the hexagonal outline
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Fig. 6. TEM images and SAED patterns of (a) hexagonal crystal and (b) monoclinic rod crystals with three different orientations. (c) shows TEM image and SAED pattern from one mono-
clinic rod crystal in (b). (d) shows an extended figure of the SAED in (b) on which three identical lattices corresponding to (c) are drawn with a relative angle of 60° to each other.

Fig. 7. Schematic representation of the relative orientations between the lattices of the
hexagonal crystals and monoclinic rod crystals before and after the transformation.

means that the rod crystals oriented to three directions as mentioned
above are uniformly distributed over the original crystal, and have high
crystallinity even after the transformation.

Finally, we suggest phase transformation mechanism as shown in
Fig. 8. The as-grown crystal is covered with the mother liquid which
contain CCl⁠4 and toluene solution as soon as they are picked up from

the growth bottle. First, the CCl⁠4 in the mother liquid is evaporated
faster than toluene in open air, since the boiling point of 77 °C for CCl⁠4
is lower than 111 °C of toluene. Then, the toluene becomes dominant in
the mother liquid. As a result, the as-grown hexagonal C⁠60 crystal is par-
tially dissolved in the toluene as the mother liquid, since the solubility
of C⁠60 in the toluene is 2.9mg/mL [28] which is much high compared
with 0.32mg/mL in CCl⁠4 [29]. After that, the C⁠60-dissolved toluene so-
lution gets saturated by the evaporation of toluene with air-drying. Con-
sequently a lot of fine rod crystals are re-precipitated from the C⁠60-su-
persaturated toluene solution. In these processes, a part of CCl⁠4 in the
crystals is desorbed with the incorporation of toluene. As a result, the
rod crystals solvated with CCl⁠4 and toluene molecules are formed.

As mentioned above, the directions in the monoclinic rod
crystals are arranged to be parallel to one of three identical directions
of in the original hexagonal crystal. The re-precipitation with
such arrangement is attributed to the good agreement of the periodic-
ity of the [100] direction in the monoclinic rod crystals with that of
the directions in the as-grown hexagonal crystals. Thus, the
hexagonal symmetry of the original crystals is passed down to the ori-
entation of the rod crystals through the transformation.

Most recently, similar transformation has been reported for hexago-
nal crystals obtained from the solution of C⁠60 in CCl⁠4 and m-xylene mix-
ture [30]. The transformation mechanism should be similar to that in
this work, although the good solvent (m-xylene) used and the crystal
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Fig. 8. Schematic representation of the morphological transformation.

structure (hexagonal close-packed structure) in the rod crystals are dif-
ferent from those in this work. Our results demonstrate that such sol-
vent-mediated phase transformation is more useful for the control of
more complicated crystal morphology.

4. Conclusion

We have shown the growth of unique CCl⁠4-solvated C⁠60 crystals with
hexagonal shape by the LLIP method using CCl⁠4 and toluene as poor
and good solvents, respectively. It was found that the morphology of
the hexagonal crystals with the growth liquid are drastically changed
with air-drying. A lot of fine rod crystals appear over the original crys-
tals with air-drying, whereas the hexagonal outline of the original crys-
tals is kept even after the transformation. The hexagonal symmetry of
the original crystals is passed down to the orientation of the rod crystals
through the transformation. Such unique morphology after the transfor-
mation is attributed to the good agreement in the periodicity in a crys-
tallographic direction for solvated crystals before and after the transfor-
mation. Moreover, it was shown that the dissolution of the original crys-
tals by toluene and then re-precipitation of the rod crystals occur in the
transformation process. Such solvent-mediated phase transformation is
useful for the growth of novel nano/microcrystals.
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