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Abstract 

Since the discovery of Buckminster fullerene C60 in 1985, carbon materials have been 

intensively studied. Carbon allotropes such as fullerenes, carbon nanotubes, 

diamonds, and graphite have been proven to have a splendid potential for applications 

in many kinds of devices such as quantum computers, organic solar cells, and 

transistors. 

Among those carbon allotropes, fullerenes stand out by their uniform sizes which allow 

for precise structural control at the molecular level. In addition to the versatility in 

molecular engineering, the small size of fullerenes allows to study them inside a 

nanoscopic object, e.g. carbon nanotubes. 

Fullerenes under nano-confinement are known to show different physical and 

chemical properties such as chain-like polymer formation inside carbon nanotubes. In 

addition, research on assembled fullerenes is of great interest across a variety of 

fields. The assembly of fullerenes in various forms such as (liquid)crystals, films and 

solutions contributes to the development of materials with tunable properties. 

Furthermore, incorporation of guests in between the assembled fullerenes endows the 

assembly with electronic perturbation. To name an example, fullerides are known to 

show superconductivity at relatively high temperature. Fullerides are crystals of a salt 

comprised of fullerene radical anions and alkali metals. The latter occupy the vacant 

sites in between the fullerene radical anions which are arranged in a face-centered 

cubic packing pattern. 

To gain comprehensive understanding of both nano-confinement effects and 

incorporation of guests in between C60s, coordination cages are one of the most 

appropriate host candidates. Coordination cages are synthesized via metal-mediated 

self-assembly of organic ligands. The properties of the inner cavities are often 

inherited from the properties of the organic ligands. Besides, some coordination cages 

can encapsulate multiple guest molecules. Owing to those features, coordination 

cages are well suited hosts for the investigation of fullerenes under nano-confinement 

as well as guest-incorporation in between well-aligned C60 assemblies. Therefore, this 

work has been focusing on the development of coordination cages designed for 

fullerene(s) C60 encapsulation and the investigation of the physical and chemical 

properties of the encapsulated fullerene(s) based on two keywords, nano-confinement 

and hierarchical assembly.  

In this dissertation, the synthesis of triptycene-based organic ligands and the self-

assembly of the ligands and Pd(II), as well as encapsulation of C60 molecule(s) inside 
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the resulting cages are shown. A cationic Pd2L4 coordination cage can encapsulate 

C60 quantitatively inside the cavity surrounded by the triptycene backbone. The 

coordination cage was found to stabilize rather unstable C60 radical anion for a longer 

period (up to 1 month) inside its cavity. 

Furthermore, the guest encapsulation scope of the Pd2L4 coordination cage has been 

investigated. The coordination cage was found to encapsulate not only C60, but also 

two corannulene molecules and various C60 derivatives. The simple addition of CS2 

was found to liberate the entrapped C60 derivative, PC61BM, in a non-disruptive 

manner. A repetitive uptake and release of PC61BM using the coordination cage was 

demonstrated. 

In addition to the host-guest capability, the Pd2L4 coordination cage was found to act 

as a protecting group to synthesize [Ы2-C60(Pd(0)L)n] (n=1,2) complexes. In the 

confined environment, [Ы2-C60(Pd(0)L)n] is prevented from polymerization, inevitable 

in the free form. In order to stabilize the resulted unstable [Ы2-C60(Pd(0)L)n], an organic 

ligand based on thianthrene was synthesized. The thianthrene-based ligand was 

found to undergo cage-to-cage transformation from a Pd3L6 ring to a Pd2L4 cage upon 

encapsulation of C60. 

Beside such Pd2L4 coordination cage, a pill-shaped coordination cage capable of 

encapsulating two molecules of C60 within its cavities has been synthesized. The pill-

shaped coordination cage was synthesized by bridging two bowl-shaped coordination 

cages with two 2,6-naphthalene dicarboxylates. Owing to the good alignment of two 

C60s inside the coordination cage, investigations of the chemistry within a nanoscopic 

space surrounded by the outer surface of the encapsulated C60s were performed. That 

nanoscopic space can accommodate a single corannulene molecule resulting in the 

formation of a charge-transfer complex between the entrapped C60 and corannulene. 

