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General Introduction 
 

 

Selective and specific encapsulation or wrapping of functional guest molecules, in 

particular, π-conjugated oligomers and polymers, by host molecules through noncovalent 

bonding interaction has been attracting considerable attention because of possible applications 

to create diverse supramolecular organic and organic/inorganic hybrid materials for advanced 

nanotechnology and devices, leading to soluble and processable insulated molecular wires.1 

Helical polymers and oligomers may have potential for versatile hosts when they possess a 

cavity into which a variety of guest molecules could be encapsulated through an induced fit 

mechanism (Figure 1).2  

Polysaccharides are among the most important and abundant natural biopolymers, and 

some of them, such as amylose, curdlan, and schizophyllan, are known to adopt well-defined 

helical conformations. For example, amylose, which is essentially a linear polymer of (1→4) 

linked α-D-glucose units, adopts a left-handed helix with a pitch of 0.8 nm and a diameter of 

1.3 nm involving six glucose residues per turn.2c,3 Amylose and its derivatives can entrap not 

only small guests, such as iodide,2a solvent molecules,4 and organic molecules,5 but also 

polymers6 and carbon nanotube7 into the hydrophobic cavities via an induced fit, leading to 

unique host-guest inclusion complexes (Figure 1). β-1,3-Glucan polysaccharides, such as 

schizophyllan and curdlan, adopt a right-handed triple-stranded helical structure.8,9  Shinkai et 

al. recently found that these triple-stranded helical β-1,3-glucan polysaccharides also act as an 

efficient host for encapsulating or wrapping a variety of guest molecules via an induced-fit 

including small organic molecules,10 metal nanoparticles,11 polymers,6a,6b,12 and carbon 

nanotube.13 The encapsulation or wrapping of guests into hydrophobic cavities is an intriguing 

feature of these biological helical polysaccharides.  

 



General Introduction 

 2 

 

 

In contrast, very few synthetic helical polymers and oligomers encapsulate specific guest 

molecules of complementary size and shape into their helical cavities due to a lack of 

flexibility and adaptability.14 However, syndiotactic poly(methyl methacrylate) (st-PMMA), a 

stereoregular commodity plastic, is known to form inclusion complexes with not only organic 

solvents15 but also isotactic (it)-PMMA.16 The latter affords a multiple-stranded 

complementary supramolecular helical architecture, so-called the stereocomplex, with an it/st 

Figure 1. Schematic illustration of the inclusion complex formation composed of helical 

polymers and guest molecules. The structures of helical polysaccharides and st-PMMA and 

typical guests included in the polysaccharides and st-PMMA are also shown. 
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stoichiometry of 1:2.16,17 X-ray diffraction of well-oriented crystalline st-PMMA samples 

prepared from a non-crystalline st-PMMA after stretching followed by solvent-induced 

crystallization with a variety of organic solvents, such as chloroacetone and diethyl ketone, 

revealed a characteristic reflection of 35.4 Å, indicating that the st-PMMA chains adopt a 

74/4 helix with a sufficiently large cavity of about 1 nm, and hence, solvents are encapsulated 

in the cavity of the inner helix.15 On the other hand, a triple-stranded helix model has been 

proposed for the PMMA stereocomplex from the direct observation of a stereocomplex 

prepared using the Langmuir-Blodgett (LB) technique by high-resolution atomic force 

microscopy (AFM), which reveals that a double-stranded helix of it-PMMA is included in a 

single helix of st-PMMA, forming an inclusion complex with a triple-stranded helical 

structure.17  

 

On the basis of these observations, the author anticipated that the helical st-PMMA 

might serve as a novel host encapsulating functional molecules such as fullerenes of specific 

sizes into its helical cavity. Fullerenes and their derivatives are a class of attractive carbon-

cage molecules with unique chemical, electrochemical, and photophysical properties, thus 

being applied to many research areas, such as chemistry, physics, and materials science.18 The 

development of specific receptors for fullerenes is of great importance for developing 

fullerene-based architectures with unprecedented properties for further realistic applications 

to advanced materials.19 Up to now, a variety of host molecules which can trap fullerenes have 

been reported (Figure 2).  

In 1992, Wennerström et al. discovered that γ-cyclodextrin (γ-CyD) (1) could extract C60 

from a mixture of C60 and C70.20 Because the cavity of 1 is too small to completely encapsulate 

C60, the formation of a 2:1 1–C60 complex was proposed on the basis of the 

spectrophotometric and molecular modeling studies. The complex formation was also 

supported by appearance of the Cotton effects in the achiral C60 chromophoric regions 

induced by the chiral host 1.21 The n–π donor–acceptor interactions between the n-orbitals of 

the sugar O-atoms and the π-system of the fullerene seem to play a key role in the 
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complexation.21-23 A number of studies have been conducted on the complexation between 

fullerenes and a bowl-shaped macrocycle, calixarenes. In 1994, Atwood and Shinkai et al. 

independently reported that p-tBu-calix[8]arene (2) and C60 formed a 1:1 complex.24,25 

Analogous azacalix[n]pyridines, heteroatom bridged calixaromatics  (3–8),26 and 

calix[4]naphthalenes which possess deeper cavities (9–11)27 were also found to form 1:1 

complexes with fullerenes. Conformationally flexible substituted triazine (12) can adapt their 

shape to provide a concave binding site showing remarkably strong intermolecular association 

with fullerenes.28 A triptycene-derived oxacalixarene (13) also possesses the expanded cavity 

exhibiting a high efficient complexation ability toward fullerenes such as C60 and C70.29 

The porphyrin receptors complexed with fullerenes are known to show unusually short 

porphyrin/fullerene contacts compared with typical π–π interactions.30 The interaction 

between the curved π surface of a fullerene and the planar π surface of a porphyrin has been 

employed as an effective recognition motif to assemble van der Waals complexes of donor–

acceptor chromophores. To date, a number of reports concerning porphyrin receptors for 

fullerene have been published. Aida et al. reported that a face-to-face cyclic dimer of zinc 

porphyrins (14) formed a highly stable 1:1 inclusion complex with C60 via the π-electronic 

donor-accepter interactions, exhibiting a very high binding constant (6.7 × 105 M-1) in 

benzene.31 The central metal ions remarkably affected the interaction between 

metalloporphyrin dimers and fullerenes, and the cyclic dimer 14 bearing rhodium ions 

exhibited the highest association constant (~108 M-1) in benzene.32 Similar cyclic porphyrin 

dimers with various cavity sizes have been synthesized to create tailor-made hosts for higher 

fullerenes and a fullerene dimer.33 Reed, Boyd, and co-workers designed and synthesized a 

jaw-like porphyrin dimer with a palladium-linker (15) which served as an effective host for 

fullerenes.34 Furthermore, various unique multiporphyrins, such as foldamer-based,35 star-

shaped,36 and barrel-shaped receptors (16),37 have been developed for the selective 

encapsulation of fullerenes. 
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The development of a practically efficient method for the separation of fullerenes with a 

specific size, geometry, and, chirality is among the urgent and emerging challenges in 

advanced materials science due to their attractive applications, such as electronic and 

optoelectronic materials.38,39 The supramolecular approach using the designer host molecules 

as described above has been a powerful method for selectively encapsulating C60 and/or C70 

(Figure 3A) rather than higher fullerenes (≥C76) (Figure 3B).  
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Figure 3. Structures of representative receptors for selective encapsulation of (A) C70 or C60 

and (B) higher fullerenes. 
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As described previously, γ-CyD (1) and calixarene (2) can extract C60 from a mixture of 

C60 and C70 through complexation in a size-selective manner.20,24,25 A cyclotriveratrylene 

derivative (17) was also utilized for the purification of C60 from a toluene solution of fullerite 

(C60 and C70 mixture).40 In contrast, a preferential precipitation of C70 over C60 was utilized 

when p-triiodohomooxacalix[3]arene (18) was used as a host molecule affording the 2:5 18–

C70 complex.41 The large capacity of 18 for C70 may originate from its shallow cavity, 

intermolecular π–π interactions among the guest molecules, the large van der Waals radii of 

the heavy halogens, and strong van der Waals interactions between the heavy halogens and 

the guests. The bridged calix[5]arene dimmers such as 19 and 20 were developed to achieve a 

dramatic increase in the association constant with fullerenes.42,43 The dimer 19 showed a 

unique selectivity with respect to C70/C60 opposite to that of 20. In addition, the porphyrin-

containing host (21) was known to bind C70 even better than C60.35 

 

The first selective extraction of higher fullerenes from a fullerene mixture was achieved 

using cyclodimeric zinc porphyrins 22 with alkylene spacers as the hosts.44 Although the total 

content of higher fullerenes in the initial fullerene mixture was only 10 abs %, the higher 

fullerene content significantly increased to 74 abs % by single extraction with 22a. After three 

cycles of the extraction with 22b, very rare higher fullerenes C102–C110 (<0.1 abs %) were 

enriched up to 82 abs % of total fullerenes. A calix[5]arene dimer with the two 1,3-butadiyne 

bridges (23) possesses syn and anti conformations, and the syn isomer was found to 

selectively encapsulate higher fullerenes from fullerene mixtures, forming the precipitates of 

the host-guest complexes.45 The conformational change of the syn isomer to the anti isomer 

was accelerated by heating at 100 ˚C, resulting in releasing the encapsulated higher fullerenes. 

A higher fullerene mixture larger than C90 could be obtained after repeating this extraction. A 

cyclotriveratrylene derivative 24 reversibly forms a dimeric nanoscale capsule, which 

extracted C70 over C60 with high selectivity by combining the curvature of cyclotriveratrylene 

and three high-affinity hydrogen-bonding units.46 An enriched mixture of higher fullerenes 

from C76 to C84 was also extracted from fullerene mixtures by the dimeric spherical host. 
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The control and fabrication of the molecular ordering of fullerenes has also attracted 

considerable attention for constructing fullerene-based advanced materials.18,47 Taking 

advantage of designer host molecules that can selectively trap fullerenes through inclusion 

complexation, several supramolecular architectures of fullerenes have been constructed based 

on the porphyrin and cyclodextrin skeletons along with other organic frameworks (Figure 4). 

The intermolecular interaction between fullerenes and zinc(II) porphyrins was applied to the 

first supramolecular assembly system where the zinc(II) porphyrin bearing cholesterol 

derivatives (25) formed a supramolecular organogel in aromatic solvents, such as benzene and 

toluene in the presence of C60.48 The spectroscopic studies revealed that the gel was stabilized 

by the unique 2:1 zinc(II) porphyrin/C60 sandwich complex formation. The same group also 

reported a porphyrin-appended gelator (26) in which the hydrogen-bonding sites were 

programmed so that the resultant assembly can accept C60.49 The porphyrin derivative 26 

formed a one-dimensional multicapsular structure in the presence of C60, while it created a 

two-dimensional sheet-like structure in the absence of C60. The supramolecular peapods 

composed of a linear metalloporphyrin nanotube and fullerenes, such as C60 and C70 were 

formed by the fullerene-triggered unidirectional supramolecular polymerization of an acyclic 

zinc porphyrin dimer (27) bearing carboxylic acid groups and large dendritic units.50 A 

porphyrin nanotube was also constructed by stacking of a cyclic porphyrin dimer (28) through 

unique C–H···N hydrogen bonds and π–π interactions of the pyridyl groups in the crystal.51 

The cyclic porphyrin 28 could encapsulate C60 within its cavity, yielding the 1:1 inclusion 

complex in solution and in the crystal. The X-ray crystal structure analysis of the inclusion 

complex revealed that fullerenes are linearly arranged in the inner channel of the tubular 

assembly in crystal. A water-soluble fullerene assembly with a coordinated metal center was 

prepared through end-to-end intermolecular inclusion complexation of a dimeric cyclodextrin, 

6,6’-o-phenylenediselenobridged bis(β-CyD) platinum (Ⅳ) complex (29), with C60.52 The 

amino acid naphthalenediimide derivatives (30 and 31) self-assembled to form helical 

nanotubes with a large cavity of about 1.2 nm,53 and the supramolecular nanotubes 
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(Figure 4 continued) 
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encapsulated C60 in the tubular cavity, allowing the formation of a one-dimensional C60 

array.54 The inclusion complex showed an induced circular dichroism (ICD) in the absorption 

region of achiral C60, indicating the chirality of the optically active nanotubes was sensed by 

C60. Laterally grafted amphiphilic π-conjugated oligomers (32 or 33 and 34) self-assembled 

into a water-soluble toroid with a hydrophobic cavity.55 The C60 was efficiently encapsulated 

within its internal cavity, stacking on top of each other to form a tubular container. 

 

Higher fullerenes having asymmetrically curved π-electronic surfaces consist of large 

numbers of isomers including enantiomers, and optically active fullerenes have attracted a 

great interest due to their unique potential in chiral materials science.39 Among a large number 

Figure 4. Supramolecular assemblies of various host molecules with fullerenes. 
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of chiral fullerenes, only D2-symmetric C76 (C76-D2), C78-D3, and C84-D2 have been 

successfully resolved into the enantiomers by kinetic resolution, covalent modification with 

chiral molecules followed by regeneration, recycling chiral HPLC, and enantioselective 

extraction with a chiral porphyrin dimer (Figure 5).  

In 1993, Hawkins et al. reported the kinetic resolution of C76 by asymmetric osmylation 

of racemic C76 with OsO4 and chiral ligands (35a or 35b) derived from a naturally occurring 

cinchona alkaloids (Figure 5A).56 The asymmetric Sharpless osmylation gave 

enantiomerically enriched unreacted C76 and a diastereomerically enriched osmate complex 

(C76(OsO435). The reduction of the obtained C76(OsO435) with SnCl2 regenerated C76 enriched 

in one of the enantiomers. This procedure was further applied to the kinetic resolution of C78 

and C84, affording the enantiomers of C78-D3 and C84-D2, respectively.57 Taking advantage of 

Bingel and retro-Bingel reaction of fullerenes, Diederich et al. successfully prepared 

enantiomerically pure C76 (Figure 5B).58 Two diastereomeric mono-adducts ((+)- and (–)-

C76•36) were prepared by Bingel reaction of racemic C76 with optically active bis[(S)-1-

phenylbutyl]-2-bromomalonate (36), and the following electrochemical retro-Bingel reaction 

of each (+)- and (–)-C76•36 gave the pure C76 enantiomers. The Bingel/retro-Bingel approach 

has been also extended to the separation of three constitutional isomers of C84 and the optical 

resolution of the chiral isomer, D2-C84.59  

Judging from the tiny structural differences in the enantiomers and due to a lack of 

functionality, the direct separation of chiral fullerenes into enantiomers appears to be 

extremely difficult. However, Okamoto et al. succeeded in the direct resolution of racemic C76 

by high performance liquid chromatography (HPLC) using commercially available amylose 

tris(3,5-dimethylphenylcarbamate), one of the most popular chiral stationary phases (CSPs) 

for HPLC (Figure 5C).60,61 Recently, Aida et al. performed one-pot enantioselective extraction 

of C76 using an optically active cyclic host bearing two porphyrin units ((+)- and (–)-37) 

(Figure 5D).62 The 37 formed an inclusion complex with C76 in toluene, showing a typical 

bathochromic shift in the Soret absorption band, and the association constant Kassoc was 

estimated to be 5.5 × 106 M-1. The enantiomerically enriched C76 was released from the 
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inclusion complex by the protonation with silica gel chromatography. The single extraction 

with (+)-37 resulted in enrichment of (–)-C76 in 7% ee. 

