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ABSTRACT: We found [60]fullerene (Cgp) to be soluble in polar solvents such as acetonitrile and acetone in
the presence of syndiotactic poly(methyl methacrylate) (st-PMMA). The solubility of Cg, in acetonitrile
drastically increased from 0.00 to 0.27 mg/mL upon the addition of st-PMMA at the polymer concentration
of 4 mg/mL. Furthermore, the solubility increased with the concentration of st-PMMA. Transparent
st-PMMA films containing Cg were prepared by casting an acetonitrile solution of Cgy with st-PMMA.
X-ray diffraction analysis of the films revealed the formation of st-PMMA /Cg, inclusion complex in which
the Cg9 molecules were encapsulated within a helical st-PMMA cavity. The st-PMMA films containing Cgg
showed high heat resistance, which resulted from the crystalline structure of the inclusion complex, and
absorbed light in the UV —vis region because of the presence of chromophoric Cgg molecules.

Introduction

[60]Fullerene (Cgp) has attracted considerable interest in the
fields of electrooptic and biological sciences because of its unique
optical, electrical, magnetic, and biochemical properties. How-
ever, the use of Cgq is limited because it is insoluble in polar
organic solvents, such as acetonitrile (CH3;CN) and acetone, as
well as in water. One of the methods to improve the solubility
of Cgq is chemical modification of Cgp.'** The solubility of Cgq
in polar solvents can be drastically increased by grafting the
Cgo molecules with functional groups® and polymer chains.
Another method is to use solubilizing agents.>”’ For exam-
ple, poly(vinylpyrrolidone)® and poly(phenylquinoline)-block-
polystyrene’ are known to effectively solubilize Cgy molecules
in water and in a trifluoroacetic acid/dichloromethane mixture,
respectively.

It is known that syndiotactic poly(methyl methacrylate)
(st-PMMA), which is a stereoregular commodity polymer, forms
a thermoreversible physical gel in aromatic solvents such as
toluene in which the st-PMMA chains assume the shape of a
74 unit per 4 turn helix with a large cavity of diameter ~1 nm;
hence, the solvent molecules are encapsulated in the cavity of the
inner helix.® Recently, we found that in aromatic solvents such as
toluene st-PMMA encapsulates Cgq molecules in its helical cavity
to form a supramolecular inclusion complex (st-PMMA/Cg,
inclusion complex); this complex formation is accompanied by
gelation (Figure 1).'° On the other hand, st-PMMA easily
dissolves in polar solvents such as CH;CN and does not form
a gel in CH;CN. Nevertheless, it has been reported that the
st-PMMA chains tend to take helical conformation even in
CH;CN, and the helical conformation amount of st-PMMA
chains is larger than that of isotactic (it-) PMMA chains in
CH,CN."

In this study, we attempted to solubilize Cg in polar solvents
by using st-PMMA as the solubilizing agent; we expect Cgq to be
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encapsulated within the partial helical structure of st-PMMA
formed in CH3CN (Figure 1). We found that the st-PMMA/Cg,
inclusion complex formation occurred even in CH3CN, thereby
causing solubilization of Cgp. We also report preparation of
transparent st-PMMA films containing Cg, by casting the
CH;CN solution and some optical and thermal properties of
the films.

Experimental Section

Materials. The st-PMMA was synthesized by the syndiotac-
tic-specific polymerization of MMA in toluene at —95 °C using a
typical Ziegler-type catalyst derived from Al(C,Hs); and
TiCly."? The atactic (at-) PMMA was purchased from Aldrich.
The it-PMMA was prepared by the isotactic-specific anionic
polymerization of tert-butyl methacrylate in toluene at —78 °C
with (1,1-diphenyl-3-methylpentyl)lithium,'*'* followed by hy-
drolysis of the pendant esters'*!> and methylation with diazo-
methane.'>'® The number-average molecular weights (M),
molecular weight distributions (M,/M,,), and tacticities (mm:
mr:rr) were as follows: st-PMMA: M, =322 000, M,/M,=1.29,
and mmemrirr = 0:6:94; at-PMMA: M, =97 500, M,/M,=2.61,
and mm:mrirr = 3:37:60; it-PMMA: M, = 489000, M /M, =
1.12, and mm:mrirr = 98:2:0. The M, and M,/M, values
were measured by size exclusion chromatography in tetra-
hydrofurn (THF) using PMMA standards (Shodex, Tokyo,
Japan) for the calibration. The tacticities were determined from
the "H NMR signals of the a-methyl protons. Extra-pure grade
CH;CN, acetone, THF, chloroform (CHCIs), and toluene were
purchased from Wako Chemicals (Osaka, Japan). Cgg (99.5%)
was obtained from Tokyo Kasei (Tokyo, Japan) and used
without further purification.