In addition, within the nanoscopic space, the Diels-Alder reaction between C60 and 

anthracene takes place quantitatively at a higher reaction rate compared to naked C60 

and anthracene. Further, we elucidated the unique topochemical-like reaction inside 

the pill-shaped cage initiated by the Diels-Alder and retro Diels-Alder reactions with 

9,10-dimethylanthracene and the encapsulated C60s.  

Up to now, a variety of coordination cages which can encapsulate fullerene(s) have 

been synthesized. Based on such well-established molecular designs and 

knowledges, the investigations of the encapsulated C60(s) could be conducted such 

as stabilization of C60
Åï, recycling encapsulation and release of PC61BM, synthesis of 

[Ы2-C60(Pd(0)L)n] (n=1,2) complexes, and host-guest chemistry in between the well-

aligned C60s.  
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Zusammenfassung 

Seit der Entdeckung von Buckminster-Fulleren C60 im Jahr 1985 werden 

Kohlenstoffmaterialien intensiv untersucht. Kohlenstoffallotrope wie Fullerene, 

Kohlenstoff-Nanoröhren, Diamant und Graphit haben sich für die Anwendung in vielen 

Arten von Geräten und elektronischen Bauteilen wie Quantencomputern, organischen 

Solarzellen und Transistoren als hervorragend geeignet erwiesen. 

In der Familie der Kohlenstoff-Allotrope zeichnen sich die Fullerene durch ihre 

einheitliche Größe aus, die eine präzise Strukturkontrolle bei Reaktionen auf 

molekularer Ebene ermöglicht. Neben der Vielseitigkeit ihres Einsatzes in der 

Molekulartechnik kann wegen der geringen Größe der Fullerene auch ihr Verhalten 

innerhalb nanoskopischer Objekte, wie z. B. Kohlenstoff-Nanoröhren, untersucht 

werden. 

Es ist bekannt, dass Fullerene im nano-begrenzten Raum unterschiedliche 

physikalische und chemische Eigenschaften aufweisen. Beispielsweise bilden sie 

innerhalb von Kohlenstoff-Nanoröhren kettenartige Polymere. Darüber hinaus ist die 

Forschung an assemblierten Fullerenen in unterschiedlichsten Bereichen von großem 

Interesse. Die Assemblierung von Fullerenen zu verschiedenartigen Systemen, wie  

(Flüssig-)Kristallen, Filmen und Lösungen, trägt zur Entwicklung von Geräten bei, die 

diese Eigenschaften der Fullerene nutzen. 

Darüber hinaus können durch den Einbau von ĂGªstenñ zwischen die assemblierten 

Fullerene die Eigenschaften dieser Assemblierungen moduliert werden. 

Beispielsweise sind die sog. Fulleride dafür bekannt, dass sie bei relativ hohen 

Temperaturen Supraleitfähigkeit zeigen. Fulleride sind Kristalle eines Salzes, das aus 

Fulleren-Radikalanionen und Alkalimetallen besteht. Letztere besetzen die freien 

Plätze zwischen den Fulleren-Radikalanionen, die in einem kubisch flächenzentrierten 

Gitter angeordnet sind.  

Um ein umfassendes Verständnis sowohl für Effekte im nano-begrenzten Raum als 

auch für den Einbau von Gästen zwischen geordneten C60-Fullerenen zu erlangen, 

zählen Koordinationskäfige zu den sehr gut geeigneten Kandidaten für Wirt-Systeme. 

Koordinationskäfige werden durch die metallvermittelte Selbstassemblierung von 

organischen Liganden und Metallen synthetisiert. Die Eigenschaften der Kavitäten der 

Käfige entsprechen häufig denen der organischen Liganden. Einige 

Koordinationskäfige können auch mehrere Gastmoleküle aufnehmen. Aufgrund dieser 

Eigenschaften sind Koordinationskäfige sowohl für Untersuchungen von Fullerenen 

im nano-begrenzten Raum als auch hinsichtlich ihrer Assemblierung geeignet. Daher 

konzentriert sich diese Arbeit auf die Entwicklung von Koordinationskäfigen, die 

Fulleren(e) (C60) einlagern können und auf die Untersuchung der physikalischen und 
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chemischen Eigenschaften von eingelagertem/eingelagerten Fulleren(en) (C60), unter 

dem Blickwinkel ĂNano-Begrenzungñ und ĂAssemblierungñ. 