 

 

On the basis of this information, the author studied the following four areas concerning 

the synthesis and structure of helical st-PMMA complex with macromolecular helicity 

memory and its application to separate higher fullerene enantiomers. 

 

(1) Encapsulation of fullerenes in a helical cavity of syndiotactic poly(methyl 

methacrylate) leading to a robust processable complex with a macromolecular 

helicity memory 

(2) Helix-sense-controlled synthesis of optically active poly(methyl methacrylate) 

stereocomplex 

(3) Helicity induction and memory of syndiotactic poly(methyl methacrylate) assisted 

by optically active additives and solvents and chiral amplification of helicity 

(4) Separation of higher fullerene enantiomers by syndiotactic poly(methyl 

methacrylate) with a macromolecular helicity memory 

 

These studies will be described in the following four chapters. 

 

In chapter 1, the encapsulation of fullerenes, such as C60, C70, and C84, in the helical 

cavity of st-PMMA and a preferred-handed helicity induction in st-PMMA using an optically 

active alcohol are described. st-PMMA has been reported to form a thermoreversible physical 

gel in aromatic solvent, such as toluene and chlorobenzene, in which the polymer chain 

adopts a 74/4 helix with a cavity of about 1 nm, and hence, solvents are encapsulated in this 

cavity of the inner helix. The author anticipated that fullerene molecules might be 

encapsulated in the helical cavity of st-PMMA to form one-dimensionally regulated fullerene 

arrays. In the presence of (S)- or (R)-1-phenylethanol (38) as an additive in toluene, st-PMMA 



General Introduction 

 14 

was found to fold into a preferred-handed helix accompanied by gelation, and at the same 

time, fullerenes, such as C60, C70, and C84, were encapsulated within its helical cavity to form a 

robust, processable peapod-like complex (Figure 6). Differential scanning calorimetry (DSC) 

and X-ray diffraction profiles of the st-PMMA/C60 films revealed the crystalline structure of 

the st-PMMA/C60 complex, and AFM of a st-PMMA/C60 LB film deposited on mica afforded 

further evidence for the inclusion of C60 in the st-PMMA. After removal of optically active 38, 

the st-PMMA gel complexed with C60 exhibited apparent vibrational CD (VCD) and ICD 

signals in the PMMA IR regions and in the encapsulated achiral C60 chromophore regions, 

respectively, owing to the helical structure of the st-PMMA with an excess of one handedness 

whose helicity was “memorized”.  

C60, (R)-38

C60, (S)-38
toluene

right-handed helix

left-handed helix

toluene

(S)-38

38

CH3

OH
:

: C60

C
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CH2 C
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CH3

OCH3

OCH3

O

O

CH2
n

st-PMMA

(R)-38

optically active 
st-PMMA/C60 
complex gel

 

Chapter 2 deals with the helix-sense-controlled synthesis of the optically active PMMA 

stereocomplex composed of the complementary it- and st-PMMAs. The author found that the 

preferred-handed helical st-PMMA/C60 complex prepared with optically active 38 could serve 

as a novel template to encapsulate the complementary it-PMMA chain through replacement 

Figure 6. Schematic illustration of right- (top) and left-handed (bottom) helicity induction 

in the C60-encapsulated st-PMMA in the presence of (R)- or (S)-38. 
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of the encapsulated C60 molecules, resulting in the crystalline stereocomplex (Figure 7). The 

obtained stereocomplex gels exhibited VCDs in the PMMA IR regions, whose VCD patterns 

significantly changed from those of the optically active st-PMMA/C60 gels, in particular, at 

around the 1260 cm-1 regions corresponding to the characteristic absorption band for it-

PMMA. These results suggest that the it-PMMA forms a helical conformation with an excess 

of one-handedness once encapsulated into the helical st-PMMA with a macromolecular 

helicity memory, which remains intact after the encapsulated fullerenes are replaced by the 

complementary it-PMMA with the formation of an optically active stereocomplex. The 

observed VCD spectral patterns of the stereocomplexes fit well to the calculated ones 

composed of helical it- and st-PMMAs with the same handedness, indicating that it-PMMA 

recognizes and interacts with the outer st-PMMA helix and folds into a double-stranded helix 

with the same handedness.  

"optically active"
stereocomplex

"optically active"
st-PMMA/C60 complex

it-PMMA

C60 it-PMMA

C
CH3

C

CH2 C

C

CH3

OCH3OCH3

O O n
CH2

 

In chapter 3, the author describes the effects of diverse optically active compounds as 

chiral additives in toluene or solvents on the gelation abilities and further efficiency of the 

helicity induction and memory in st-PMMA. A preferred-handed helicity was efficiently 

induced in st-PMMA with various optically active primary and secondary amines bearing 

aromatic groups as the gelling solvents and further memorized after removal of the chiral 

amines and encapsulation of C60 while maintaining its gel state (Figure 8). The chiral 

information of a nonracemic aromatic amine transfers with amplification in the st-PMMA as 

an excess of a single-handed helix through noncovalent bonding interactions, thus generating 

a unique “majority rule” effect (nonlinear effect) on a helical system. This amplification of 

Figure 7. Schematic illustration of right-handed stereocomplex formation. 
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helical chirality suggests that the helical st-PMMA chain may have dynamic characteristics 

during gelation.  

Chapter 4 deals with the optical resolution of higher fullerenes by a preferred-handed 

helical st-PMMA gel prepared by the same manner described in Chapter 3. A single 

extraction of fullerene mixtures composed of C60/C70/higher fullerenes (64.0 : 27.2 : 8.8% 

determined by HPLC analysis) in toluene was carried out using the optically active st-PMMA 

gel, resulting in the st-PMMA gel complexed with the fullerenes, and the encapsulated 

fullerenes were then recovered with 1,2-dichlorobenzene (Figure 9). The extraction provided 

a series of optically active fullerenes (C76, C84, C86, C88, C90, C92, C94, and C96) as supported by 

Figure 8. Schematic illustration for the helicity induction and memory in st-PMMA and 

further encapsulation of C60 after complete removal of optically active compounds. 

Figure 9. Schematic illustration of the separation of higher fullerene enantiomers by 

optically active st-PMMA gel. 
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the CD-detected HPLC chromatograms of the extract, which showed the apparent CDs. A 

series of optically active fullerenes were then isolated by preparative HPLC, and their CD and 

absorption spectra were measured, resulting in the characteristic CDs in the long absorption 

regions. When an opposite enantiomer of the optically active amine was used for the 

preparation of the preferred-handed helical st-PMMA, the opposite fullerene enantiomers was 

extracted, as evidenced by the mirror image CDs. The enantiomeric excess (ee) of the isolated 

C76 was estimated to be approximately 4% by comparison with the reported CD intensity of 

the optically pure C76. 
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Chapter 1 

 

Encapsulation of Fullerenes in a Helical Cavity of Syndiotactic  

Poly(methyl methacrylate) Leading to a Robust Processable Complex  

with a Macromolecular Helicity  Memory 

 

Abstract: Syndiotactic poly(methyl methacrylate) (st-PMMA), a commonly used plastic, 

folded into a preferred-handed helix assisted by chiral aromatic alcohols, (R)- or (S)-1-

phenylethanol, and encapsulated fullerenes within its helical cavity to form an optically 

active peapod-like  complex whose helicity was retained after removal of the chiral alcohols.  
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Introduction 

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 fullerenes2 or trapping of fullerenes by host molecules through 

inclusion3 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. In this chapter, the author reports that 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. 

The author 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. st-

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 The author 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 1-1a). 
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Results and Discussion 

To this end, st-PMMA (10 mg) was dissolved in a toluene solution of C60 (1 mg/mL, 1 

mL) upon heating at 110 °C. The solution was allowed to cool to room temperature, and it 

gelled within a few minutes. After centrifugation, the author obtained a purple-colored 

condensed gel, while the supernatant became pale pink (Figure 1-1b). The electronic 

absorption 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 content 

increased with increasing feed C60 concentration and reached a maximum amount of 1.3 mg 

in toluene (Table 1-1). When 1,2-dichlorobenzene (DCB), a better solvent for solubilizing 

Figure 1-1. (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 mg/mL, 1 mL; left), st-PMMA/C60 

gel after the addition of st-PMMA (10 mg) with subsequent heating to 110 °C 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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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 1-1; for the effect of the DCB 

amounts on the encapsulation of C60 in toluene, Figure 1-2), 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 (Table 1-1).  

The author then investigated the thermal stabilities of the st-PMMA and st-PMMA/C60 

gels by measuring their melting behavior using 1H NMR spectroscopy.9 A st-PMMA gel 

started melting at around 40 °C, while the st-PMMA/C60 gel maintained its gel structure 

over 60 °C resulting from encapsulation of the C60 molecules within the helical cavity of st-

PMMA, thereby acting to reinforce the st-PMMA physical gel (Figure 1-3 and Table 1-1). 

Differential scanning calorimetry (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  

 

 

st-PMMA/C60 
gel 

 st-PMMA/C60 complex gel 
entry solvent 

C60 in feed 
(mg) 

gel point (°C)b  
encapsulated C60 

content (mg)c 
 

filling ratio of 
C60 (%)d 

1 toluene — 29  —  — 

2 toluene 1.0 58  0.91  30 

3 toluene 2.0 60  1.3  43 

4 
toluene-DCB 

(50 vol%) 
11.0 48  3.1  86 

a The gels were prepared by adding 10 mg of st-PMMA (Mn = 554000, rr = 94%) to a toluene solution of C60 (1 
mL) followed by heating to 110 ºC and cooling to room temperature, and then centrifuged. b Estimated based on 
the changes in the 1H NMR signal intensities of the st-PMMA/C60 gel on cooling; see Figure 1-3. c Estimated 
based on the following equation: encapsulated C60 content = (C60 in feed) x (Abs0–Abs)/Abs0, where Abs0 and 
Abs represent the absorbance at 336 nm of the feed C60 solution and that of the supernatant separated from the st-
PMMA/C60 complex gel after centrifugation. d Estimated based on a possible helical structure of st-PMMA 
filling with C60 in a 1D close packing manner, see Figure 1-8c. 

Table 1-1. Encapsulation of C60 in st-PMMA Helical Cavity upon Gelation with C60
a 
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crystalline structure of the st-PMMA/C60 complex (Figure 1-4) 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 1-4k), whereas the st-PMMA film 

showed no birefringence (Figure 1-4j). The author notes that 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 1-5). The st-

PMMA film showed only a heat capacity change at the glass-transition temperature (Tg = 

126.7 °C) as observed for typical amorphous st-PMMAs (Figure 1-4a), 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 1-4e). In sharp contrast, the st-PMMA/C60 film containing 11.7 

wt % of C60 revealed an additional endothermic peak at 224.9 °C corresponding to the 

melting temperature (Tm) of the st-PMMA/C60 complex (Figure 1-4b). Increasing the C60 

Figure 1-2. Effect of DCB content in toluene on the encapsulation of C60 upon gelation of st-

PMMA 

. 
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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 1-4c). As a 

consequence, the st-PMMA helical hollow spaces may be filled with 23.5 wt % C60 molecules, 

which agrees approximately with the estimated filling ratio (86%; Table 1-1). 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 

1-4e) and C60 films (Figure 1-4i); the st-PMMA/C60 complex has an apparent d spacing of 

1.67 nm (Figures 1-4f and g). Further heating of the st-PMMA/C60 film (23.5 wt %) at 280 °C, 

which is higher than Tm, gave rise to an irreversible release of the encapsulated C60 molecules, 

resulting in amorphous st-PMMA and C60 aggregates as supported by the DSC and XRD 

profiles (Figures 1-4d and h, respectively).  

In the same way, C70 and C84 molecules can be encapsulated in the st-PMMA hollow  

Figure 1-3. Thermal stability of the st-PMMA and st-PMMA/C60 gels. (a) 1H NMR spectra 

(500 MHz) of st-PMMA in the presence of C60 in toluene-d8 at 100 (solution), 60 and 25 ºC 

(gel). st-PMMA, 10 mg/mL; C60, 2 mg/mL. The asterisk denotes the resonances from the 

solvent. (b) Changes in the relative peak intensity of the methoxy proton resonances of st-

PMMA in the presence (○, cooling; ●, heating) and absence (○, cooling; ●, heating) of C60 in 

toluene-d8. The peak intensity at 110 ºC was used as the base value (100 %). 
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Figure 1-4. DSC thermograms of (a) st-PMMA film and (b, c) st-PMMA/C60 complex films 

containing (b) 11.7 and (c) 23.5 wt % 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 °C, 

followed by heating to 280 °C (10 °C/min) under nitrogen. (d) The sample (c) was then 

cooled to 0 °C (10 °C/min), and then heated again (10 °C/min). The arrow to the left of the 

DSC data indicates the endothermic direction. XRD profiles of (e) st-PMMA film, (f) st-

PMMA/C60 complex film (11.7 wt % C60), st-PMMA/C60 complex film (23.5 wt % C60) (g) 

before and (h) after thermal treatment at 280 °C for 3 min, and (i) bulk C60. Polarized (right) 

and nonpolarized (left) optical micrographs of  (j) st-PMMA and (k) st-PMMA/C60 complex 

(23.5 wt % C60) films. Dimensions of micrographs in (j) and (k): 1 x 1.3 mm2. 
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spaces to form crystalline condensed gels and films (Figures 1-6 and 1-7, respectively). 

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 1-8a) whose surface 

pressure–area (π–A) isotherm was different from those of st-PMMA and C60 alone (Figure 1-

9). The AFM image revealed helix-bundle structures, 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 (Figures 1-8b and 1-10). In the TEM observations, low doses and  

 

 

 

Figure 1-5. (a) Optical micrograph and (b) XRD profile of an it-PMMA/C60 film (4.8 wt % 

of C60). 
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Figure 1-6. (a) Photograph of a st-PMMA/C70 complex gel in toluene after centrifugation. 

(b) Absorption spectra of the feed solution of C70 (top) and the supernatant separated from the 

st-PMMA/C70 complex gel after centrifugation (bottom). (c) Polarized (bottom) and non-

polarized (top) optical micrographs of a st-PMMA/C70 complex film (20.6 wt % of C70). The 

film was prepared by evaporating the solvent of the corresponding gel. Scale, 150 x 250 μm. 