Measurements. Absorption spectra were measured ina 0.1 or
0.2 mm thick quartz cell on a JASCO V-500 spectrophotometer
(JASCO, Tokyo, Japan). X-ray measurements were performed
with a Rigaku R-AXIS VII system (Rigaku, Tokyo, Japan)
equipped with a Rigaku FR-E rotating-anode generator with
confocal mirror monochromated Cu Ka radiation (0.154 18
nm) focused through a 0.5 mm pinhole collimator, which was
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Figure 1. Schematic illustration of the st-PMMA/Cg, inclusion complex in toluene (top) and solubilization of Cgo in CH3;CN in the presence of

st-PMMA through the partial formation of the inclusion complex (bottom).

supplied at 45 kV and 45 mA current, equipped with a flat
imaging plate having a specimen-to-plate distance of 300 mm.
Optical microscopic observations were carried out with a Nikon
(Nikon, Tokyo, Japan) ECLIPSE-LV100POL optical micro-
scope equipped with a DS-Fil CCD camera (Nikon) connected
with a DS-L2 control unit (Nikon).

Solubilization of Cgy in Polar Solvents with st-PMMA and
Preparation of st-PMMA /Cg Film from the Solution. A typical
experimental procedure is described below. 2 mg of st-PMMA
was dissolved in CH3CN (1 mL) at room temperature (ca.
25 °C). To the solution was added 10 mg of Cg. The mixture
was then vigorously stirred by a magnetic stirrer at room tempe-
rature. After 24 h, the mixture was centrifuged at 1700g for 10
min to separate the undissolved Cg in the form of precipitates.
The CH;CN solution of Cg in the presence of st-PMMA was
obtained by filtration of the supernatant using a membrane filter
(pore size 0.2 um). The st-PMMA film containing Cqy was
prepared by gradual solvent evaporation of the CH;CN solu-
tion in a CH3CN vapor atmosphere at room temperature.

Results and Discussion

Solubilization of Cg in Polar Solvents by Using st-PMMA
as the Solubilizing Agent. Cg is essentially insoluble in polar
solvents such as CH;CN and acetone.'* Ruoff et al. reported
the solubility of Cg in CH3CN to be 0.000 mg/mL at 25 °C.?
It was observed that C4o molecules (10 mg) did not dissolve in
CH;CN (1 mL) even upon stirring at room temperature (ca.
25 °C) for 24 h, as shown in Figure 2A(a). However, a
suspension was obtained when 2 mg of st-PMMA (M, =
322000, rr=94%) was added to the mixture and stirred at
room temperature for 24 h by using a magnetic stirrer; this
suspension was centrifuged in order to separate the undis-
solved Cgy molecules in the form of precipitates. After
filtrating the supernatant over a membrane filter (pore size:
0.2 um), a yellow filtrate was obtained (Figure 2A(b)). The
UV-—vis spectrum of the filtrate showed a characteristic
absorption band at 333 nm corresponding to the chromo-
phoric Cgo molecules (Figure 2B(c)), thereby indicating that
the Cgo molecules were dissolved in CH3CN and that
st-PMMA served as the solubilizing agent. The solubility
of C4o in CH3CN in the presence of st-PMMA (2 mg/mL)
was calculated to be 0.114 mg/mL from the absorption
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Figure 2. (A) Photographs of (a) a mixture of CH3;CN and Cg and (b)
CH;CN solution of Cgg after the addition of st PMMA, stirring at room
temperature for 24 h, centrifugation, and subsequent filtration over a
membrane filter (pore size: 0.2 um) for removal of undissolved Cgy. (B)
UV—vis spectra of CH3CN solutions of Cgo with (c) st-, (d) it-, and (e)
at-PMMAs prepared by stirring the mixtures at room temperature for
24 h and subsequent centrifugation and filtration. UV—vis spectrum of
a toluene solution of Cg is also shown (f).

spectrum using the molar absorptivity measured in toluene
(Figure 2B(f) and Table 1). This significant improvement in
the solubility of Cgg in the presence of st-PMMA may be
attributed to the formation of the st-PMMA/Cyg inclusion
complex (Figure 1). The solubility of Cgq increased with the
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Table 1. Solubility of Cg in Polar Solvents in the Presence of PMMA

polymer in solubility of
feed (mg) Ceo” (mg/mL)