In dieser Dissertation werden die Synthese von organischen Liganden auf 

Triptycenbasis, die Selbstassemblierung der Liganden mit Pd(II) sowie die 

Einkapselung von C60-Molekülen innerhalb der Kavitäten der resultierenden Käfige 

beschrieben. Es zeigte sich, dass ein kationischer Pd2L4-Koordinationskäfig das eher 

instabile C60-Radikalanion über einen längeren Zeitraum (bis zu einem Monat) in 

seinem Hohlraum stabilisieren kann. Darüber hinaus wurde die Kapazität des Pd2L4-

Koordinationskäfigs bzgl. der Einlagerung von Gästen untersucht. Es konnte gezeigt 

werden, dass der Koordinationskäfig nicht nur C60 sondern auch zwei Corannulen 

Moleküle sowie diverse Fulleren-Derivate einlagert. Die Zugabe von CS2 führte zur 

Freisetzung des eingelagerten Fulleren-Derivats PC61BM unter Beibehaltung der 

Integrität des Käfigs. Es konnte gezeigt werden, dass die Aufnahme von PC61BM in 

den Käfig und seine Freisetzung wiederholbar sind. 

Ferner wurde festgestellt, dass der Pd2L4-Koordinationskäfig als Schutzgruppe bei der 

Synthese von [Ы2-C60(Pd(0)L)n] (n=1,2) -Komplexen fungiert. Im begrenzten Raum 

wird dadurch die Polymerisation von Ы2-C60Pd(0)n verhindert, die ohne die Käfig-

Schutzgruppe nicht zu vermeiden ist. Um das dabei gebildete Ы2-C60Pd(0)n zu 

stabilisieren, wurde ein organischer Ligand auf Thianthren-Basis synthetisiert. Bei 

Zugabe von Pd(II) bildet sich ein Pd3L6 Ring, welcher bei Einlagerung von C60 infolge 

einer Käfig-zu-Käfig-Transformation in Pd2L4 umgewandelt wird. 

Neben den beschriebenen Pd2L4 Koordinationskäfigen gelang die Synthese eines 

pillenförmigen Käfigs, der in der Lage ist, zwei C60-Moleküle einzulagern. In diesem 

Käfig sind zwei schüsselförmige Koordinationskäfige durch zwei 2,6-Naphthalen-

dicarboxylat-Linker-Einheiten verbunden. Dank der geeigneten Ausrichtung von zwei 

C60-Molekülen innerhalb des Koordinationskäfigs konnten Untersuchungen zur 

Chemie in einem nanoskopischen Raum, der von den Außenflächen der eingelagerten 

C60-Moleküle umgeben ist, durchgeführt werden. In diesem nanoskopischen Raum 

kann ein einzelnes Corannulen-Molekül binden, wobei sich ein Charge-Transfer-

Komplex zwischen dem eingekapselten C60 und Corannulen bildet. Zusätzlich wurde 

gezeigt, dass im nanoskopischen Raum die Diels-Alder-Reaktion zwischen C60 und 

Anthracen quantitativ und mit höherer Reaktionsgeschwindigkeit abläuft als bei der 

Reaktion von freiem C60 mit Anthracen. 

Bisher wurde bereits eine Vielzahl von Koordinationskäfigen synthetisiert, die 

Fullerene einlagern können. Die meisten Untersuchungen zu solchen 

Koordinationskäfigen konzentrierten sich jedoch nur auf das Phänomen der 

Einkapselung. Daher können die in dieser Arbeit gezeigten Forschungsergebnisse 

den Weg für die Untersuchung von Wirt-Gast-Komplexen mit Fullerenen ebnen, die 

über deren bloße Einlagerung hinausgehen. 
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 General Introduction 

1.1 The Era of Carbon 

Carbon is one of the most prevalent elements in a variety of molecules. Modern society 

produces energy by burning fossil fuels comprised of (hydro)carbons. Meanwhile, as 

a result of the production of the energy, carbon atoms are transformed into carbon 

dioxide (CO2) which causes global warming, the biggest issues mankind is facing. 

Carbon can generate sp, sp2 and sp3 hybridized orbitals by forming covalent bonds. 