(d) XRD profile of the st-PMMA/C70 complex film (20.6 wt % of C70). 

Figure 1-7. (a) Photograph of a st-PMMA/C84 complex gel in toluene and DCB (50 vol %) 

after centrifugation. (b) Absorption spectra of the feed solution of C84 (top) and the 

supernatant separated from the st-PMMA/C84 complex gel after centrifugation (bottom). (c) 

Polarized (bottom) and non-polarized (top) optical micrographs of a st-PMMA/C84 complex 

film (4.7 wt % of C84). The film was prepared by evaporating the solvent of the 

corresponding gel. Scale, 550 x 750 μm. (d) XRD profile of the st-PMMA/C84 complex film 

(4.7 wt % of C84). 
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short exposure times were carefully applied to minimize any electron beam damage, but the 

st-PMMA chains were damaged, resulting in release of the encapsulated C60 molecules from 

the st-PMMA nanotubes, and a uniform and long 1D array of C60 molecules, as expected from 

the AFM image (Figure 1-8a), could not be observed (Figure 1-10 shows more details of the 

TEM observations.). Figure 1-8c shows a possible structure of the st-PMMA/C60 complex 

calculated on the basis of the reported helical structure of st-PMMA8,10 (Figure 1-11 and Table 

1-2) 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.  

The author also found that a preferred-handed helical st-PMMA can be formed by an 

optically active aromatic alcohol,11 (R)- or (S)-1-phenylethanol (1), when used as the gelling 

medium during the st-PMMA/C60 gel formation (Figure 1-12a). Surprisingly, 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 toluene-d8 with (R)-1 (20 

vol %) and subsequent complete removal of the (R)-1 by repeatedly washing the gel with 

toluene-d8, and then isolated by centrifugation (Table 1-3). The gelation of st-PMMA (10 

mg/mL) slowly took place in 10 vol % 1 in toluene after 3 h, but the solution did not turn into 

a gel in 20 vol % 1. In contrast, the gelation kinetics were accelerated in the presence of C60, 

and the st-PMMA/C60 solution formed a gel in 10 and 20 vol % 1 after 10 min and 15 h, 

respectively (Table 1-3). 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 1-12b). When (S)-1 was used instead, st-PMMA with the 

opposite helicity was formed, as evidenced by the mirror-image VCD. The IR and VCD 
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Figure 1-8. (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. 
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Figure 1-9. π–A isotherms of (a) C60, (b) st-PMMA and (c) st-PMMA and C60 mixture (10 

wt % of C60) on water. Each benzene solution having a concentration of ca. 7 x 10-6 g/mL 

was spread on a water surface at 25 ºC in an LB trough with the area of 60 x 15 cm2, 

compressed at the rate of 45 cm2/min and deposited at 10 mN/m onto a freshly cleaved mica 

by pulling them out of the water at the rate of 4.2 mm/min while compressing the 

monolayer at that pressure (the vertical dipping method). Tapping mode AFM height 

images of deposited (d) C60, (e) st-PMMA and (f) the mixture of st-PMMA and C60 on mica. 

Scale, 1 x 1 μm. The height profiles measured along the red lines in the images are also 

shown (bottom). 
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Figure 1-10. TEM image of an LB film of the st-PMMA/C60 complex (left) and 1D 

alignment of C60 molecules indicated by the yellow circles (1 nm φ) (right). Bar, 10 nm. The 

region (a) may correspond to a structure derived from the 2D hexagonally close-packed C60 

molecules, probably released from the st-PMMA nanotubes because the hexagonally close-

packed arrangement of C60 is significantly different from a center cubic structure observed 

for the C60 crystals.28 For an expanded TEM image, see Figure 1-8b. 

Figure 1-11. A stick model of the 18/1 st-PMMA helix used for the construction of the 

C60-encapsulated st-PMMA model (Figure 1-8c) optimized by using ab initio quantum 

chemical calculations at the HF/STO-3G level and further at the B3LYP/6-31G(d) level, 

see Table 1-2. Side view (left) and top view (right). 
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Table 1-2. Internal Coordinates of the Optimized 181 st-PMMA Helix by Using Ab 
Initio Quantum Chemical Calculations at the HF/STO-3G Level and Further at 
the B3LYP/6-31G(d) Level 

bond length (nm)  torsion angle (degree) 
trans-isomer   trans-isomer  

C2b-1-C1a 0.1571  C1b-1-C2b-1-C1a-C2a 179.05 
C1a-C2a 0.1569  C2b-1-C1a-1-C2a-C1b -175.20 
C1a-C3a 0.1537  C1b-1-C2b-1-C1a-C3a -63.67 
C1a-C5a 0.1536  C1b-1-C2b-1-C1a-C5a 57.85 
C3a-O1a 0.1350  C2b-1-C1a-C3a-O1a -57.89 
C3a-O2a 0.1214  C2b-1-C1a-C3a-O2a 121.65 
O1a-C4a 0.1441  C5a-C1a-C3a-O1a 178.63 
C-H 0.109-0.110  C1a-C3a-O1a-C4a 178.16 

cis-isomer   C3a-O1a-C4a-H ~ staggered 
C2a-C1b 0.1572  C3a-C1a-C5a-H ~ staggered 
C1b-C2b 0.1573  cis-isomer  
C1b-C3b 0.1537  C1a-C2a-C1b-C2b -170.72 
C1b-C5b 0.1537  C2a-C1b-C2b-C1a+1 176.14 
C3b-O1b 0.1348  C1a-C2a-C1b-C3b 75.63 
C3b-O2b 0.1217  C1a-C2a-C1b-C5b -49.26 
O1b-C4b 0.1438  C2a-C1b-C3b-O1b -126.38 
C-H 0.109-0.110  C2a-C1b-C3b-O2b 53.67 

   C5b-C1b-C3b-O1b -1.65 
bond angle (degree)  C1b-C3b-O1b-C4b -179.99 
trans-isomer   C3b-O1b-C4b-H ~ staggered 

C2b-1-C1a-C2a 103.3  C3b-C1b-C5b-H ~ staggered 

C1a-C2a-C1b 122.4    
C2b-1-C1a-C3a 109.8    
C2b-1-C1a-C5a 112.3    
C3a-C1a-C5a 109.0    
C1a-C3a-O1a 111.8    
C1a-C3a-O2a 125.3    
O1a-C3a-O2a 122.9    
C3a-O1a-C4a 116.0    
H-C-H 106.9-111.2    

cis-isomer     
C2a-C1b-C2b 103.1    
C1b-C2b-C1a+1 123.3    
C2a-C1b-C3b 107.5    
C2a-C1b-C5b 112.6    
C3b-C1b-C5b 112.9    
C1b-C3b-O1b 113.6    
C1b-C3b-O2b 123.7    
O1b-C3b-O2b 122.6    
C3b-O1b-C4b 115.9    
H-C-H 106.9-111.2    

Numbering of Atoms

a-MMA unit b-MMA unit
(trans-isomer) (cis-isomer)

– C1b-1 – C2b-1 – [ – C1a – C2a – C1b – C2b –] – C1a+1 –

C5a

O2a – C3a

O1a

C4a

–
–

–
–

C5b

C3b – O2b

O1b

C4b

–
–

–
–
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spectra for the right- and left-handed helical 18/1 st-PMMAs were them calculated at the 

B3LYP/6-31G(d) level (Figure 1-12c and Table 1-4). 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-PMMA nanotube, the author also 

observed an induced electronic CD (ECD) in the encapsulated C60 chromophore regions, 

although C60 itself is achiral (Figures 1-12b and 1-13).12,13 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 1-14) supports the stacking interactions 

between neighboring C60 molecules,15,16 which may lead to a color change of the complex gel 

(Figure 1-1b). The encapsulation of C60 in the helical st-PMMA nanotube is essential for the 

 
entry 

 
(R)-1 in feed 

(% v/v) 
C60 in 

feed (mg) 
gelation time 

(min) 
encapsulated 

C60 content (mg) 
filling ratio 
of C60 (%)b 

1    0 – 3 – – 

2 10 – 180 – – 

3 

st-PMMA 

20 – no gelation – – 

4 0 1.0 1 0.91 30 

5 10 0.9 10 0.79 27 

6 20 0.8 900 0.64 22 

7 

st-PMMA/C60 

30 0.7 no gelation – – 

a The gels were prepared by adding 10 mg of st-PMMA (Mn = 554000, rr = 94%) to a toluene solution of C60 (1 
mL) with (R)-1 followed by heating to 110 ºC and cooling to room temperature, and then centrifuged.  
b Estimated based on a possible helical structure of st-PMMA filling with C60 in a 1D close packing manner, see 
Figure 1-8c. 

Table 1-3. Gelation of st-PMMA in Toluene and (R)-1 in the Presence and Absence 
of C60

a 
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induced ECD since a solution of st-PMMA and C60 in toluene with 30 vol %  (R)-1 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- 

Figure 1-12. Optically active C60-encapsulated st-PMMA with macromolecular helicity 

memory. (a) Schematic illustration of right- (top) and left-handed (bottom) helicity induction 

in the C60-encapsulated st-PMMA in the presence of (R)- or (S)-1. (b) Observed VCD (top) 

and IR (bottom) spectra of isolated st-PMMA/C60 complex gels (3.1 wt % C60) in toluene-d8 

prepared by (R)-1 (red lines) and (S)-1 (blue lines), measured after the complete removal of 

1. The assignments of the experimental and calculated IR and VCD bands (ν1–ν5) are in 

Table 1-4. The x axis is the same as in (c). (c) Calculated VCD (top) and IR (bottom) spectra 

of right- (red line) and left-handed (blue line) helical st-PMMAs. (d) Observed ECD (top) 

and absorption (bottom) spectra of isolated st-PMMA/C60 complex gels in toluene prepared 

by racemic 1 (black lines), (R)-1 (red lines), and (S)-1 (blue lines). The inset shows the 

corresponding ECD spectra in the long-wavelength regions (Figure 1-13). The contribution 

of the linear dichroism caused by the macroscopic anisotropy was negligible. 
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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 

Figures 1-12 and 1-15. 
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Figure 1-13. Observed ECD (top) and absorption (bottom) spectra of isolated st-PMMA/C60 

complex gels in toluene prepared by (RS)-1 (black lines), (R)-1 (red lines), and (S)-1 (blue 

lines). 

Figure 1-14. Absorption spectra of a toluene solution of C60 (1 mg/mL) (black line) and 

isolated st-PMMA/C60 complex gels in toluene containing 8.3 (red line) and 23.7 (blue line) 

wt % of C60. The st-PMMA/C60 gels were washed with toluene to remove the unencapsulated 

C60 molecules before the measurements. 
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Figure 1-15. Synthesis of optically active helical st-PMMA and encapsulation of C60 within 

its helical cavity with macromolecular helicity memory. (a) Schematic illustration of right-

handed helicity induction in st-PMMA in the presence of (R)-1. The induced helicity is 

memorized after (R)-1 is completely removed and further encapsulation of C60 molecules. (b) 

Observed VCD and IR spectra of isolated st-PMMA gels in toluene-d8 prepared by (R)-1 (red 

lines) and (S)-1 (blue lines). (c) Observed VCD and IR spectra of st-PMMA/C60 complex gels 

in toluene-d8 obtained after the addition of C60 to the isolated st-PMMA gels prepared by (R)-

1 (red lines) and (S)-1 (blue lines). (d) ECD and absorption spectra of st-PMMA/C60 complex 

gels in toluene-d8 obtained after the addition of C60 to the isolated st-PMMA gels prepared by 

(RS)-1 (black lines), (R)-1 (red lines), and (S)-1 (blue lines). 
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Conclusions 

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-encapsulated st-PMMA is 

easy to prepare, inexpensive, and processable. Moreover, its helical sense can be controlled to 

produce an optically active supramolecular peapod. These unique supramolecular helical 

complexes offer potentially useful chiral materials as well as optoelectronic materials. 
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Experimental Section 

Materials. The st-PMMA was synthesized by the syndiotactic-specific polymerization 

of MMA in toluene at –95 ºC using a typical Ziegler-type catalyst derived from Al(C2H5)3 and 

TiCl4.14 The it-PMMA was prepared by the isotactic-specific anionic living polymerization of 

MMA in toluene at –78 ºC with tert-C4H9MgBr.15 The number-average molecular weights 

(Mn), molecular weight distributions (Mw/Mn), and tacticities (mm:mr:rr) were as follows: st- 

PMMA: Mn = 544000, Mw/Mn = 1.29, and mm:mr:rr = 0:6:94; it-PMMA: Mn = 21800, Mw/Mn 

= 1.12, and mm:mr:rr = 97:3:0. The Mn and Mw/Mn values were measured by size exclusion 

chromatography in CHCl3 using PMMA standards (Shodex, Tokyo, Japan) for the calibration. 

The tacticities were determined from the 1H NMR signals due to the α-methyl protons.  

Benzene, toluene, and 1,2-dichlorobenzene (DCB) (extra-pure grade) were purchased 

from Wako Chemicals (Osaka, Japan). (R)-, (S)-, and (RS)-1-phenylethanol (1) were obtained 

from Azmax (Chiba, Japan) and were used as received. [60]Fullerene (C60) (99.5 %) was 

obtained from Tokyo Kasei (TCI, Tokyo, Japan) and [70]fullerene (C70) (99 %) and 

[84]fullerene (C84) (98 %) were from Aldrich. They were used without further purification. 

Water purified by a Milli-Q system was used as the subphase for the Langmuir-Blodgett (LB) 

investigations.  

  

Instruments.  Nuclear magnetic resonance (NMR) spectra were recorded on a Varian 

Unity Inova 500 spectrometer (500 MHz for 1H and 125 MHz for 13C) in CDCl3 or toluene-

d8. Infrared (IR) spectra were recorded using a JASCO (Hachioji, Japan) Fourier Transform 

IR-620 spectrophotometer. Absorption and circular dichroism (CD) spectra were measured 

in a 0.1- or 0.2-mm quartz cell on a JASCO V-570 spectrophotometer and a JASCO J-820 

spectropolarimeter, respectively. Vibrational CD (VCD) spectra were measured in a 0.15-

mm BaF2 cell with a JASCO JV-2001 spectrometer. The concentration was ca. 30 mg/mL 

in toluene-d8. All spectra were collected for ca. 4–5 h at a resolution of 4 cm–1.  

Differential scanning calorimetry (DSC) measurements were performed on a SEIKO 

(Chiba, Japan) EXSTAR 6000 under a nitrogen atmosphere. The samples were sealed in 
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aluminum pans. The glass transition temperature (Tg) was defined as the intersection of the 

initial baseline and the sloping portion of the curves. The melting temperature (Tm) and heat 

of melting (ΔHm) were determined from the minimum of the endothermic peak and by the 

peak area, respectively.   