CH;CN 0.000¢
st-PMMA 0.114
0.267
0.291
0.288
0.353
at-PMMA 0.004
it-PMMA 0.002
acetone 0.001°¢
10 st-PMMA 2 0.218
11 10 0.264
12 THF 0.000¢
13 st-PMMA 2 0.001
14 CHCly 0.16°
15 st-PMMA 2 0.165

“st-PMMA: M, = 322000, M/M, = 1.29, and mnu:mr:rr = 0:6:94;
at-PMMA: M, = 97500, My /M, = 2.61, and mm:mrirr = 3:37:60;
it-PMMA: M, = 489000, M /M, = 1.12, and mm:mrirr = 98:2:0.
b Determined by UV—vis measurements on the basis of the molar
absorptivity measured in toluene. “ Reference 2.

run solvent polymer*

O 0N AW —
[N SRl N U RN N O]

concentration of st-PMMA (runs 2—6 in Table 1). In addi-
tion, the solutions remained stable for more than a year at
room temperature.

Furthermore, in Figure 2B(c), we detected an absorption
band at around 440 nm (indicated by the arrow), which was
not detected in the spectrum of the toluene solution of Cg (f).
The broad absorption band was indicative of stacking inter-
actions between neighboring Cgo molecules;™!” these inter-
actions were possibly responsible for the yellow color of the
CH;CN solution of Cgg and suggested the formation of the
st-PMMA /Cg, inclusion complex.

Influence of molecular weight of st-PMMA on the solu-
bility was examined using a low-molecular-weight st-PMMA
(M, = 33000, rr = 97%)."® The solubility of Cg, decreased
to 0.052 mg/mL by using the sttPMMA at the polymer
concentration of 2 mg/mL. This result indicates that the
solubilization of Cgy in CH3CN requires a relatively long
st-PMMA chain.

Next, we investigated the effect of the stereoregularity of
PMMA on the solubility of Cgqin CH3;CN. When it-PMMA
(M, = 489000, mm =98%) was used, the Cgo molecules did
not dissolve in CH;CN (d in Figure 2B, and Table 1) because
of the inability of the isotactic sequence in the it-PMMA
chain to form a large helical cavity similar to that formed
when using st-PMMA. The at-PMMA, which has low con-
tent of syndiotactic sequence in the chain (M, =97 500, rr =
60%), was not an effective solubilizing agent for Cg (e in
Figure 2B, Table 1). These results clearly show that the
stereoregularity of the polymer chain strongly affects the
solubilization of Cgy in CH3CN and that the syndiotactic
sequence in the polymer chain plays a crucial role in the
solubilization via the formation of a helical cavity.

We further examined the solubilization of Cg in various
polar solvents in the presence of st-PMMA (runs 8—13 in
Table 1). In acetone, solubilization of Cg in the presence of
st-PMMA was observed similarly as in CH3;CN. The solu-
bility of Cgq in acetone increased from 0.001 mg/mL (in the
absence of st-PMMA)? to 0.218 m%/mL (in the presence of
2 mg/mL st-PMMA; runs 8 and 9)."” However, the solubility
of Cgq did not increase in THF and CHCl; (runs 10—13).

It is known that in certain solvents st- and it-PMMA
chains assemble to form a crystalline complex known as a
“stereocomplex” with an apparent melting point.>°">?
CH;CN and acetone are classified as “strong stereocomplex-
ing solvents,” which implies that st- and it-PMMA undergo
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Figure 3. Photographs of a CH3CN solution of Cgo with st-PMMA (st-
PMMA: 10 mg/mL) before (a) and after heating at 80 °C for 10 min (b)
and then storing the sample at room temperature for 24 h (c).

efficient stereocomplex formation in these solvents?®-*? and

that this stereocomplex formation is weaker in THF than in
CH;CN,* and the stereocomplex formation in CHCl; hardly
occurs.’®* In this study, we found that solvents that are
effective in solubilizing Cgy are “strong stereocomplexing sol-
vents”; this suggested that the st-PMMA chains adopt a helical
conformation readily in strong stereocomplexing solvents in
the presence of guest molecules such as Cg and it-PMMA.

Thermoresponsive Phase Transition of the CH3;CN Solution
of Cgo with st-PMMA. Thermal behavior of the CH;CN
solution of Cgy with st-PMMA (st-PMMA: 10 mg/mL) was
investigated. By heating at 80 °C for 10 min, the solution
became opaque due to the Cqy molecules separated out as
shown in Figure 3b. Interestingly, the C4o molecules redis-
solved after the sample had been allowed to stand at room
temperature for 24 h (Figure 3c), probably because of the
solubilization through the formation of the st-PMMA/Cgo
inclusion complex. These changes are completely reversible.