Owing to the diverse hybridization modes, carbon can form many different allotropes 

e.g. diamond, fullerene, carbon nanotube, and graphene (Figure 1.1.1). Carbon 

allotropes are studied for their potential use in a variety of devices in the future. From 

both aspects of global warming and the potential of carbon materials, the 21st century 

may be named the era of carbon.  

 

Figure 1.1.1 Structures of representative allotropes of carbon (a) diamond (b) 

fullerene C60 (c) carbon nanotube and (d) graphene 

Because of the peculiar abilities such as electrical and thermal conductivities,  carbon 

allotropes have become an appealing field of research for both synthetic and material 

chemists.[1,2] The intense research about carbon materials has begun since the 

discovery of Buckminster-fullerene C60.[3] Fullerenes and their derivatives show 

electron accepting and transporting abilities which have been exploited in organic 

photovoltaics.[4,5] Stimulated by the discovery of C60, carbon nanotubes were later 

discovered by an arc-discharge evaporation method in 1991.[6] The carbonaceous 

tubes are light yet extremely strong materials.[7,8] In 2004, single graphite layers, so 

called graphene, were prepared and the physical properties have been extensively 

investigated since then.[9] Graphene is known for its ambipolar field effect, quantum 

Hall effect and so forth.[10] As strongly represented by the attribution of the Nobel prizes 
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in 1996 and 2010 for the discoveries of fullerene C60 and graphene, respectively, 

countless attention has been paid to those novel materials consisting of carbon atoms 

only. In fact, new synthetic carbon materials have been continuously reported.[11]  

 

1.2 Fullerenes 

 

Figure 1.2.1 (a) Variety of examples of functionalization of C60, (b) Structure of bulk 

heterojunction organic solar cell devices[12] with PC61BM as an electron accepting 

material, (c) Structures of endohedral-fullerene C60 encapsulating H2
[13] and H2O[14], 

(d) Structure of C60 derivative utilized for gene delivery[15] 

 

One of the biggest differences of fullerenes from the other carbon allotropes is the 

facileness of its molecular engineering. Unlike other carbon materials such as carbon 

nanotubes or graphene, fullerenes can be obtained in a uniform size and structure.[16] 

In addition, fullerenes can be solubilized in organic solvents in contrast to graphene or 

carbon nanotubes. While control of the length and the diameter of carbon nanotubes 

is hard, separation methods for many different fullerenes have been already 

reported.[17] Among fullerenes, C60 is the most abundant, and thus, best studied 

fullerenes so far. C60 can be handled as a single molecule which is beneficial for a 

better understanding of its physical and chemical properties. Furthermore, many 

chemical modifications of C60 have been reported so far which opened the access to 

functionalized C60 derivatives (Figure 1.2.1a).[18ï20]  Owing to the development of 
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functionalization of C60, applications of C60 derivatives varied into photovoltaics,[4,12,21] 

single molecular storage,[13,14] and even biomedicine (Figure 1.2.1b-d).[22] Beside the 

aspect of molecular engineering, C60 presents an ideal size to be investigated under 

confinement contrary to carbon nanotubes or graphene. Upon the establishment of 

the mass production of C60 by Krätschmer and Hoffman[23], encapsulation of C60 inside 

a variety of hosts have been investigated. 

 

Figure 1.2.2 (a) 3:1 complex of hydroquinones and C60 (b) host-guest complex of C60 

and ɔ-cyclodextrin and (c) illustration of carbon nano-peapod [24] 

 

The first example of C60 adsorption inside a host was reported by Ermer et al..[25] Ermer 

co-crystalized hydroquinone and C60 to obtain such a host-guest complex in which C60 

sits in a space surrounded by six hydroquinones connected via a hydrogen-bonding 

network (Figure 1.2.2a). A subsequent example of encapsulation of C60 was reported 

in 1992 by Wennerström.[26] Wennerström utilized ɔ-cyclodextrin to capture C60 into 

the hydrophobic cavity of the host (Figure 1.2.2b).  Among many reports on 

encapsulation of C60, one of the biggest achievements was the observation of a carbon 

peapod, a molecular composite of C60 and single walled carbon nanotube, reported 

by Luzzi and Smith (Figure 1.2.2c).[24] In the structure of the carbon peapod, C60s are 

filling the hollow cavity of the carbon nanotube. Carbon peapods can be considered 

as a new class of carbon material as some of them display different physical properties 

from both the carbon nanotube and C60. In addition, some reports have shown that 

trapped C60s inside a carbon nanotube display different physical and chemical 

properties.[27] For instance, a linear chain of C60s connected via covalent bonds 

displaying metallic characters have been reported by Achiba and co-workers.[28] The 