X-ray measurements were carried out using a Rigaku RINT RAPID-R X-ray 

diffractometer with a rotating-anode generator with graphite monochromated Cu Kα radiation 

(0.15418 nm) focused through a 0.3 mm pinhole collimator, which was supplied at 45 kV and 

60 mA current, equipped with a flat imaging plate having a specimen-to-plate distance of 

120.0 mm.   

Polarizing optical microscopic observations were carried out with a Nikon (Tokyo, 

Japan) E600POL polarizing optical microscope equipped with a DS-5M CCD camera (Nikon) 

connected with a DS-L1 control unit (Nikon). The molecular modeling was performed on the 

program system MS Modeling software (version 3.1, Accelrys Inc., San Diego, CA). The 

molecular orbital (MO) and molecular dynamics (MD) calculations were conducted using 

Gaussian 03 (Gaussian, Inc., Pittsburgh, PA)16 and WinMASPHYC Pro. (version 2.0, Fujitsu 

Co. Ltd., Tokyo, Japan) softwares, respectively.  

The LB trough system (FSD-300AS, USI, Japan) was used for LB film preparations. 

Atomic force microscopy (AFM) observations were done using a Nanoscope IIIa microscope 

(Veeco Instruments, Santa Barbara, CA) in air at ambient temperature with standard silicon 

cantilevers (NCH, NanoWorld, Neuchâtel, Switzerland) in the tapping mode. The settings of 

the AFM observations were as follows: the free amplitude of the oscillation of 1.0 V, the set- 

point amplitude of 0.84 V, and the scan rate of 2.0 Hz. The Nanoscope image processing 

software was used for the image analysis.  

The transmission electron microscopy (TEM) measurements were conducted using a 

JEM- 2100F transmission electron microscope (JEOL, Akishima, Japan) equipped with an 

MSC 600HP CCD camera (Gatan, Pleasanton, CA) operating at 120 kV. 
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Preparation of st-PMMA Gel and Film. Ten mg of st-PMMA was dissolved in 

toluene (1 mL) at 110 ºC. After the solution was cooled to room temperature (ca. 20 ºC), the 

solution gelled within 3 min. The st-PMMA film was obtained by evaporating the solvent 

under reduced pressure at room temperature for 12 h followed by drying under vacuum at 160 

ºC for 1 h. The residual solvent content was estimated to be <0.3 wt % by 1H NMR analysis.  

 

Preparation of st-PMMA/C60 and st-PMMA/C70 Complex Gels and Films.  A typical 

experimental procedure is described below. Ten mg of st-PMMA was dissolved in a toluene 

solution of C60 (2 mg/mL, 1 mL) at 110 ºC. After the solution was cooled to room temperature 

(ca. 20 ºC), the solution gelled within 1 min. The obtained soft gel was centrifuged at 1700 g 

for 10 min and the supernatant containing unencapsulated C60 molecules was removed from 

the gel by decantation. The condensed gel was then washed with toluene and the solvent was 

removed by decantation after centrifugation. This procedure was repeated several times. The 

encapsulated C60 content was estimated using the following equation: encapsulated C60 

content (mg) = (C60 in feed (mg)) x (Abs0 – Abs)/(Abs0), where Abs0 and Abs represent the 

absorbance at 336 nm of the feed C60 solution and that of the supernatant separated from the 

st-PMMA/C60 gel after centrifugation (Table 1-1). The st-PMMA/C60 complex film was 

obtained by evaporating the solvent in the condensed gel under reduced pressure at room 

temperature for 12 h followed by drying under vacuum at 160 ºC for 1 h. The residual solvent 

content was estimated to be <0.3 wt % by 1H NMR analysis. In the same way, st-PMMA/C60 

complex gels were prepared in toluene or in mixtures of toluene and DCB containing 

different amounts of st-PMMA and C60 (Figure 1-2 and Table 1-1). st- PMMA/C70 complex 

gel and film were also prepared in a similar way (Figure 1-6).  

 

Preparation of st-PMMA/C84 Complex Gel and Film. Ten mg of st-PMMA was 

dissolved in a toluene-DCB (50 vol %) solution of C84 (7.1 x 10-3 mg/mL, 1 mL) at 110 ºC. 

After the solution was cooled to room temperature (ca. 20 ºC), the solution gelled within 1 

min. The obtained soft gel was centrifuged at 1700 g for 10 min. After removing the 
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supernatant, the solution of C84 (2 mL) was added to the gel. The mixture was stirred at room 

temperature for 10 min and then centrifuged at 1700 g for 10 min. Because of poor solubility 

of C84, these procedures were repeated thirty-five times to obtain the st-PMMA/C84 complex 

gel with 4.7 wt % of C84 (Figure 1-7). The st-PMMA/C84 complex film was obtained by 

evaporating the solvent in the condensed gel under reduced pressure at room temperature for 

12 h followed by drying under vacuum at 160 ºC for 1 h.  

 

Preparation of it-PMMA/C60 Film. Ten mg of it-PMMA was dissolved in a toluene 

solution of C60 (2 mg/mL, 0.25 mL) at room temperature, giving a homogeneous solution. The 

it- PMMA/C60 film was obtained by evaporating the solvent under reduced pressure at room 

temperature for 48 h (Figure 1-5).  

 

Optically Active st-PMMA/C60 Complex Gel. A typical experimental procedure is 

described below. Twenty mg of st-PMMA was dissolved in a toluene-d8 solution of C60 (1.6 

mg/mL, 0.5 mL) containing (R)-1 (20 vol %) at 110 ºC. After the solution was cooled to room 

temperature (ca. 20 ºC), the solution gelled within 15 h (Table 1-3). The obtained soft gel was 

centrifuged at 1700 g for 10 min and the supernatant containing unencapsulated C60 molecules 

was removed from the gel by decantation. The condensed gel was then washed with toluene-

d8 to remove the (R)-1. The residual (R)-1 content was estimated to be <0.002 vol % by 1H 

NMR analysis. The obtained gel was suspended in a small amount of toluene-d8, and then 

subjected to the VCD and ECD measurements (b and d in Figure 1-12). In the same way, st-

PMMA/C60 complex gels were prepared in a mixture of (R)-, (S)-, or (RS)-1 and toluene or 

toluene-d8 with different volume ratios (Table 1-3). The VCD spectrum of the st-PMMA/C60 

complex gel prepared with (RS)-1 was subtracted from the VCD spectra with (R)- or (S)-1 in 

toluene-d8 (Figure 1-12b). 

Optically active st-PMMA gels were prepared in a similar way in toluene-d8 containing 

10 vol % of (R)- or (S)-1 in the absence of C60 and the optically active (R)- and (S)-1 were 

completely removed by washing the gels with toluene-d8 to measure the VCD spectra (Figure 
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1-15b). To these gels was then added a toluene-d8 solution of C60 (2 mg/mL, 1 mL) at room 

temperature. The mixtures were vigorously stirred by a magnetic stirrer and then centrifuged 

at 1700 g for 10 min. The condensed st-PMMA/C60 complex gel was washed with toluene-d8 

to remove the unencapsulated C60 molecules, and then subjected to the VCD and ECD 

measurements (c and d in Figure 1-15).  

 

Molecular Modeling of st-PMMA Helix and IR and VCD Calculations. The 

geometrical parameters of the reported st-PMMA helix17-20 were referred for the construction 

of an initial 18/1 st-PMMA (18 units per turn) helix model. The helical pitch was assumed to 

be 0.92 nm based on the AFM observation results10 and the side chain conformations for the 

st- PMMA helix were assumed to take trans and cis conformations to the α-methyl group, 

based on the IR analysis by Tretinnikov and Ohta.22 The detailed procedures for the 

construction of the initial 18/1 st-PMMA helix model were reported previously.10 

The initial model was then fully optimized by using ab initio quantum chemical 

calculations at the HF/STO-3G level and further at the B3LYP/6-31G(d) level under the 

periodic boundary condition in Gaussian 03 program16 running under Fujitsu PRIMEPOWER 

HPC2500 in Nagoya University. After the optimization, the helical pitch of 18/1 st-PMMA 

converged from 0.92 to 0.947 nm; this value fairly agrees with the reported helical pitch for 

the st-PMMA chain in the st-PMMA–organic molecule complexes determined by X-ray 

diffraction (0.885 nm)8 and that for the st-PMMA chain in the it-PMMA–st-PMMA 

stereocomplex observed by high resolution AFM (0.92 nm).10 The internal coordinates of the 

optimized 18/1 helical st-PMMA with the helical pitch of 0.947 nm are shown in Table 1-2 

and Figure 1-11. 

The IR and VCD spectra for the optimized 18/1 helical st-PMMA were then calculated 

using the density functional theory (DFT) method at the B3LYP/6-31G(d) level in Gaussian 

03 program.16 The calculated VCD spectra were used to determine the helical senses (right- or 

left-handed helix) of optically active helical st-PMMAs induced by (R)- and (S)-1 by 

comparison with their experimental VCD spectra.  
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Because of difficulty in calculating IR and VCD spectra for an entire, large polymer, the 

IR and VCD for a series of st-PMMA oligomers from tetramer (4mer) to dodecamer (12mer) 

were calculated; each oligomer was taken from the optimized helical st-PMMA and both the 

end groups were replaced by methyl groups. We found that the IR and VCD spectra were 

insensitive to the oligomer length and almost the same when the oligomers were longer than 

octamer (8mer). The calculated IR and VCD spectra for the right- and left-handed helical st- 

PMMAs (12mer) are shown in Figure 1-12c using GaussView W 3.0 (Gaussian, Inc., 

Pittsburgh, PA, USA). These spectra were constructed from calculated dipole and rotational 

strengths assuming Lorentzian band shape with a half-width at half maximum of 4 cm–1. The 

calculated frequencies were scaled by a frequency-independent factor of 0.91613.25 The 

peakassignments for the main peaks of the IR and VCD spectra based on the calculation 

results are summarized in Table 1-4, which were fairly in good agreement with the reported 

ones.22,26,27 

 

Molecular Modeling and Molecular Dynamics Simulation of st-PMMA/C60 

Complex.  C60 molecules were manually inserted into the optimized 18/1 st-PMMA helix so 

as to form a st-PMMA/C60 inclusion complex as shown in Figure 1-8c, in which the distance 

between the adjacent encapsulated C60 molecules was kept constant at 1.002 nm; this spacing 

is equal to the distance between the adjacent C60 molecules in the crystal.28 Molecular 

dynamics (MD) simulations were then performed for the constructed st-PMMA/C60 inclusion 

complex using commercial MD software (Materials Explorer 3.0, Fujitsu, Tokyo, Japan) 

using an NTV ensemble in order to evaluate the stability of the inclusion complex. The st-

PMMA/C60 complex was first annealed at 10 K for 100 ps, and then further annealed at 400 K 

for 200 ps. The inclusion complex was stable and maintained its structure during the MD 

annealing process.  

 

Sample Preparations for AFM and TEM Measurements and Surface Pressure-

Area Isotherm Measurements. A st-PMMA and C60 mixture (10 wt % of C60) was spread 



Chapter 1 

 49 

from a benzene solution (ca. 7 x 10-6 g/mL) on a water surface at 25 ºC in an LB trough with 

the area of 60 x 15 cm2, compressed at the rate of 45 cm2/min and deposited at 10 mN/m onto 

a freshly cleaved mica by pulling them out of the water at the rate of 4.2 mm/min while 

compressing the monolayer at that pressure (the vertical dipping method) and subjected to the 

AFM observations (Figure 1-8a). The surface pressure-area isotherms were measured at a 

compression rate of 45 cm2/min using filter paper as a Wilhelmy plate (Figure 1-9). A six 

layered film was also deposited on a TEM microgrid (Oken Shoji, Tokyo, Japan) by the 

horizontal lifting method, and subjected to the TEM observations (Figures 1-8b and 1-10).  
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Chapter 2 

 

Helix-Sense-Controlled Synthesis of Optically Active 

Poly(methyl methacrylate) Stereocomplex 

 

Abstract: Optically active poly(methyl methacrylate) (PMMA) stereocomplexes were 

prepared through the helix-sense-controlled supramolecular inclusion of an isotactic (it) 

PMMA within the helical cavity of an optically active, fullerene-encapsulated syndiotactic 

(st) PMMA with a macromolecular helicity memory. The observed and calculated vibrational 

circular dichroism spectra revealed that the it-PMMA replaced the encapsulated fullerenes to 

fold into a double-stranded helix with the same handedness as that of the st-PMMA single 

helix through the formation of a topological triple-stranded helix. 
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Introduction 

The stereocomplex of poly(methyl methacrylate) (PMMA) is a unique polymer-based 

supramolecule composed of complementary isotactic (it)- and syndiotactic (st)-PMMAs with 

an it/st stoichiometry of 1:2 that exhibits a definite melting point in specific solvents or in 

solids.1 Since the discovery of the PMMA stereocomplex,2 the molecular basis of the structure 

and the mechanism of complex formation have been a long-standing question in polymer 

chemistry.1 In 1989 Schomaker and Challa proposed a double-stranded helical structure 

composed of a 91 it-PMMA helix (nine repeating MMA units per turn) surrounded by an 181 

st-PMMA helix with a monomer ratio of 1:2.3 Recently, Yashima et al. proposed a triple-

stranded helix model from the direct observation of a stereocomplex prepared using the 

Langmuir-Blodgett (LB) technique by high-resolution atomic force microscopy (AFM), 

which reveals that a double-stranded helix of it-PMMA is included in a single helix of st-

PMMA, forming an inclusion complex with a triple-stranded helical structure.4 “Molecular 

sorting” experiment results using uniform it- and st-PMMAs with different molecular weights 

support the triple-stranded helix model.5   

More recently, Yashima et al. found that st-PMMA folded into a preferred-handed 

helical conformation assisted by chiral alcohols and encapsulated [60]fullerene (C60) within 

its helical cavity to form an optically active supramolecular peapod-like complex gel (st-

PMMA/C60), whose helicity was retained after complete removal of the chiral alcohols.6 

Based on these results, the author anticipated that the preferred-handed helical st-PMMA/C60 

complex could serve as the template to further encapsulate the complementary it-PMMA 

through replacement of the encapsulated C60 molecules, resulting in a practically versatile 

stereocomplex with optical activity (Figure 2-1A). The PMMA stereocomplex has been 

applied to advanced materials in many fields, such as ultrathin films,7 microcellular foams,8 

dialyzers,9 thermoplastic elastomers,10 and ion gels.11 It is also a versatile structural motif for 

template polymerization12 and self-assembled nanomaterials.13 However, an optically active 

stereocomplex has not yet been synthesized.14 
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Figure 2-1. (A) Schematic illustration of the encapsulation of C
60

 in the st-PMMA helical 

cavity upon gelation and the release of the C
60

 through stereocomplex formation with it-

PMMA (orange and yellow). The right- (blue) and left-handed (green) helical st-PMMA 

complexes are equally produced. (B) Photographs of a toluene solution of C
60

 (1 mg/mL, 1 

mL) (a), st-PMMA/C
60

 gel (8.3 wt % of C
60

) after the addition of st-PMMA (10 mg) followed 

by heating to 110 ºC and then cooling to room temperature (b), and stereocomplex gel after 

the addition of it-PMMA (10 mg) followed by stirring at room temperature for 48 h (c). 

