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The control and fabrication of the molecular ordering of
fullerenes has attracted considerable attention because of
their possible applications in advanced materials such as
electronic and optoelectronic materials.[1] The supramolecular
approach based on the self-assembly of functionalized
fullerenes[2] or trapping of fullerenes by host molecules
through inclusion[3] has been widely applied to make low-
dimensional nanostructures of fullerenes with a rather high
polydispersity. The uniform 1D alignment of fullerenes can be
attained within carbon nanotubes (CNTs), which encapsulate
fullerenes to form so-called fullerene “nanopeapods”.[4,5] The
unique structural characteristics of fullerene nanopeapods
provide intriguing chemical and physical properties,[5] but also
make them difficult to synthesize and process. Fullerene-
containing polymers may have a great potential for practical
purposes owing to their easy processability, high mechanical
strength, and availability of the polymers,[6] but there is no
clear-cut strategy for controlling the distinct arrays of the

fullerenes in such systems. Herein, we report that syndiotactic
poly(methyl methacrylate) (st-PMMA), a commodity plastic,
encapsulates fullerenes such as C60, C70, and C84 within its
helical cavity to form a peapod-like crystalline complex that
can be readily transformed into a homogeneous film. We also
found that an optically active alcohol induces a preferred-
handed helicity in the st-PMMA, whose helical conformation
is “memorized”[7] after complete removal of the chiral alcohol
and enforced by the inclusion of fullerenes in the st-PMMA
helical cavity.
Syndiotactic PMMA has been reported to form a

thermoreversible physical gel in aromatic solvents such as
toluene, in which the st-PMMA chains adopt a helix of 74
units per 4 turns (74/4 helix) with a sufficiently large cavity of
about 1 nm, and hence, solvents are encapsulated in the cavity
of the inner helix.[8] We anticipated that fullerenes of specific
sizes might be encapsulated in the helical cavity of the st-
PMMA helices to form 1D regulated fullerene arrays
(Figure 1a).
To this end, st-PMMA (10 mg)[9] was dissolved in a

toluene solution of C60 (1 mgmL
�1, 1 mL) upon heating at

110 8C. The solution was allowed to cool to room temperature,

Figure 1. a) Schematic illustration of the encapsulation of C60 in the
st-PMMA helical cavity upon gelation. Right- (blue) and left-handed
(green) helical complexes are equally produced. b) Photographs of a
toluene solution of C60 (1 mgmL�1, 1 mL; left), st-PMMA/C60 gel after
the addition of st-PMMA (10 mg) with subsequent heating to 110 8C
and then cooling to room temperature (middle), and st-PMMA/C60

complex gel after centrifugation at 1700 g for 10 min (right).
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and it gelled within a few minutes. After
centrifugation, we obtained a purple-colored
condensed gel, while the supernatant became
pale pink (Figure 1b). The electronic absorp-
tion spectra of the feed C60 solution and the
supernatant indicate that 0.91 mg of C60
(8.3 wt%) was encapsulated in the st-
PMMA cavities. The encapsulated C60 con-
tent increased with increasing feed C60 con-
centration and reached a maximum amount
of 1.3 mg in toluene (Table S1 in the
Supporting Information). When 1,2-dichloro-
benzene (DCB), a better solvent for solubi-
lizing C60, was used as the cosolvent (50 vol%
in toluene), the st-PMMA more efficiently
trapped C60 (23.5 wt%, 3.1 mg per 10 mg of
st-PMMA; Table S1 in the Supporting
Information; for the effect of the DCB
amounts on the encapsulation of C60 in
toluene, see Figure S1 in the Supporting
Information), and the amount of the st-
PMMA helical hollow space that is filled
with C60 molecules is roughly estimated to be
86% based on a possible helical structure of
st-PMMA filled with C60 in a 1D close-
packing manner (see below and Table S1 in
the Supporting Information).
We then investigated the thermal stabil-