Release of Cg from the st-PMMA /Cg Inclusion Complex
through Sterecomplex Formation. Stereocomplex formation
of st- and it-PMMAs efficiently occurs in CH3CN and in
acetone.”’ When CH5CN solutions of st- and it-PMMA are
mixed, a precipitate immediately forms due to the stereo-
complex formation.?® Recently, by using atomic force micro-
scopy (AFM), Kumaki et al. studied the stereocomplex
between st- and it-PMMAs that were prepared by the
Langmuir—Blodgett (LB) technique and proposed a triple-
stranded helical model for the stereocomplex in which a
double-stranded helix of it-PMMA was included in a single
helix of st-PMMA. This stereocomplex could be considered
as an inclusion complex in which st-PMMA is the host and
it-PMMA is the guest.?! Previously, we had reported that the
Cgo molecules encapsulated in an st-PMMA/Cyy complex
gel prepared in toluene were released by the addition of
it-PMMA; this was because of the formation of a stereocom-
plex.'® Thus, if the Cgo molecules solubilized in CH;CN are
encapsulated in the st-PMMA helix, they may be released by
stereocomplex formation even in the solution (Figure 4A). In
order to confirm this probability, it-PMMA was added to the
CH;CN solution of Cg in the presence of st-PMMA at room
temperature (a in Figure 4B). Immediately after the addition
of it-PMMA, a precipitate was formed (b in Figure 4B) which
was confirmed by X-ray diffraction analysis to be a stereo-
complex between st- and it-PMMAs (see Figure S1 in Support-
ing Information). The UV—vis spectrum of the CH3CN sol-
ution of Cgp and st-PMMA shows the characteristic absorption
band corresponding to Cg (c in Figure 4C). This absorption
band disappeared upon the addition of it-PMMA to the
aforementioned solution (d in Figure 4C); this indicated that
the Cqy molecules precipitated from the CH3CN solution.
From the above results, it was verified that the Cgy molecules
are solubilized in CH;CN owing to the partial formation of the
st-PMMA /Cg inclusion complex and are released by sterco-
complex formation between st and it-PMMAs.
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Figure 4. (A) Schematic illustration of the release of solubilized Ce
molecules via the stereocomplex formation between st- and it-PMMAs.
(B) Photographs of (a) a CH3CN solution of Cgy and st-PMMA and
(b) the mixture after the addition of ittPMMA (stPMMA: 2 mg/mL;
it-PMMA: 1 mg/mL). (C) UV—vis spectra of (c) the CH;CN solution of
Cgo and st-PMMA and (d) the supernatant after the addition of it-PMMA.
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Figure 5. (A) Photographs of st-PMMA films containing Cg, at (a)
0.58 wt % and (b) 5.8 wt %. Size: ca. 1 x 1 cm. (B) UV—vis spectra of (c)
pristine st-PMMA film and st-PMMA films containing (d) 0.058, (e)
0.58, and (f) 5.8 wt % Cgo prepared by casting the CH;CN solutions on a
glass substrate. The film thickness is ca. 30 um.

Preparation and Properties of st-PMMA/Cg Inclusion
Complex Films. We reported the efficient formatlon of st-
PMMA /Cq inclusion complex in toluene.” However, this
inclusion complex formed a gel and was therefore difficult
to process. In contrast, Cgy dissolved in CH3CN in the
presence of st-PMMA, yielding a yellow solution that could
be easily processed into films. St-PMMA films containing Cgq
could be easily prepared by casting the CH3;CN solutions on
glass plates and then by evaporating the solvent at room
temperature (ca. 25 °C) (Figure 5). A red-brown transparent
st-PMMA film containing Cgy was obtained without macro-
scopic phase separation even at a high Cg, content (5.8 wt %)
(bin Figure 5A). The obtained film absorbed light in the UV—
vis region because of the presence of chromophoric Cgq
molecules, and the intensity of absorption could be controlled
by controlling the Cgo content (Figure 5B). The pristine
st-PMMA film with a thickness of ca. 30 um absorbed
10.8% of 400 nm light (c), while the st-PMMA film containing
5.8 wt % Cgp absorbed 95.8% of 400 nm light (f).