Samples (b) and (c) were centrifuged at 1700 g for 10 min to precipitate the gels. (C) Changes 

in the concentrations (mg/mL) of released C
60

 and st-PMMA from the st-PMMA/C
60

 complex 

gel into the supernatant upon complexation with it-PMMA at room temperature. Changes in 

the concentration (mg/mL) of the included it-PMMA are also shown. The concentrations of 

C
60

 and it- and st-PMMAs were determined by absorption and 1H NMR measurements of the 

supernatants, respectively. 
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Results and Discussion 

To this end, the author first investigated if it-PMMA could replace the encapsulated C60 

molecules within the st-PMMA cavity to form a stereocomplex. An optically inactive st-

PMMA/C60 complex gel (0.91 mg of C60 (8.3 wt %) was encapsulated in 10 mg st-PMMA) 

was prepared in toluene according to a previously reported method (b in Figure 2-1B and 

Figure 2-2A).6 To this was added it-PMMA (10 mg), and the changes in the concentrations of 

C60 and st-PMMA released from the st-PMMA/C60 complex gel and that of it-PMMA 

included in the st-PMMA gel from the supernatant were followed by measuring the 

absorption and 1H NMR spectra of the supernatant at appropriate time intervals after 

centrifugation (Figures 2-1B, 2-1C, and, 2-2B).  

The encapsulated C60 molecules were gradually replaced by it-PMMA and the 

supernatant changed to a purple color (c in Figure 2-1B). After 48 h, ca. 80% of the C60 

molecules were released to form the stereocomplex gel (Figure 2-1C). The film derived from 

the gel showed a characteristic differential scanning calorimetry (DSC) profile that is virtually 

the same as that of the bulk stereocomplex prepared from the it- and st-PMMAs in acetonitrile 

(Figure 2-2C). These results clearly indicate that a stereocomplex certainly forms upon the 

addition of it-PMMA to the st-PMMA/C60 complex gel. This finding provides the first direct 

experimental evidence for the molecular basis of the PMMA stereocomplex formation 

mechanism; that is, a double-stranded helix of it-PMMA is included in a preformed single 

helix of st-PMMA, thus producing a supramolecular inclusion complex with a triple-stranded 

helical structure.4,5 

Next, the author used an optically active st-PMMA/C60 complex gel induced by (R)- or 

(S)-1-phenylethanol (1),6 which will produce an optically active stereocomplex after 

replacement of the encapsulated C60 by it-PMMA (Figure 2-3). The optically active st-

PMMA/C60 complex gel was prepared in the same manner as previously reported in toluene-

d8 in the presence of (R)- or (S)-1 (20 vol %) followed by complete removal of the (R)- or (S)-

1, and then isolated by centrifugation.6 The it-PMMA was added to the optically active st-

PMMA/C60 gel under vigorous stirring at room temperature. After 48 h, the resulting 
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Figure 2-2. (A) Photographs of a st-PMMA/C60 complex gel (10 mg of st-PMMA 

containing 8.3 wt % of C60) in toluene before (a) and after (b) the addition of it-PMMA (10 

mg) followed by stirring at room temperature for 48 h and then centrifugation at 1700 g for 

10 min. See also Figure 2-1B. (B) Absorption spectra of toluene solutions of the feed C60 (1 

mg/mL) (c), the supernatant isolated from the st-PMMA/C60 complex gel after centrifugation 

(d), and the supernatant after complexation of the st-PMMA/C60 complex gel with it-PMMA 

for 48 h followed by centrifugation (e). (C) DSC thermograms of the st-PMMA/C60 complex 

film (8.3 wt % of C60) (f), films of st-PMMA/C60 complexes obtained after mixing with it-

PMMA for 2 (g) and 48 h (h), and stereocomplex film (i). The films were obtained by 

evaporating the solvent of the corresponding gels after centrifugation. The stereocomplex 

film was prepared by mixing st-PMMA (10 mg) and it-PMMA (5 mg) in toluene (1 mL) at 

110 ºC followed by cooling to room temperature, and then evaporating the solvent. The 

measurements were conducted after cooling the samples at 0 ºC, followed by heating to 280 

ºC at 10 ºC/min under nitrogen. 
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stereocomplex was isolated by centrifugation and its vibrational circular dichroism (VCD) 

and IR spectra (Figure 2-4C) were measured. For comparison, the VCD and IR spectra of the 

optically active st-PMMA/C60 gel prepared with (R)- or (S)-1 and the IR spectrum of it-

PMMA are shown in Figures 2-4A and 2-4B, respectively. The stereocomplex gels exhibited 

mirror-image VCDs in the PMMA IR regions, whose VCD patterns significantly changed 

from those of the optically active st-PMMA/C60 gels, in particular, at around the 1260 cm-1  

(ν6) regions corresponding to the characteristic absorption band for it-PMMA (Table 2-1). 

These results suggest that the it-PMMA forms a helical conformation with an excess one-

handedness once encapsulated into the helical st-PMMA with a macromolecular helicity 

memory, which remains intact after the encapsulated fullerenes are further replaced by the 

complementary it-PMMA with the formation of an optically active stereocomplex. 

 

 

Figure 2-3. Schematic illustration of right- (top) and left- (bottom) handed stereocomplex 

formation with a triple-stranded helical structure. Right- and left-handed single helices are 

induced in the st-PMMA/C
60

 complex in the presence of (R)- or (S)-1 (left). The induced 

helicity is memorized after 1 is completely removed (middle). The encapsulated C
60

 

molecules are further replaced by it-PMMA along with the formation of an optically active 

stereocomplex (right). 
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Inclusion of an it-PMMA helix into an outer st-PMMA helix may produce a pair of 

diastereomeric helical assemblies composed of the same or opposite handed it- and st-

PMMAs helices. The author then calculated the IR and VCD spectra for all the possible 

combinations of the triple-stranded helical stereocomplexes4,5 on the basis of the right- and 

left-handed single helical 181 st-PMMAs and double helical 91 it-PMMAs at the B3LYP/6-

31G(d) level (Figures 2-4D and 2-5C). The experimental VCD spectral patterns of the 

stereocomplexes fit well to the calculated ones composed of helical it- and st- PMMAs with 

the same handedness (Figures 2-5A–C). Thus, it-PMMA recognizes and interacts with the 

outer st-PMMA helix and folds into a double-stranded helix with the same handedness as that 

of the st-PMMA helix through the formation of a topological triple-stranded helix.4,5 

Additional evidence of a preferred-handed helical structure induced in an it-PMMA 

encapsulated in the helical st-PMMA cavity with a macromolecular helicity memory was 

obtained from the experimental and calculated VCD spectra of an optically active 

stereocomplex prepared from the fully-deuterated helical st-PMMA (st-PMMA-d8). Figure 2-

4E shows the IR and VCD spectra of the optically active st-PMMA-d8/C60 complex. The 

optically active st-PMMA-d8/C60 complex gel was prepared in a similar way for the synthesis 

of the optically active st-PMMA/C60 complex gel in toluene-d8 in the presence of (R)- or (S)-1 

followed by complete removal of the (R)- or (S)-1, and then isolated by centrifugation. 

Noticeable changes were observed in its IR and VCD spectral patterns caused by deuteration 

together with a significant decrease in its VCD intensities as compared to those of the st-

PMMA/C60 complex (Figure 2-4A). The calculated IR and VCD spectra for the right- and 

left-handed helical st-PMMA-d8s support the observed changes in their spectral patterns and 

intensities by deuteration of the st-PMMA (Figure 2-6D). 
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Figure 2-4. (A and E) Observed VCD (top) and IR (bottom) spectra of isolated st-

PMMA/C
60

 complex (A) and st-PMMA-d
8
/C

60
 complex (E) gels in toluene-d

8
 prepared by 

(R)-1 (red and black lines) and (S)-1 (blue lines), measured after the complete removal of 1. 

For the assignments of the experimental and calculated IR and VCD bands (ν
1
 – ν

15
), see 

Table 2-1. (B) IR spectrum of it-PMMA in toluene-d
8
. (C and F) Observed VCD (top) and IR 

(bottom) spectra of stereocomplex gels obtained from the optically active st-PMMA/C
60

 

complex (C) and st-PMMA-d
8
/C

60
 complex (F) gels induced by (R)-1 (red and black lines) 

and (S)-1 (blue lines) upon complexation with it-PMMA (it/st = 1/2, wt/wt). (D and G) 

Calculated VCD (top) and IR (bottom) spectra of stereocomplexes (it/st = 1/2, wt/wt) 

composed of the right- (red and black lines) and left- (blue lines) handed it- and st-PMMAs 

(D), and it-PMMA and st-PMMA-d
8
 (G). The contribution of the linear dichroism caused by 

the macroscopic anisotropy was negligible. 
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Figure 2-5. (A and D) Observed VCD (top) and IR (bottom) spectra of stereocomplex gels 

obtained from the optically active st-PMMA/C60 (A) and st-PMMA-d8/C60 complexes (D) gels 

induced by (R)-1 (red and black lines) and (S)-1 (blue lines) upon complexation with it-

PMMA (it/st = 1/2, wt/wt). (B and E) Calculated VCD (top) and IR (bottom) spectra of 

stereocomplexes (it/st = 1/2, wt/wt) composed of the right- (red and black lines) and left- 

(blue lines) handed it- and st-PMMAs (B), and it-PMMA and st-PMMA-d8 (E). (C and F) 

Calculated VCD (top) and IR (bottom) spectra of stereocomplexes (it/st = 1/2, wt/wt) 

composed of the opposite handed it- and st-PMMAs (C), and it-PMMA and st-PMMA-d8 (F) 

helices on the basis of the right- (blue lines) and left- (red and black lines) handed it-PMMAs. 
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A stereocomplex was then prepared from the optically active st-PMMA-d8/C60 complex 

gel upon the addition of it-PMMA. The resulting it-PMMA–st-PMMA-d8 stereocomplex 

exhibited weak, but apparent VCD spectra (Figure 2-4F), whose spectral patterns roughly 

agree with the calculated VCD spectra of the stereocomplex composed of helical it-PMMA 

Figure 2-6. (A and C) Observed VCD (top) and IR (bottom) spectra of isolated st-

PMMA/C60 complex (A) and st-PMMA-d8/C60 complex (C) gels in toluene-d8 prepared by 

(R)-1 (red and black lines) and (S)-1 (blue lines). The observed VCD and IR spectra were 

measured after the complete removal of 1. (B and D) Calculated VCD (top) and IR (bottom) 

spectra of right- (red and black lines) and left- (blue lines) handed helical st-PMMAs (B) and 

st-PMMA-d8s (D). For the assignments of the experimental and calculated IR and VCD 

bands (ν1 – ν15), see Table 2-1.  
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and st-PMMA-d8 with the same handedness (Figure 2-4G and Figures 2-5D–F). Because of 

such an extremely weak VCD of the preferred-handed helical st-PMMA-d8 as supported by 

its calculated one, the observed VCD of the it-PMMA–st-PMMA-d8 stereocomplex likely 

reflects the VCD derived from the it-PMMA helix induced through encapsulation in the 

helical st-PMMA-d8 cavity.  

 

 

Figure 2-7. (A) Schematic illustration of right-handed helicity induction in st-PMMA 

(blue) in the presence of (R)-1. The induced helicity is memorized after (R)-1 is completely 

removed and further encapsulation of it-PMMA (yellow). (B) Observed VCD and IR spectra 

of isolated st-PMMA gels in toluene-d8 prepared by (R)-1 (red lines) and (S)-1 (blue lines). 

(C) Observed VCD and IR spectra of stereocomplex gels in toluene-d8 obtained after the 

addition of it-PMMA to the isolated st-PMMA gels prepared by (R)-1 (red lines) and (S)-1 

(blue lines). 
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As reported previously, a similar optically active st-PMMA gel can be prepared with (R)- 

or (S)-1 in toluene-d8 in the absence of C60.6 The induced st-PMMA helix also remains after 

complete removal of the optically active 1, and this helical st-PMMA can serve as the 

template for the further inclusion of it-PMMA, resulting in a stereocomplex gel, thus showing 

virtually the same VCD spectrum (Figure 2-7). An optically active stereocomplex formation, 

however, requires the preformed helical st-PMMA with a controlled helical sense since a 

mixture of toluene-d8 solutions of it- and st-PMMAs in the presence of (R)-1 (20 vol %) 

produced a stereocomplex gel with no optical activity.  

 

 

 

Conclusions 

In summary, the author has, for the first time, synthesized an optically active PMMA 

stereocomplex through the helix-sense-controlled supramolecular inclusion of an it-PMMA 

within the helical cavity of the st-PMMA with a macromolecular helicity memory. The author 

believes that these unique helical st-PMMA and stereocomplex with a controlled helical sense 

offer potentially useful chiral materials. 
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Experimental Section 

Materials. The st-PMMA and st-PMMA-d8 were synthesized by the syndiotactic-

specific polymerization of MMA and MMA-d8, respectively, in toluene at –95 ºC using a 

typical Ziegler-type catalyst derived from Al(C2H5)3 and TiCl4.15 The it-PMMA was prepared 

by the isotactic-specific anionic living polymerization of MMA in toluene at –78 ºC with tert-

C4H9MgBr.16 The number-average molecular weights (Mn), molecular weight distributions 

(Mw/Mn), and tacticities (mm:mr:rr) were as follows: st-PMMA: Mn = 544000, Mw/Mn = 1.29, 

and mm:mr:rr = 0:6:94; st-PMMA-d8: Mn = 710000, Mw/Mn = 1.32, and mm:mr:rr = 0:5:95;  

it-PMMA: Mn = 21800, Mw/Mn = 1.12, and mm:mr:rr = 97:3:0. The Mn and Mw/Mn values 

were measured by size exclusion chromatography (SEC) in CHCl3 using PMMA standards 

(Shodex, Tokyo, Japan) for the calibration. The tacticities were determined from the 1H NMR 

signals due to the α-methyl protons (st- and it-PMMAs) or the 13C NMR signals due to the 

carbonyl carbon (st-PMMA-d8). 

Toluene (extra-pure grade) and toluene-d8 (99.6%) were purchased from Wako 

Chemicals (Osaka, Japan) and were used as received. (R)-, (S)-, and (RS)-1-phenylethanol (1) 

were obtained from Azmax (Chiba, Japan) and were used without further purification. 

[60]Fullerene (C60) (99.5%) was obtained from Tokyo Kasei (TCI, Tokyo, Japan) and was 

used as received. 