ities of the st-PMMA and st-PMMA/C60 gels
by measuring their melting behavior using
1H NMR spectroscopy.[10] A st-PMMA gel
started melting at around 40 8C, while the st-
PMMA/C60 gel maintained its gel structure
over 60 8C resulting from encapsulation of the
C60 molecules within the helical cavity of st-
PMMA, thereby acting to reinforce the st-
PMMA physical gel (Figure S2 and Table S1
in the Supporting Information). Differential scanning calo-
rimetry (DSC) and X-ray diffraction (XRD) profiles of the
st-PMMA/C60 films with different C60 contents (11.7 and
23.5 wt%) revealed a crystalline structure of the st-PMMA/
C60 complex (Figure 2) that is essentially different from that
of the st-PMMA film. The st-PMMA/C60 film containing
23.5 wt% of C60 maintained the crystal structure after
evaporation of the solvents and exhibited a birefringence as
observed by polarizing optical microscopy (Figure 2k),
whereas the st-PMMA film showed no birefringence (Fig-
ure 2 j). We note that isotactic PMMA (it-PMMA) cannot
encapsulate C60 molecules at all, and the C60 precipitated upon
evaporating the solvent from an it-PMMA/C60 mixture in
toluene in spite of the low C60 content (4.8 wt%; Figure S3 in
the Supporting Information). The st-PMMA film showed only
a heat capacity change at the glass-transition temperature
(Tg= 126.7 8C) as observed for typical amorphous st-PMMAs
(Figure 2a), indicating that a helical conformation induced in
the st-PMMA chains in a gel formed in aromatic solvents is
disrupted once the solvents are completely removed by
evaporation, as supported by the broad XRD pattern
(Figure 2e). In sharp contrast, the st-PMMA/C60 film con-

taining 11.7 wt% of C60 revealed an additional endothermic
peak at 224.9 8C corresponding to the melting temperature
(Tm) of the st-PMMA/C60 complex (Figure 2b). Increasing the
C60 content (23.5 wt%) brought about an increase in the
crystallinity, and the melting peak increased, accompanied by
the near disappearance of the Tg peak (Figure 2c). As a
consequence, the st-PMMA helical hollow spaces may be
filled with 23.5 wt% C60 molecules, which agrees approx-
imately with the estimated filling ratio (86%; Table S1 in the
Supporting Information). Further strong evidence for the
crystalline structure of the st-PMMA/C60 complex observed is
its characteristic XRD pattern, which is completely different
from those of the st-PMMA (Figure 2e) and C60 films
(Figure 2 i); the st-PMMA/C60 complex has an apparent
d spacing of 1.67 nm (Figure 2 f and g). Further heating of
the st-PMMA/C60 film (23.5 wt%) at 280 8C, which is higher
than Tm, gave rise to an irreversible release of the encapsu-
lated C60 molecules, resulting in amorphous st-PMMA and C60
aggregates as supported by the DSC and XRD profiles
(Figure 2d and h, respectively).
In the same way, C70 and C84 molecules can be encapsu-

lated in the st-PMMA hollow spaces to form crystalline

Figure 2. DSC thermograms of a) st-PMMA film and b,c) st-PMMA/C60 complex films
containing 11.7 (b) and 23.5 wt% (c) C60. These films were prepared by evaporating the
solvents from the st-PMMA and st-PMMA/C60 complex gels in toluene or a toluene/DCB
mixture (50 vol%), thus producing homogeneous films without any phase separation
even at a high C60 content. The measurements were conducted after cooling the samples
at 0 8C, followed by heating to 280 8C (10 8Cmin�1) under nitrogen. The sample (c) was
then cooled to 0 8C (10 8Cmin�1), and then heated again (d; 10 8Cmin�1). The arrow to the
left of the DSC data indicates the endothermic direction. e–i) XRD profiles of st-PMMA
film (e), st-PMMA/C60 complex film (f; 11.7 wt% C60), st-PMMA/C60 complex film
(23.5 wt% C60) before (g) and after (h) thermal treatment at 280 8C for 3 min, and bulk
C60 (i). j, k) Polarized (right) and nonpolarized (left) optical micrographs of st-PMMA (j)
and st-PMMA/C60 complex (k; 23.5 wt% C60) films. Dimensions of micrographs in (j) and
(k): 1K 1.3 mm2.
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condensed gels and films (Figures S4 and S5, respectively, in
the Supporting Information). Interestingly, the d-spacing
value observed by XRD increased with an increase in the
size of the encapsulated fullerenes, from 1.67 (C60) to 1.92
(C70) and 2.04 nm (C84), indicating that the st-PMMA helical
cavity likely expands upon encapsulation of the larger
fullerenes, and this change may be accompanied by a
change in the helical pitch of the st-PMMA.
Atomic force microscopy (AFM) of a st-PMMA/C60

Langmuir–Blodgett (LB) film deposited on mica afforded
further evidence for the inclusion of C60 in the st-PMMA. The
mixed monolayer of st-PMMA and C60, spread on a water
surface, formed a crystalline rodlike structure with a lamellar
alignment upon compression (Figure 3a) whose surface
pressure–area (p–A) isotherm was different from those of
st-PMMA and C60 alone (Figure S6 in the Supporting
Information). The AFM image revealed helix-bundle struc-