C60-chain can be synthesized by doping potassium to nano-peapods and exists only 

in the carbon nanotube. Note, that the topology of the C60-chains should be defined 

by the inner environment of the carbon nanotube. Such control of the topology would 
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have been difficult without the template effect by the carbon nanotube owing to the 

spherical structure of C60 with the same reactivity of all the bonds.[29] As can be seen 

in those examples, C60 under nano-confinement is an intriguing object to be 

investigated.  

 

Figure 1.2.3 C60 arrays in solid-state, solution-state, and inside host 

 

In addition, aligned C60s are of great interest as well. Due to the electron accepting 

and transporting abilities of C60, assemblies of C60 have gained attentions to develop 

various functional arrays.[30ï32] For instance, an embedded manner of C60/C60 

derivatives plays a crucial role to achieve higher electron mobility and efficiency in 

electronic devices.[33,34] A key feature resulting from such a morphological control of 

fullerenes is to manipulate weak interactions. Self-assembled pristine C60 and its 

derivatives have been investigated in various forms such as (liquid)crystals, films, 

fibres and so forth.[30-32] Introduction of chemical pendants on C60 is often required to 

realize such assemblies due to scarce interactions between pristine C60s. Thus, 

investigations of intact C60s in an ordered-form have been done mostly in the solid 

state.[35] Pristine C60 is known to crystalize into face-centered-cubic Bravais lattice 

(Figure 1.2.3).[36]  When C60 is treated with an alkali metal, a material showing 

superconductivity can be obtained. The resulting material in the crystalline state is 

called fulleride. Fullerides can be regarded as salts composed of C60 anions and alkali 

metal cations as a result of electron transfer from the doped alkali metals to C60. In the 

solid-state structure of fullerides, alkali metal cations occupy the vacant sites of C60 

crystals in the cubic crystal system.[37] Furthermore, some fullerides are 

superconductive at a relatively high temperature.[38] Thus, fullerides shed light on the 

potential of incorporation of guests in between aligned C60s for material development. 

Spurred by these properties, examples of incorporation of guest molecules, such as 
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haloform, ethylene, carbon disulphide and so on, within assembled C60s have been 

reported.[39ï46] However, such investigation is, again, limited in the solid-state in most 

of the cases. Assembling C60 in solution has been hampered by the scarce interactions 

between C60s. One possibility to deploy C60s in a precise arrangement in solution could 

be the utilization of host molecules like molecular peapods (Figure 1.2.3). Therefore, 

it is an intriguing topic to synthesize a host enabling to conduct research on guest 

incorporation in between C60-assembly in solution. Amongst host molecules enabling 

investigations of C60(s) both under ñnano-confinementò and ñassemblyò, coordination 

cages are one of the most suitable candidates.  
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1.3 Coordination Cages 

Figure 1.3.1 (a) concept of metal-mediated self-assembly (b) Synthesis of double-

stranded helicate templated by Cu(I)[47] (c) Synthesis of square-shaped coordination 

ring[48] 

 

Coordination rings and cages are a compound class having discrete structures formed 

via metal-mediated self-assembly of organic ligands and metals (Figure 1.3.1a). Jean-

Marie Lehn first demonstrated the power and the versatility of metal-mediated self-

assembly by the synthesis of double stranded helicates (Figure 1.3.1b).[47] Two of 

oligo-bipyridine ligands form the double stranded helicates hinged by Cu(I) metals. As 

can be seen in the example, by mixing organic ligands and metals, if necessary under 

heating, a precise discrete structure is assembled as the thermodynamic species. 

Based on this concept, Fujita and co-workers reported the quantitative synthesis of a 

square-shaped coordination complex by self-assembly of 4,4´-bipyridins and cis-

protected Pd(II) (Figure 1.3.1c).[48] The utilization of the metals as the nodes of the 

structure introduces angles which cannot be provided by bonds of organic elements. 