 

Instruments. NMR spectra were recorded on a Varian Unity Inova 500 spectrometer 

(500 MHz for 1H and 125 MHz for 13C) in CDCl3. Absorption spectra were measured in a 0.1- 

or 0.2-mm quartz cell on a JASCO (Hachioji, Japan) V-570 spectrophotometer. IR spectra 

were recorded using a JASCO Fourier Transform IR-620 spectrophotometer. Vibrational 

circular dichroism (VCD) spectra were measured in a 0.15-mm BaF2 cell with a JASCO JV-

2001 spectrometer. The concentration was ca. 30 mg/mL in toluene-d8. All spectra were 

collected for ca. 4–5 h at a resolution of 4 cm-1. 

Differential scanning calorimetry (DSC) measurements were performed on a SEIKO 

(Chiba, Japan) EXSTAR 6000 under a nitrogen atmosphere. The samples were sealed in 
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aluminum pans. The melting temperature (Tm) and heat of melting (ΔHm) were determined 

from the minimum of the endothermic peak and by the peak area, respectively.  

The molecular modeling was performed on the program system MS Modeling software 

(version 3.1, Accelrys Inc., San Diego, CA). The molecular orbital (MO) calculation was 

conducted using Gaussian 03 program (Gaussian, Inc., Pittsburgh, PA).17 

 

Preparation of st-PMMA/C60 Complex Gel and Film.6 Ten mg of st-PMMA was 

dissolved in a toluene solution of C60 (2 mg/mL, 1 mL) at 110 ºC. After the solution was 

cooled to room temperature (ca. 20 ºC), the solution gelled within 1 min. The obtained soft 

gel was centrifuged at 1700 g for 10 min and the supernatant containing unencapsulated C60 

molecules was removed from the gel by decantation. The condensed gel was then washed 

with toluene and the solvent was removed by decantation after centrifugation. This procedure 

was repeated several times. The encapsulated C60 content was estimated using the following 

equation: encapsulated C60 content (mg) = (C60 in feed (mg)) x (Abs0 – Abs)/(Abs0), where 

Abs0 and Abs represent the absorbance at 336 nm of the feed C60 solution and that of the 

supernatant separated from the st-PMMA/C60 gel after centrifugation (Figure 2-2B). The st-

PMMA/C60 complex film was obtained by evaporating the solvent in the condensed gel under 

reduced pressure at room temperature for 12 h followed by drying under vacuum at 160 ºC for 

1 h. The residual solvent content was estimated to be <0.3 wt % by 1H NMR analysis. The 

obtained film was subjected to the DSC measurement (f in Figure 2-2C). 

 

Preparation of Stereocomplex Gel upon Mixing st-PMMA/C60 Complex Gel with it-

PMMA. A typical experimental procedure is described below. Ten mg of st-PMMA was 

dissolved in a toluene solution of C60 (1 mg/mL, 1 mL) at 110 ºC. After the solution was 

cooled to room temperature (ca. 20 ºC), the solution gelled within 1 min. The obtained soft 

gel was centrifuged at 1700 g for 10 min and to this was added 10 mg of it-PMMA. The 

mixture was then vigorously stirred by a magnetic stirrer, giving soft gel particles. The 

changes in the concentrations of C60 and st-PMMA released from the st-PMMA/C60 complex 
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gel into the supernatant and that of it-PMMA included into the st-PMMA gel from the 

supernatant were followed by measuring the absorption and 1H NMR spectra of the 

supernatant at appropriate time intervals after centrifugation (Figure 2-1C). The obtained 

stereocomplex gel was then washed with toluene. The stereocomplex film was obtained by 

evaporating the solvent in the condensed gel under reduced pressure at room temperature for 

12 h followed by drying under vacuum at 160 ºC for 1 h, and then subjected to the DSC 

measurements (g and h in Figure 2-2C). 

 

Preparation of Optically Active st-PMMA/C60
6 and st-PMMA-d8 Complex Gels. A 

typical experimental procedure is described below. Twenty mg of st-PMMA was dissolved in 

a toluene-d8 solution of C60 (1.6 mg/mL, 0.5 mL) containing (R)-1 (20 vol %) at 110 ºC. After 

the solution was cooled to room temperature (ca. 20 ºC), the solution gelled within 15 h. The 

obtained soft gel was centrifuged at 1700 g for 10 min and the supernatant containing 

unencapsulated C60 molecules was removed from the gel by decantation. The condensed gel 

was then washed with toluene-d8 to remove the (R)-1. The residual (R)-1 content was 

estimated to be <0.002 vol % by 1H NMR analysis. The obtained gel was suspended in a 

small amount of toluene-d8, and then subjected to the VCD measurements (Figures 2-4A and 

2-6A). In the same way, st-PMMA/C60 complex gels were prepared in a mixture of (S)- or 

(RS)-1 (20 vol %) and toluene-d8. The VCD spectrum of the st-PMMA/C60 complex gel 

prepared with (RS)-1 was subtracted from the VCD spectra with (R)- or (S)-1 in toluene-d8 

(Figures 2-4A and 2-6A). 

Optically active st-PMMA-d8/C60 gels were prepared in a similar way in toluene-d8 

containing 20 vol % of (R)-, (S)-, or (RS)-1 and the optically active (R)- and (S)-1 were 

completely removed by washing the gels with toluene-d8 to measure the VCD spectra 

(Figures 2-4E and 2-6C). 

 

Preparation of Optically Active Stereocomplex upon Mixing st-PMMA/C60 or st-

PMMA-d8/C60 Complex Gel with it-PMMA. A typical experimental procedure is described 
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below. An optically active st-PMMA/C60 or st-PMMA-d8/C60 condensed gel (st-PMMA (st-

PMMA-d8): 20 mg) prepared in the same way described above was suspended in toluene-d8 

until the polymer concentration 10 mg/mL and to this was added 20 mg of it-PMMA. The 

mixture was then vigorously stirred at room temperature for 48 h by a magnetic stirrer, giving 

soft gel particles. The obtained stereocomplex gel was washed with toluene-d8 and then 

subjected to the VCD measurements (Figures 2-4C, 2-4F, 2-5A, and 2-5D). 

 

Preparation of Optically Active Stereocomplex upon Mixing st-PMMA Complex 

Gel with it-PMMA in the Absence of C60. A typical experimental procedure is described 

below. Twenty mg of st-PMMA was dissolved in a toluene-d8 solution (0.5 mL) of (R)-1 (10 

vol %) at 110 ºC. After the solution was cooled to room temperature (ca. 20 ºC), the solution 

gelled within 3 h. The obtained soft gel was centrifuged at 1700 g for 10 min and the 

supernatant was removed from the gel by decantation. The condensed gel was then washed 

with toluene-d8 to remove the (R)-1. The obtained gel was suspended in a small amount of 

toluene-d8, and then subjected to the VCD measurements (Figure 2-7B). The optically active 

st-PMMA condensed gel was suspended in toluene-d8 (10 mg/mL) and to this was added 20 

mg of it-PMMA. The mixture was then vigorously stirred at room temperature for 48 h by a 

magnetic stirrer, giving soft gel particles. The obtained stereocomplex gel was washed with 

toluene-d8 and then subjected to the VCD measurements (Figure 2-7C). In the same way, 

stereocomplex gels were prepared in a mixture of (S)- or (RS)-1 in the absence of C60. 

 

Preparation of Stereocomplex in Toluene-d8 with (R)-1. st-PMMA (10 mg)  and it-

PMMA (5 mg) were dissolved in a toluene-d8 solution (1 mL) of (R)-1 (20 vol %) by heating 

at 110 ºC. The solution was allowed to cool to room temperature, which gelled immediately 

due to the formation of stereocomplex. The obtained stereocomplex gel was washed with 

toluene-d8 and then subjected to the VCD measurements. 
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Molecular Modeling of Double-Stranded Helical it-PMMA and IR and VCD 

Spectral Calculations. The detailed procedures for the construction of an initial 91 (nine units 

per turn) it-PMMA double-stranded helix model were reported previously.4 The helical pitch 

was assumed to be 2.10 nm and the side chain ester group was assumed to take a trans 

conformation to the α-methyl group. The double-stranded 91 it-PMMA helical chains were 

constructed by combining two right-handed helical 91 it-PMMA helices in which one of the 

it-PMMA helices was rotated around the helix axis by 180º.4 

The initial model of a double-stranded helical it-PMMA nonamer (9mer) was then fully 

optimized by using ab initio quantum chemical calculations at the HF/STO-3G level (774 

basis sets) and further at the B3LYP/6-31G(d) level (2178 basis functions) under the periodic 

boundary condition in Gaussian 03 program17 running under Fujitsu PRIMEPOWER 

HPC2500 in Nagoya University. After the optimization, the helical pitch of 91 it-PMMA 

double helix converged from 2.10 to 1.836 nm; this pitch value fairly agrees with the 

observed fiber identity period for the it-PMMA–st-PMMA stereocomplex determined by X-

ray diffraction (1.84 nm).3 The internal coordinates and the stick model of the optimized 91 

double helical it-PMMA with the helical pitch of 1.836 nm are shown in Table 2-2 and Figure 

2-8, respectively. 

The IR and VCD spectra for an optimized 91 double helical it-PMMA were then 

calculated using the density functional theory (DFT) method at the B3LYP/6-31G(d) level in 

Gaussian 03 program.17 Because of difficulty in calculating IR and VCD spectra for an entire, 

large polymer, we calculated the IR and VCD for a series of double helical it-PMMA 

oligomers from tetramer (4mer) to dodecamer (12mer); each oligomer was taken from the 

optimized double helical it-PMMA and both the end groups were replaced by methyl groups. 

we found that the IR and VCD spectra were insensitive to the oligomer length and almost the 

same when the oligomers were longer than octamer (8mer). Thus, we used the VCD spectrum 

of dodecamer (12mer) to determine the helical senses of optically active double helical it-

PMMAs by comparison with their experimental VCD spectra. These spectra were constructed 

from calculated dipole and rotational strengths assuming Lorentzian band shape with a half-
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width at half maximum of 4 cm–1. The calculated frequencies were scaled by a frequency-

independent factor of 0.9613.18 The peak assignments for the main peaks of the IR and VCD 

spectra based on the calculation results are summarized in Table 2-1, which were fairly in 

good agreement with the reported ones.19–21 

 

 

bond length nm  torsion angle degree 

C1-C2 0.1580  C2-1-C1-C2-C1+1 -166.2 

C2-C1+1 0.1578  C1-1-C2-1-C1-C2 -156.3 

C1-C3 0.1533  C1-1-C2-1-C1-C3 85.6 

C3-O1 0.1353  C1-1-C2-1-C1-C5 -35.9 

C3-O2 0.1213  C2-1-C1-C3-O1 63.5 

C1-C4 0.1442  C2-1-C1-C3-O2 -118.3 

C1-C5 0.1538  C1-C3-O1-C4 175.2 

C-H 0.109~0.110  C3-O1-C4-H ~staggered 

   C3-C1-C5-H ~staggered 

bond angle (degree)    

C1-1-C2-1-C1 126.5    

C2-1-C1-C2 101.8    

C2-1-C1-C3 110.6    

C2-1-C1-C5 112.5    

C1-C3-O1 112.2    

C1-C3-O2 125.0    

C3-O1-C4 115.3    

H-C-H 105.0~111.0    

 

 

 

Molecular Modeling of Helical st-PMMA6 and st-PMMA-d8 and IR and VCD 

Spectral Calculations. The detailed procedures for the construction of an initial 181 st-

PMMA helix model followed by the fully optimization by using ab initio quantum chemical 

calculations at the HF/STO-3G level and further at the B3LYP/6-31G(d) level under the 

– C1-1 – C2-1 – [ – C1 – C2 – ] – C1+1 –

C5

O2 – C3

O1

C4

–
–

–
–

Numbering of Atoms

Table 2-2. Internal Coordinates of the Optimized 91 it-PMMA Helix by Using 
Ab Initio Quantum Chemical Calculations at the HF/STO-3G Level and 
Further at the B3LYP/6-31G(d) Level 
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periodic boundary condition were reported previously.6 The internal coordinates and the stick 

model of the optimized 181 helical st-PMMA with the helical pitch of 0.947 nm are shown in 

Table 1-2 and Figure 2-8, respectively.6 This helical pitch value fairly agrees with the 

reported helical pitch for the st-PMMA chain in the st-PMMA–organic molecule complexes 

determined by X-ray diffraction (0.885 nm)22,23 and that for the st-PMMA chain in the it-

PMMA–st-PMMA stereocomplex observed by high resolution AFM (0.92 nm), as reported 

previsouly.4 The 181 st-PMMA-d8 helix model was constructed from the optimized st-PMMA 

by fully deuteration and further ab initio quantum chemical calculations were performed at 

the B3LYP/6-31G(d) level in Gaussian 03 program.17 

The IR and VCD spectra for the optimized 181 helical st-PMMA and st-PMMA-d8 

(12mer) were then calculated using the DFT method at the B3LYP/6-31G(d) level in 

Gaussian 03 program17 according to the method previously reported6  (Figures 2-6B and 2-6D, 

respectively, and Table 2-1). 

 

 

Figure 2-8. Stick models of the 181 st-PMMA single helix (left) and 91 it-PMMA double-

stranded helix (right) used for the IR and VCD calculations. The models were optimized 

by using ab initio quantum chemical calculations at the HF/STO-3G level and further at 

the B3LYP/6-31G(d) level, see Tables 1-2 and 2-2. Side view (top) and top view (bottom). 
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Molecular Modeling of Stereocomplex and IR and VCD Calculations. We recently 

provided convincing evidence for a triple-stranded helix for the stereocomplex by high-

resolution AFM, which revealed that a double-stranded helix of it-PMMA is included in a 

single helix of st-PMMA, thus forming an inclusion complex with a triple-stranded helical 

structure.4 Based on these results, we assumed that the IR and VCD spectra of a triple-

stranded stereocomplex could be calculated by combining those of a double helix of it-

PMMA and a single helix of st-PMMA. 

Inclusion of an it-PMMA helix into an outer st-PMMA or st-PMMA-d8 helix will 

produce a pair of diastereomeric helical assemblies composed of the same or opposite handed 

it- and st-PMMAs helices. We then calculated the IR and VCD spectra for all the possible 

combinations of triple-stranded helical stereocomplexes on the basis of the right- and left-

handed single helical 181 st-PMMAs or st-PMMA-d8s and double helical 91 it-PMMAs 

(Figures 2-4D, 2-4G, 2-5B, 2-5C, 2-5E, and 2-5F). The experimental VCD spectral patterns 

of the stereocomplexes fit well to the calculated ones composed of helical it- and st-PMMAs 

or helical it- and st-PMMA-d8s with the same handedness (Figure 2-5).  