X-ray measurements were then performed on the pristine
st-PMMA film and the st-PMMA film containing 5.8 wt %
Ceo prepared by casting the CH;CN solutions (Figure 6).
The broad diffractogram patterns observed in the pristine
st-PMMA film indicated that the film had an amorphous
structure. In contrast, the X-ray diffractogram of the
st-PMMA film containing Cgo showed very weak but appar-
ent reflection peaks, as indicated by the arrows in Figure 6b.
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Figure 6. X-ray diffractograms of (a) pristine st-PMMA film and (b)
the st-PMMA film containing 5.8 wt % Cg prepared by casting the

CH;CN solutions and (c) the differential diffractogram obtained by
subtracting (a) from (b).
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Figure 7. Optical micrographs of a st-PMMA film containing 5.8 wt %
Cgo after thermal treatment at various temperatures. The film was
prepared by casting a CH;CN solution of Cgo with st-PMMA on a glass
substrate and subsequent evaporation of the solvent. The observation
was carried out at 30 °C (a) followed by heating to 250 °C (b—e) and
then cooling to 30 °C (f) at the heating and cooling rates of 10 °C/min.
The film thickness is ca. 30 um.

Interestingly, the pattern of the differential diffractogram (c),
which was obtained by subtracting (a) from (b), was similar
to the previously reported X-ray d1ffractogram pattern of the
st-PMMA /Cg inclusion complex prepared in toluene;” this
confirmed the formation of the st-PMMA/Cgy inclusion
complex in the film. This confirmed our hypothesis that
the st-PMMA /Cgq inclusion complex is also formed in the
CH;CN solution.

We examined the heat resistance of the st-PMMA film
containing Cg. Figure 7 displays the optical micrographs of
the st-PMMA film containing 5.8 wt % Cgo prepared by
casting the CH3CN solution after thermal treatment at diff-
erent temperatures. The as-prepared film was red-brown in
colorat 30 °C (a). The color did not change even after heating
the film to 200 °C on a slide glass at a rate of 10 °C/min (b);
however, the color began to change at around 210 °C (¢), and
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the film turned dark-brown at 230 °C (d). It was reported
that the st-PMMA /Cg inclusion complex prepared by eva-
porating the solvent from the gel in toluene had a melting
point of ca. 210 °C, as observed by using a differential
scanning calorimeter.” Hence, the change in the film color
upon heating corresponds to the melting of the st-PMMA/
Cgo inclusion complex. After the melting of the inclusion
complex, the original color of the film was not restored upon
cooling, indicating the irreversible release of the encapsu-
lated C¢o molecules in the film without solvent.’

Toluene is known to be a good solvent for Cg.> The
it-PMMA (rr = 0%) and at-PMMA (rr = 60%) also dis-
solve easily in toluene. We attempted to prepare it- and
at-PMM A films containing Cg from their toluene solutions
and compared the thermal property of the films with that of
the st-PMMA /Cgy film.

A homogeneous it-PMMA film containing Cgo was not
obtained upon evaporating the solvent because of the occur-
rence of macroscopic phase separation between Cgy and it-
PMMA.’ In the case of at-PMMA, a transparent film
containing 5.0 wt % Cgo was obtained by casting the toluene
solution. However, the heat resistance of the film was
relatively low. The film color changed from red to black
upon heating to 180 °C (Figure S2 in Supporting In-
formation), indicating that the Cgy, molecules in the film
precipitated at this temperature. In contrast, the st-PMMA
(rr = 94%) film containing 5.8 wt % Cgo maintained the
structure even at 200 °C (Figure 7), which was considerably
higher than the glass transition temperature of st-PMMA
(T, ~ 120 °C). The enhanced thermal stability of the film was
considered to be due to the crystalline structure of the
st-PMMA /Cg inclusion complex, whose melting point was
210 °C. The results clearly demonstrate the advantage of
using st-PMMA in the formation of Cgy composite films that
have a high thermal stability.

In summary, we found Cgy molecules to be solubilized in
polar solvents such as CH3CN and acetone at room tem-
perature in the presence of st-PMMA (solubilizing agent);
this was due to the encapsulation of Cgy in the helical
st-PMMA cavity. The formation of the st-PMMA/Cg in-
clusion complex in CH3;CN was confirmed by X-ray diffrac-
tion analysis of the film prepared by casting the CH;CN
solution. The Cg, molecules solubilized in CH;CN in the
presence of st-PMMA were released upon the addition of
it-PMMA; this occurred because of stereocomplex forma-
tion between st- and it-PMMAs. Furthermore, the transpa-
rent st-PMMA films containing Cg, absorbed light in the
UV —vis region owing to the presence of chromophoric Cgq
molecules and high heat resistance owing to the crystalline
nature of the inclusion complex. The proposed solubilization
method, which involves the use of st-PMMA, is expected
to be a novel approach to the design and synthesis of Cgq
nanocomposites for nonlinear optic devices and photo-
voltaic cells.***
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