In fact, numerous topologies can be created in coordination cages.[49] Depending on 

the bite-angle and the coordination geometry of the metal, structure of coordination 

cages can be quite diversified compared with organic cages. The various topologies 

in coordination cages broadens the utility of these assemblies in several fields. One of 

the most important structural features of coordination cages is their cavities inside.[50] 
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Supramolecular chemistry has been flourished since the synthesis of crown ethers 

and their encapsulation capability toward alkali metal ions were showcased by 

Pederson.[51] Molecular recognition and encapsulation as well as subsequent host-

guest chemistry is a center of the supramolecular chemistry field. Coordination cages 

can be used to encapsulate various molecules within their cavities. Coordination cages 

are often charged owing to the metal nodes and thus possess a hydrophilic outer shell 

while their inner space is hydrophobic, which allows encapsulation of hydrophobic 

organic molecules. The inner cavities can store reactive species,[52,53] catalyze 

reactions,[54] recognize subtle structural difference[55ï57] and so forth.[58ï60] 

Furthermore, the size and number of cavities can be finely controlled by a proper 

choice of organic ligands.[61]  

In the Clever group, where this doctoral research was conducted, coordination cages 

comprised of banana-shaped organic ligands and Pd(II) have been intensively studied 

(Figure 1.3.2).[59,62ï64] One of the greatest achievements of the group is a systematic 

study of self-assembly of such coordination cages bringing multiple organic ligands 

and Pd(II) together. In the course of the exploration, the group has suggested and 

demonstrated a concept of rational syntheses of heteroleptic coordination cages in 

which more than two different organic ligands are joined to form the structures. For 

synthesizing heteroleptic coordination cages, contributions of both entropy and 

enthalpy must be considered to achieve a stable assembly. The strategies the Clever 

group has suggested are namely ñShape Complementarity Assemblyò (SCA) and 

ñCoordination Sphere Engineeringò (CSE). In the first concept, our group has 

demonstrated the synthesis of heteroleptic coordination cages by bringing two 

different organic ligands having different bite angles together (Figure 1.3.2b). The 

different bite angles complement each other so that Pd(II) can adopt a square planar 

coordination geometry, which helps coordination cages to have less strain 

energy.[65,66] In the latter concept, the introduction of steric bulk directly around the 

coordination sites can control the topology of resulting coordination cages (Figure 

1.3.2c).[64,67,68] For example, organic ligands 4 and 5 having pycolyl coordination-sites 

yield heteroleptic coordination cage Pd24252 by self-assembly with Pd(II). The steric 

bulk around the coordination-sites disfavors narcissistic self-sorting. Based on the 

concepts explained above, various coordination cages showing unique physical 

properties have been reported by the group.[59,62ï64] The synthesized cationic 

coordination cages enable encapsulation of anionic guests within the cavities.[69] 
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However, examples of encapsulation of neutral guest molecules are still quite 

limited.[70] For encapsulation of neutral guest molecules, a well-isolated space 

surrounded by motifs which allow multiple weak interactions with the guest is required 

to overcome solvation effects. In light of this, organic ligand 6 has been synthesized 

and its behavior in the self-assembly with Pd(II) has been investigated (Figure 

1.3.3).[71] 6 has a structural resemblance to triptycene which is known for convex-

concave  interactions with fullerene.[72] 

 

 

Figure 1.3.2 X-ray structure of a Pd214 coordination cage[69], (b) X-ray structure of a 

heteroleptic coordination cage Pd22232
[66], where the hexyl chains are omitted for 

clarity, and (b) model structure of Pd24252.[67] In the X-ray structures, solvent 

molecules, counter anions, disorders are omitted for clarity unless otherwise stated. 
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Figure 1.3.3 (a) Secondary structure of C60 and triptycene in the solid state[72], (b) 

syntheses of C60@Pd264, C60@Pd273(MeCN)2, and 2C60@Pd476(TPA)2 

 

Pd(II)-mediated self-assembly of 6 brings four of the ligands together to create a 

nanoscopic space which is suitable for the encapsulation of a single fullerene C60 

inside. In addition, self-assembly of 7 and Pd(II) leads to the formation of coordination 

bowl Pd273(MeCN)2. The coordination bowl can also encapsulate C60 as well as C70 

within the cavity. Instead of the fourth ligand, two acetonitrile molecules are 

coordinated to the Pd(II) centers. The weakly bound acetonitrile molecules can be 

replaced by anionic carboxylate linkers, such as terephthalate (TPA), yielding a pill-

shaped coordination cage. The elongated cavities of the pill-shaped coordination cage 

can be filled with two fullerenes C60 or C70. These examples show the potential of 

coordination cages as a platform for investigating nano-confinement effects and 

assembly of more than two C60s. Note that, coordination cages are soluble in polar 

organic solvents thanks to their charges making the investigations in the solution-state 

possible.  