We also constructed a triple-stranded stereocomplex composed of the optimized double 

helical 91 it-PMMA and single helical 181 st-PMMA with the same handedness according to 

the method previously reported,6 by manually inserting the it-PMMA double helix into the st-

PMMA single helix. The relative positions of the it- and st-PMMA helices were determined 

in order to avoid any unfavorable van der Waals contacts. However, it was difficult to fully 

optimize the structure by using ab initio quantum chemical calculations because of an entire, 

large polymer complex. 
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Chapter 3 

 

Helicity Induction and Memory of Syndiotactic Poly(methyl methacrylate) 

Assisted by Optically Active Additives and Solvent and Chiral 

Amplification of Helicity 
 

Abstract: Syndiotactic poly(methyl methacrylate) (st-PMMA) was found to fold into a 

preferred-handed helix with amplification of helicity assisted by chiral additives and solvents 

and further encapsulated fullerenes within its helical cavity whose helicity was memorized 

after removal of the chiral molecules. 
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Introduction 

Syndiotactic poly(methyl methacrylate) (st-PMMA), a stereoregular commodity polymer, 

forms a thermoreversible gel in aromatic solvents, such as toluene and chlorobenzene, in 

which the st-PMMA possesses a 74/4 helical conformation with a large cavity of about 1 nm 

and the solvent molecules are encapsulated in the cavity of the st-PMMA interior.1,2 Taking 

advantage of this unique helix formation of the st-PMMA with a specific cavity in the gel 

state, Yashima et al. recently succeeded in encapsulation of fullerenes in the cavity of 

st-PMMA, resulting in a robust, processable and peapod-like complex.3 In addition, 

preferred-handed helical structures in st-PMMA and its complex with fullerenes could be 

induced in the presence of an optically active alcohol (1)3 and amine (6)4 as an additive and 

solvent, respectively, as evidenced by an electronic circular dichroism (ECD) induced in the 

encapsulated C60 chromophore regions and vibrational CD (VCD) in the PMMA IR regions. 

Furthermore, the induced st-PMMA helix was retained (“memorized”)5-7 after complete 

removal of the chiral molecules (Figure 3-1)3 and could recognize the size and chirality of 

higher fullerenes through an induced-fit mechanism to selectively extract enantiomers of the 

higher fullerenes.4 

 

 

Figure 3-1. Schematic illustration for the helicity induction and memory in st-PMMA and 

further encapsulation of C60 after complete removal of optically active compounds.
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In this study, the author investigated the effects of diverse optically active compounds 

(1–12) (Chart 3-1) as chiral additives in toluene or solvents on the gelation abilities and 

further efficiency of the helicity induction and memory in st-PMMA. During the course of our 

studies, the author found that the chiral information of a nonracemic aromatic amine transfers 

with amplification in the st-PMMA as an excess of a single-handed helix through noncovalent 

bonding interactions, thus generating a unique “majority rule” effect (nonlinear effect)7-9 on a 

helical system. 

 

 

Chart 3-1 

 

 

 

Results and Discussion 

First, the helicity induction abilities of aromatic and aliphatic optically active alcohols 

(1–3) and amines (6–12), and aliphatic (5) and carbonyl (4) compounds toward st-PMMA 

were systematically investigated in toluene (Tables 3-1 and 3-2). The st-PMMA gel and its 

inclusion complex with C60 were prepared according to previously reported methods with a 

slight modification.3,4,10 St-PMMA (4 mg) was dissolved in toluene (0.1 mL) containing 1–12 

(2 equiv with respect to the monomer units of st-PMMA) upon heating at 110 ˚C. Cooling to 

room temperature, the gelation rapidly took place within 4 min except for the solutions with 1  
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entry solvent additiveb gelation timec Δε346 /M-1 cm-1 d 

1e toluene — 3 min — 

2 toluene (S)-1 3 h –0.3 

3 toluene (S)-6 4 min 0.2 

4 toluene (R)-7 4 min –0.4 

5 (S)-1 — —f — 

6 (+)-4 — 1 min —g 

7 (+)-5 — —h — 

8 (S)-6 — 15 h 1.3 

9 (R)-6 — 15 h –1.5 

10 (R)-7 — 1 h –1.4 

11 (S)-9 — 1.5 h 1.0 

12 (R)-10 — 2 min –0.8 

13 (S,S)-11 — 4 min 1.3 

14 (S)-12 — 1 min —g 

 

 

 

(3 h) and 3 (10 min) (Table 3-2). The author note that a toluene solution of st-PMMA gelled 

within 3 min without any additives (Table 3-1). After complete removal of the chiral additives 

from the st-PMMA gels and further encapsulation of C60 molecules within its helical cavity in 

Table 3-1. Gelation and Helicity Induction of st-PMMA in Various 
Solvents with or without Chiral Additivesa 

a The concentration of st-PMMA was 40 mg/mL. b The molar ratio of additives to the 
monomer unit of st-PMMA was 2. c The gelation time was estimated by the inverse flow 
method. d Measured after removal of chiral compounds followed by encapsulation of C60. e 
Cited from ref 3. f No gelation after 24 h. g Apparent CD (>0.2 M-1 cm-1) was not observed. h 

st-PMMA was insoluble. 
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toluene, the ECD spectra of the st-PMMA/C60 complex gels were measured. Among the 

diverse optically active additives (1–12), the chiral aromatic alcohol (1) and amines (6 and 7) 

successfully induced and memorized a preferred-handed helicity in st-PMMA, thus producing 

the optically active st-PMMA/C60 complex gels, which exhibited weak but apparent ECDs in 

the encapsulated C60 chromophore regions at around 346 nm (entries 2–4 in Tables 3-1 and 

3-2). The author presumes that a helical sense excess of st-PMMA induced and memorized by 

the chiral additives and the ECD intensity at the C60 chromophore regions encapsulated in the  

 

 

entry additiveb gelation timec Δε346 /M-1 cm-1 d 

1 (S)-1 3 h –0.3 

2 (–)-2 3 min —e 

3 (–)-3 10 min —e 

4 (+)-4 2 min —e 

5 (+)-5 0.3 min —e 

6 (S)-6 4 min 0.2 

7 (R)-7 4 min –0.4 

8 (R)-8 1 min —e 

9 (S)-9 3 min —e 

10 (R)-10 2 min —e 

11 (S,S)-11 3 min —e 

12 (S)-12 2 min —e 

 

 

 

Table 3-2. Gelation and Helicity induction of st-PMMA 
in Toluene with Chiral Additives 
a 

a The concentration of st-PMMA was 40 mg/mL. b The molar ratio of 
additives to the monomer unit of st-PMMA was 2. c The gelation time 
was estimated by the inverse flow method. d Measured after removal 
of chiral additives followed by encapsulation of C60. e Apparent CD 
(>0.2 M-1 cm-1) was not observed.  
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helical cavity of st-PMMA may be correlated to each other, and hence, the ECD intensity 

most likely reflects the helical sense excess of st-PMMA, thereby, the helix-inducing ability 

of the chiral additives. 

With these results in mind, the author next investigated if optically active liquids (1, 4–7, 

and 9–12) could be used as a solvent to dissolve and then gelate the st-PMMA with a greater 

helical sense excess (entries 5–14 in Table 3-1). St-PMMA was not soluble in 5 and a solution 

of st-PMMA in 1 did not gel, but other chiral liquids (4 and aromatic amines (6, 7, and 9–12)) 

dissolved the st-PMMA and then gelled. Interestingly, solutions of st-PMMA in 4 and 10–12 

rapidly gelled within 1–4 min like that in toluene. The st-PMMA gels were then repeatedly 

washed with toluene to remove the chiral solvents, and subsequently, C60 molecules were 

encapsulated in the st-PMMA cavity to make the st-PMMA/C60 complex gels and their ECD 

and VCD spectra were measured. 

Figure 3-2 shows the typical absorption, VCD, and ECD spectra of the st-PMMA/C60 

complex gels in toluene assisted by (S)- and (R)-6 or racemic 6. The st-PMMA/C60 complex 

gels, which contained no trace amount of 6, showed mirror-imaged VCDs in the PMMA IR 

regions due to the preferred-handed helicity (a) and also ECDs in the encapsulated C60 

chromophore regions (b). The VCD intensities of the st-PMMA/C60 complex gels at around 

1150 and 1280 cm-1 were approximately three times larger than those prepared with (S)- and 

(R)-1 (20 vol %),3 indicating the remarkable increase in the helical sense excess of the 

st-PMMA induced by (S)- and (R)-6. Based on the calculated IR and VCD spectra for the 

right- and left-handed helical 18/1 st-PMMAs at the B3LYP/6-31G(d) level, the st-PMMA 

induced by (R)-6 likely possesses a left-handed helix.3 

The ECD measurement results of the st-PMMA/C60 complexes assisted by optically 

active liquids are summarized in Table 3-1, which revealed that the use of optically active 

solvents (entries 8–13), in particular, the aromatic optically active primary (6 and 7) and 

secondary amines (9–11) more efficiently induced an excess one-handedness in the st-PMMA 

backbone, thus showing intense ECDs in the C60 chromophore regions as compared with  
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those induced by chiral additives (entries 2–4). On the other hand, the tertiary amine (S)-12 as 

well as the aliphatic (+)-4 showed no preference in the helical sense bias in st-PMMA, thus no 

ECD (entries 6 and 14). These results suggest that the NH protons as well as the aromatic 

groups may play an important role in the helicity induction in st-PMMA, probably through 

intermolecular hydrogen bonding interactions between the pendant ester groups of st-PMMA 

and the NH residues of the amines. Therefore, the aromatic primary and secondary chiral 

amines (6, 7, 9–11) exhibited the same chiral bias for the helicity induction in st-PMMA, thus 

showing the ECDs with the same Cotton effect sign when their absolute configurations are 

the same. In contrast, the Cotton effect sign of the st-PMMA/C60 complex induced by (S)-6 

was opposite to that induced by (S)-1 (entries 2 and 3 or 8), indicating an opposite chiral bias 
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Figure 3-2. (a) VCD (top) and IR (bottom) spectra of isolated st-PMMA/C60 complex gels 

in toluene prepared by the complexation with C60 after the gelation of st-PMMA with (R)-6 

(red lines) and (S)-6 (blue lines). (b) ECD (top) and absorption (bottom) spectra of isolated 

st-PMMA/C60 complex gels in toluene prepared by the complexation with C60 after the 

gelation of st-PMMA with racemic 6 (black lines), (R)-6 (red lines), and (S)-6 (blue lines). 

The racemic and (R)- and (S)-6 were completely removed before the complexation with C60. 



Chapter 3 
 

 84 

for the helicity induction in st-PMMA. As for the helicity induction and gelation abilities 

assisted by chiral compounds, there is almost no clear relationship between them. 

The helix formation of st-PMMA in the chiral amine 6 gel showed a unique positive 

nonlinear relationship between the enantiomeric excess (ee) of 6 and the observed ECD 

intensities of the corresponding st-PMMA/C60 complexes; the ECD intensities of the gels in 

the encapsulated C60 chromophore regions were out of the proportion to the ee values of 6 

(Figure 3-3). This is a typical example of chiral amplification (“majority rule” effect7-9) often 

observed in dynamic helical polymers7,11 and self-assembled helical systems.12-14 Although the 

convex deviation from the linearity was not so impressive, this positive nonlinear relationship 

is of particular interesting to understand the mechanistic insight into the helix formation of 

st-PMMA followed by gelation in specific solvents. The st-PMMA backbone may possess a 

dynamic nature in its helical conformation during the gelation process in the optically active 6. 

Because the st-PMMA backbone may become static in the gel state, an excess of one-handed 
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Figure 3-3. Changes in the ECD intensity at around 350 nm of st-PMMA/C60 complex gels 

versus the % ee of 6 during the gelation of st-PMMA. ECD spectra were measured after 

removal of 6 followed by encapsulation of C60. 
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helical conformation with chiral amplification may be induced in st-PMMA before the 

noncovalent network formation generated by helix bundles as a cross-linker, resulting in the 

gelation. Therefore, once gelation takes place, the induced st-PMMA helix with a helicity 

memory is stabilized by helix-bundles and maintains before melting of the gel. 

 

 

 

Conclusion 

In summary, the author has found that the preferred-handed helicity was efficiently 

induced in st-PMMA with various optically active primary and secondary amines bearing 

aromatic groups as the gelling solvents, and further memorized after removal of the chiral 

amines while maintaining its gel state. An excess of one-handed helix was also induced with 

nonracemic amines during the gelation, resulting in the amplification of helical chirality, 

suggesting that the helical st-PMMA chain may have a dynamic characteristic during the 

gelation process. These findings will contribute to the development of readily available, 

unique chiral and optoelectronic materials with a controlled helical sense and specific chiral 

cavity, in which a variety of functional molecules will be encapsulated. 
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Experimental Section 

Materials. The st-PMMA was synthesized by the syndiotactic-specific polymerization 

of MMA in toluene at –95 ºC using a typical Ziegler-type catalyst derived from Al(C2H5)3 and 

TiCl4.15 The number-average molecular weight (Mn), molecular weight distribution (Mw/Mn), 

and tacticity (mm:mr:rr) were as follows: Mn = 573000, Mw/Mn = 1.42, and mm:mr:rr = 1:5:94. 

The Mn and Mw/Mn values were measured by size exclusion chromatography (SEC) in CHCl3 

using polystyrene standards for the calibration. The tacticity was determined from the 1H 

NMR signals due to the α-methyl protons.  

[60]Fullerene (C60) was purchased from Frontier Carbon (Tokyo, Japan). (–)-Menthol 

((–)-2), (1R,2R,3S,5R)-(–)-pinanediol ((–)-3), (+)-α-pinene ((+)-5), (R)-(+)-bornylamine 

((R)-8), (S)-(–)-N,α-dimethylbenzylamine ((S)-9) and (–)-bis[(S)-1-phenylethyl]amine 

((S,S)-11) were purchased from Aldrich (Milwaukee, WI). (S)-1-Phenylethanol ((S)-1) and 

(R)-(+)-N-benzyl-α-methylbenzylamine ((R)-10) were obtained from Azmax (Chiba, Japan) 

and Fluka (Buchs, Switzerland), respectively. (+)-Fenchone ((–)-4) and 

(S)-(–)-N,N-dimethyl-1-phenylethylamine ((S)-12) were purchased from Tokyo Kasei (TCI, 

Tokyo, Japan). (R)- and (S)-1-Phenylethylamine (6) and (R)-1-(1-naphthyl)ethylamine (7) 

were kindly supplied from Yamakawa Chemical (Tokyo, Japan).  