tures, which are further resolved into individual stripe-
patterned chains with a chain–chain lateral spacing of (1.9�
0.1) nm and a helical pitch of 0.9� 0.1 nm. Transmission
electron microscopy (TEM) of the LB film suggests a 1D
alignment of C60 molecules (with an average intermolecular
distance of about 1 nm), which may be encapsulated within
the undetectable st-PMMA helices during irradiation with
120-keV electrons (Figure 3b, and Figure S7 in the
Supporting Information).[11] Figure 3c shows a possible struc-
ture of the st-PMMA/C60 complex calculated on the basis of
the reported helical structure of st-PMMA[8,12] (Figure S8 and
Table S2 in the Supporting Information) in which the C60
molecules are encapsulated to form a regular 1D array with
an intermolecular distance of 1.0 nm. The helical pitch and
lateral spacing of the st-PMMA including the C60 molecules,
estimated by AFM, are in good agreement with those of the
proposed model. Molecular dynamics (MD) simulations
revealed that the included C60 molecules remain within the
helical cavity of the st-PMMA at 400 K for 200 ps, which
supports its thermal stability (see the Supporting
Information).
We also found that a preferred-handed helical st-PMMA

can be formed by an optically active aromatic alcohol,[13] (R)-
or (S)-1-phenylethanol (1), when used as the gelling medium
during the st-PMMA/C60 gel formation (Figure 4a). Surpris-
ingly, the induced form of the helix is retained after the
optically active 1 is completely removed. The optically active
st-PMMA/C60 complex gel was prepared in a similar way in
[D8]toluene with (R)-1 (20 vol%) and subsequent complete
removal of the (R)-1 by repeatedly washing the gel with
[D8]toluene, and then isolated by centrifugation (Table S3 in
the Supporting Information).[14] The gel without any trace
amount of (R)-1 exhibited a vibrational circular dichroism
(VCD) in the PMMA IR regions owing to the helical
structure of the st-PMMA with an excess of one handedness
whose helicity is further “memorized” after removal of the
(R)-1 (Figure 4b). When (S)-1 was used instead, st-PMMA
with the opposite helicity was formed, as evidenced by the
mirror-image VCD. We then calculated the IR and VCD
spectra for the right- and left-handed helical 18/1 st-PMMAs
at the B3LYP/6-31G(d) level (Figure 4c, and Table S4 in the
Supporting Information). The calculated spectra fit well to
the observed spectra, suggesting that the st-PMMA helix
induced by (R)-1 is likely right handed.
Owing to a preferred-handed helical structure of the st-

PMMAnanotube, we also observed an induced electronic CD
(ECD) in the encapsulated C60 chromophore regions,
although C60 itself is achiral (Figure 4d, and Figure S9 in the
Supporting Information).[15,16] A weak but apparent bisignate
ECD band at 656 nm also supports the encapsulation of the
C60 molecules within the tubular cavity of the helical st-
PMMA. The fact that the broad absorption band at around
450 nm only appears in the st-PMMA/C60 complex gel
(Figure S10 in the Supporting Information) supports the
stacking interactions between neighboring C60 molecules,

[15,16]

which may lead to a color change of the complex gel
(Figure 1b). The encapsulation of C60 in the helical st-
PMMA nanotube is essential for the induced ECD since a
solution of st-PMMA and C60 in toluene with 30 vol% (R)-1

Figure 3. a) Left: Tapping-mode AFM phase image of an LB film of the
st-PMMA/C60 complex deposited on mica; scale bar: 10 nm. Right:
Magnified image of the area indicated by the dotted square (top) and
schematic representation of a possible bundle structure of the helical
st-PMMA/C60 complex (bottom). b) High-resolution TEM image of an
LB film of the st-PMMA/C60 complex (top) and 1D alignment of the
C60 molecules (bottom), indicated by the yellow circles (diameter:
1 nm);[11] scale bar: 5 nm. c) Energy-minimized structure of the
st-PMMA/C60 complex: side view (left) and top view (right). A
computational study was performed at the B3LYP/6-31(d) level under
periodic boundary conditions (see the Supporting Information).
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does not turn into a gel and exhibits no ECD at all. The
optically active st-PMMA/C60 complex gel and film are
thermally stable up to their melting temperatures. In the
absence of C60, a similar optically active st-PMMA gel can be
prepared with (R)- or (S)-1 in toluene. The induced st-PMMA
helix also remains after complete removal of the optically
active 1, and this helical st-PMMA can serve as a template for
the further inclusion of C60 molecules, resulting in a st-
PMMA/C60 complex gel, thus showing virtually the same
VCD and ECD spectra as shown in Figure 4 (see Figure S11
in the Supporting Information).
The results reported here show that st-PMMA can

encapsulate fullerenes to mimic to some extent the behavior

of CNTs. Unlike the latter, the fullerene-encapsu-
lated st-PMMA is easy to prepare, inexpensive, and
processable. Moreover, its helical sense can be
controlled to produce an optically active supra-
molecular peapod. These unique supramolecular
helical complexes offer potentially useful chiral
materials as well as optoelectronic materials.
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