 

Instruments. NMR spectra were recorded on a Varian UNITY INOVA 500AS 

spectrometer operating at 500 MHz for 1H in CDCl3. Absorption spectra were measured in a 

0.2- or 1 mm quartz cell on a JASCO (Hachioji, Japan) V-550 or V-570 spectrophotometer 

and electronic circular dichroism (ECD) spectra were measured on a JASCO J-820 

spectropolarimeter. Vibrational CD (VCD) spectra were measured in a 0.15-mm BaF2 cell 

with a JASCO JV-2001 spectrometer. The concentration was ca. 30 mg/mL in toluene. All 

spectra were collected for ca. 4–5 h at a resolution of 4 cm–1. 
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Preparation of Optically Active st-PMMA Gels in Toluene with Chiral Additives 

and Complexation with C60. A st-PMMA/C60 complex gel was prepared according to a 

previously reported method with a slight modification.3 A typical experimental procedure is 

described below. A 4 mg of st-PMMA was dissolved in toluene (0.1 mL) containing (S)-1 (2 

equiv with respect to the monomer units of st-PMMA) at 110 ºC. After the solution was 

cooled to room temperature, the solution gelled within 3 h. The obtained soft gel was 

collected by centrifugation at 1700 g for 10 min and the supernatant was removed by 

decantation. The condensed gel was then washed with toluene to remove (S)-1. This 

procedure was repeated several times. The gel was then suspended in a toluene solution of C60 

(1 mg/mL, 0.2 mL). The mixture was vigorously stirred at room temperature by a magnetic 

stirrer, thus producing soft gel particles. The obtained st-PMMA/C60 complex gel was 

collected by centrifugation at 1700 g for 10 min and the supernatant containing the 

unencapsulated fullerenes was removed by decantation. The condensed gel was then washed 

with toluene and the solvent was removed by decantation after centrifugation. This procedure 

was repeated several times. The obtained gel was suspended in a small amount of toluene, and 

then subjected to the ECD measurement. 

 

Preparation of Optically Active st-PMMA Gels in Chiral Solvents and 

Complexation with C60. A typical experimental procedure is described below. A 4 mg of 

st-PMMA was dissolved in (S)-6 (0.1 mL) at 110 °C. After the solution was cooled to room 

temperature, the solution gelled within 15 h. The obtained soft gel was collected by 

centrifugation at 1700 g for 10 min and the supernatant was removed by decantation. The 

condensed gel was then washed with toluene to remove (S)-6. This procedure was repeated 

several times. The gel was then suspended in a toluene solution of C60 (1 mg/mL, 0.2 mL). 

The mixture was vigorously stirred at room temperature by a magnetic stirrer, thus producing 

soft gel particles. The obtained st-PMMA/C60 complex gel was collected by centrifugation at 

1700 g for 10 min and the supernatant containing the unencapsulated fullerenes was removed 
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by decantation. The condensed gel was then washed with toluene and the solvent was 

removed by decantation after centrifugation. This procedure was repeated several times. The 

obtained gel was suspended in a small amount of toluene, and then subjected to the ECD and 

VCD measurements. 
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Chapter 4 

 

Separation of Higher Fullerene Enantiomers by Syndiotactic Poly(methyl 

methacrylate) with a Macromolecular Helicity Memory 
 

Abstract: A one-handed helical polymer, syndiotactic poly(methyl methacrylate) 

(st-PMMA), recognizes the size and chirality of higher fullerenes through an induced-fit 

mechanism and can selectively extract enantiomers of the higher fullerenes, such as C76, C80, 

C84, C86, C88, C90, C92, C94, and C96. This discovery will generate a practical and valuable 

method for selectively extracting the enantiomers of the elusive higher fullerenes and opens 

the way to developing novel carbon cage materials with optical activities.  
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Introduction 

The development of a practical and efficient method for the separation of higher 

fullerenes (≥C76) with a specific size, geometry, and in particular, chirality is among the urgent 

and emerging challenges in advanced materials science due to their attractive applications, 

such as electronic and optoelectronic materials.1,2 The iterative chromatographic separation 

provides a tiny amount of the higher fullerenes, and the supramolecular approach using 

designer host molecules with a rigid concave cavity or through self-assemblies has been a 

powerful method for selectively encapsulating C60 and/or C70 rather than higher fullerenes.3-12 

The cyclic dimers of zinc porphyrins possess an exceptionally high affinity toward the higher 

fullerenes due to flexible linkers between the metalloporphyrins.13  

Recently, Yashima et al. reported that syndiotactic poly(methyl methacrylate) 

(st-PMMA), a stereoregular commodity plastic, can encapsulate fullerenes, such as C60 and 

C70, within its helical cavity to form a robust, processable and crystalline complex with optical 

activity.14 Preferred-handed helical structures in st-PMMA and its complex with fullerenes 

could be induced in the presence of an optically active alcohol and amines as an additive and 

solvent, as evidenced by an electronic circular dichroism (ECD) induced in the encapsulated 

C60 chromophore regions and vibrational CD (VCD) in the PMMA IR regions.15 In addition, 

the induced st-PMMA helix could recognize the higher fullerenes through an induced-fit 

mechanism, and performed selective extraction of the higher fullerenes from carbon soot (a 

commercially available fullerene mixture) composed of C60/C70/higher fullerenes 

(64.0:27.2:8.8% determined by high performance liquid chromatography (HPLC) analysis).16 

Remarkably, the higher fullerenes were selectively obtained from the carbon soot and the 

higher fullerene content significantly increased to 95.4% from 8.8% in the feed by single 

extraction with st-PMMA. 

However, judging from the tiny structural differences in the enantiomers and due to a 

lack of functionality, the direct separation of chiral fullerenes into enantiomers appears to be 

extremely difficult, and only D2-symmetric C76 (C76-D2),17,18a,19,20 C78-D3,17b and C84-D2
17b,18b 
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were successfully resolved into the enantiomers by recycling chiral HPLC, kinetic resolution, 

enantioselective extraction with a chiral porphyrin dimer,20 and the covalent modification with 

chiral molecules followed by regeneration. The fact that the number of chiral isomers 

dramatically increases with increasing cage size; for example, 21 of 35 C88 isomers are 

possibly chiral, suggests that there are no feasible methods to resolve the higher fullerenes 

(>C84) into optical antipodes.  

In this chapter, the author shows that an optically active st-PMMA with an excess 

single-handed helix can be used to enantiomer-selectively extract chiral fullerenes from the 

fullerene mixture (Figure 4-1). 

 

 

 

 

 

Results and Discussion 

The optically active st-PMMA gel was prepared according to the method described in 

Chapter 3 using (R)- or (S)-1-phenylethylamine (1) as the solvent to induce a 

preferred-handed helical conformation in st-PMMA followed by complete removal of 1 by 

repeatedly washing the gel with toluene and then isolated by centrifugation. A single 

extraction of a large amount of fullerene mixture in toluene (ca. 0.3 mg/mL, 800 mL) was 

Figure 4-1. Schematic illustration of the separation of higher fullerene enantiomers by 

optically active st-PMMA gel. 
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then carried out using a low concentrated optically active st-PMMA gel (0.05 mg/mL), since 

using lower concentrated st-PMMA appears to encapsulate higher fullerenes more efficiently. 

The author estimated that approximately 16% of the higher fullerenes, for example, 13% of 

feed C76 and 14% of feed C84 in toluene were encapsulated by a single extraction as 

demonstrated by the HPLC chromatograms of the solution before and after extraction by the 

optically active st-PMMA (Table 4-1). The extraction provided a series of optically active 

fullerenes (C76, C84, C86, C88, C90, C92, C94, and C96) as supported by the circular dichroism 

(CD)-detected HPLC chromatograms of the extract, which showed the apparent CDs (Figures 

4-2a and b). Among them, the optically active C86, C88, C90, C92, C94, and C96 have never been  

 

 

fullerenes 
encapsulation ratios of fullerenes 

(area%)a 
higher fullerenes 

(C76 ~ C96) 
16 ± 0.6 

C76 13 ± 1.1 

C78 17 ± 0.8 

C80 27 ± 5.3 

C82 11 ± 1.1 

C84 14 ± 0.8 

C86 10 ± 2.0 

C88 25 ± 0.4 

C90 20 ± 2.1 

C92 36 ± 7.4 

C94 30 ± 1.1 

C96 28 ± 2.2 

 

Table 4-1. Enantiomer-Selective Extraction of 
Higher Fullerenes by Optically Active st-PMMA 
with an Excess Single-Handed Helix 

a The area% was determined by peak integral ratio in HPLC. 
The values represent an average of three runs. 
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Figure 4-2. (a), (b) UV (356 nm, top) and CD (375 nm, bottom) detected HPLC 

chromatograms of the extracted fullerenes from carbon soot using optically active helical 

st-PMMAs prepared with (R)-1 (red lines) and (S)-1 (blue lines). The HPLC measurements 

were carried out using a COSMOSIL 5PBB column with chlorobenzene as the eluent at the 

flow rate of 1.0 mL/min. CD (top) and absorption (bottom) spectra of fractionated (c) C76, (d) 

C78, (e) C80, (f) C82, (g) C84-major, (h) C84-minor, (i) C86, (j) C88, (k) C90, (l) C92, (m) C94, and (n) C96 

measured in DCB at 25 °C. 
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isolated. A series of optically active fullerenes were then isolated by preparative HPLC using 

a COSMOSIL 5PBB column, and their CD and absorption spectra were measured in DCB at 

25 ˚C, resulting in the characteristic CDs in the long absorption regions (Figures 4-2c-n). 

When an opposite enantiomer of 1-phenylethylamine (1) was used for the preparation of the 

preferred-handed helical st-PMMA, the opposite fullerene enantiomers could be extracted, as 

evidenced by the mirror image CDs. The enantiomeric excess (ee) of the isolated C76 was 

estimated to be approximately 4% by comparison with the reported CD intensity of the 

optically pure C76 in toluene (Figure 4-3).18a Two fractions assigned to the C84 isomers (C84- 

major and C84-minor in Figure 4-2a) were also fractionated from the extract, and the CD 

pattern of the major isomer (C84-major) was in accordance with that reported for the optically 

pure C84-D2 (Figures 4-2g and 4-4a),18b suggesting that the minor fraction (C84-minor) likely 

Figure 4-3. (a) CD (top) and absorption (bottom) spectra of fractionated C76 measured in 

toluene at 25 °C after the extraction of fullerenes from carbon soot using optically active 

helical st-PMMAs prepared with (R)-1 (red lines) and (S)-1 (blue lines). (b) CD spectra of a 

pair of optically pure C76 enantiomers measured in toluene reported by Diederich et al.18a are 

also shown for comparison 
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consists of novel chiral isomers of C84 which have never been isolated (Figures 4-2h and 

4-4b). Although the ee values of the isolated chiral fullerenes were low, this finding may lead 

to the development of unique and facile methods to resolve the higher fullerenes. 

 

 

 

 

 

Conclusion 

In conclusion, this strategy which relies on the inexpensive and readily available helical 

st-PMMA with a unique induced-fit feature has great potential in the isolation of the higher 

fullerene enantiomers and, thus, opens the way to developing novel carbon cage materials 

with optical activities. 

Figure 4-4. CD (top) and absorption (bottom) spectra of fractionated (a) C84-major and (b) 

C84-minor measured in dichloromethane at 25 °C after the extraction of fullerenes from carbon 

soot using optically active helical st-PMMAs prepared with (R)-1 (red lines) and (S)-1 (blue 

lines). 
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Experimental Section 

Materials. The st-PMMA was synthesized by the syndiotactic-specific polymerization 

of MMA in toluene at –95 ºC using a typical Ziegler-type catalyst derived from Al(C2H5)3 and 

TiCl4.21 The number-average molecular weight (Mn), molecular weight distribution (Mw/Mn), 

and tacticity (mm:mr:rr) were as follows: Mn = 782000, Mw/Mn = 1.37, and mm:mr:rr = 2:7:91. 

The Mn and Mw/Mn values were measured by size exclusion chromatography (SEC) in CHCl3 

using polystyrene standards for the calibration. The tacticity was determined from the 1H 

NMR signals due to the α-methyl protons.  

Toluene, chlorobenzene and 1,2-dichlorobenzene (DCB) were purchased from Wako 

Chemicals (Osaka, Japan) and were used as received. Fullerene mixture (C60: ca. 55 wt %, 

C70: ca. 22 wt %, higher fullerenes: ca. 23 wt %) was purchased from Frontier Carbon Co. 

(Fukuoka, Japan). (R)- and (S)-1-Phenylethylamine (1) were kindly supplied from Yamakawa 

Chemical (Tokyo, Japan). 

 

Instruments. The absorption spectra were measured in a 0.1-, 0.2- or 2 mm quartz cell 

on a JASCO (Hachioji, Japan) V-570 spectrophotometer and circular dichroism (CD) spectra 

were measured in a 2 mm quartz cell on a J-820 spectropolarimeter. HPLC was performed 

with a JASCO PU-2080 or PU-2086 liquid chromatograph (Hachioji, Japan) equipped with 

UV–visible (JASCO UV-2070) and CD (JASCO CD-2095) detectors. A Nacalai Tesque 

(Kyoto, Japan) COSMOSIL 5PBB (4.6 mm x 250 mm or 10 mm x 250 mm) column was 

connected, and chlorobenzene was used as the eluent.  

 

Resolution of Chiral Fullerenes into Enantiomers with Optically Active st-PMMA. 

An optically active st-PMMA gel was prepared according to a previously reported method 

with a slight modification.14 A 40 mg of st-PMMA was dissolved in (R)-1-phenylethylamine 

((R)-1) (1 mL) at 110 ºC. After the solution was cooled to room temperature, the solution 

gelled within 14 h. The obtained soft gel was collected by centrifugation at 1700 g for 10 min 
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and the supernatant was removed by decantation. The condensed gel was then washed with 

toluene to remove (R)-1. The gel was then suspended in a toluene solution of a fullerene 

mixture (ca. 0.3 mg/mL, 800 mL). The mixture was vigorously stirred at room temperature 

for 24 h by a magnetic stirrer, thus producing soft gel particles. The obtained 

st-PMMA/higher fullerenes complex gel was collected by centrifugation at 1700 g for 10 min 

and the supernatant containing the unencapsulated fullerenes was removed by decantation. 

The encapsulation ratios of fullerenes were estimated by the comparison of HPLC 

chromatograms of the toluene solution before and after the extraction (Table 4-1). The 

condensed gel was then washed with toluene and the solvent was removed by decantation 

after centrifugation. This procedure was repeated several times. After drying in vacuo for 30 

min, to the gel was added DCB (24 mL) to recover the encapsulated fullerenes from the 

st-PMMA. In the same way, the resolution of the chiral fullerenes was conducted using the 

st-PMMA gel prepared in (S)-1. The extracted fullerenes were subjected to the HPLC analysis 

after filtration using a membrane filter (pore size 0.45 µm) (Figures 4-2a and b). A series of 

fullerenes were isolated by preparative HPLC with a 5PBB (10 mm x 250 mm) column using 

chlorobenzene as the eluent, and the obtained optically active fullerenes were then subjected 

to CD and absorption measurements (c-n in Figure 4-2 and Figures 4-3 and 4-4). The 

concentration of the fractionated C76 was estimated based on ε = 37800 M–1 cm–1 at 330 nm as 

reported in ref. 22 (Figure 4-3). 
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