To point out what has been achieved and what is next in this research field, host 

molecules including coordination cages for C60 encapsulation, will be described in the 

next section.  
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1.4 Encapsulation of Fullerene 

 

Figure 1.4.1 Comparison of weak binding and strong binding of C60 encapsulation 

 

1.4.1 The dawn of fullerene-binders 

 At the dawn of fullerene-binders, a few numbers of compounds were mainly applied 

to capture fullerene C60 or C70. The first host-guest complex accommodating C60 was 

reported by Ermer in 1991 (Figure 1.2.2a).[25] Intermolecular hydrogen-bonding 

networks bring hydroquinones to form a clathrate with C60 and also C70. The 

nanoscopic space surrounded by six hydroquinones accommodates C60/C70 via ḯ́  

interactions. A subsequent example of fullerene encapsulation was reported in 1992 

by Wennerström and co-workers. They employed ɔ-cyclodextrin to capture and 

solubilize C60 in water (Figure 1.2.2b).[26] This result implied that the solubility of C60 

is inherited from the host. From these two reports, two implicit criteria to encapsulate 

fullerene can be extracted. First, hosts should be composed of a moiety which allows 

weak interactions, i.e. ḯ́  interactions, with the surface of fullerene. Second, host-

molecules should be able to provide a nanoscopic space to the globular shape of 

fullerene. Calix[n]arenes are ideal molecules fulfilling the prerequisites as they are 

composed of a certain number of phenol molecules and their concave structure fits 

the convex fullerene-surface. In fact, a number of fullerene-binders based on 

calix[n]arenes have been reported.[73] In 1994, the groups of Atwood and Shinkai 

simultaneously discovered that para-tert-butyl-[8]-calixarene can selectively bind C60 

in 1:1 ratio, which is beneficial for a facile C60 purification.[74,75] Since calix[n]arenes 

present diverse and dynamic structural features depending on the number of phenols 
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contributing to form the macrocycle, encapsulation behavior widely varies  especially 

in the solid state.[35] For instance, a calix[5]arene derivative prefers to form a 2:1 

complex with fullerene C60 in the solid state, while a 1:1 complex is formed in the 

solution state.[76]  

Two of the most famous substructures of fullerenes are namely corannulene[77] and 

sumanene.[78] In 1993, Bohne and co-workers showcased a reaction between 

corannulene and C60 in the gas phase.[79] An adduct ion of C60 and corannulene is 

formed by reacting either corannulene radical cation with C60 or C60 radical cation with 

corannulene molecule. A pristine corannulene molecule does not have enough binding 

ability to form a molecular complex with C60 in the solution state most likely because 

of its ḯsurface.[80] Cyclotriveratrylene is another bowl-shaped molecule which is able 

to form a host-guest complex with C60 in the solid state, firstly reported by Atwood and 

Raston.[81] Not only bowl- or cup-shaped molecules but also saddle-shaped molecules 

can form a molecular complex with fullerenes C60 and C70 in the solid state. A nickel 

macrocycle 5,7,12,14-tetramethyldibenzo[b,i]-

1,4,8,11]tetraazacyclotetradecinenickel(II), having two concave surfaces, is a versatile 

host for formation of supramolecular arrays in the solid state with fullerene.[82]  

Derivatives of the Ni(II)macrocycle assemble into various supramolecular arrays with 

C60 in several packing modes.[35]  

Porphyrin is a flat molecule, however, the electron-rich aromatic molecule is often 

good at fetching fullerenes thanks to their good electron accepting ability.[83ï85] One of 

the earliest pioneering works of molecular complexes between C60 and a 

metalloporphyrin derivative, Cr(II)tetraphenylporphyrin (Cr(II)TPP), was prepared in 

both solid and solution states by Wudl, Reed and co-workers.[86] C60 is reduced to C60
Åï 

upon complexation. Combinations of fullerene and  porphyrin derivatives are widely 

utilized in, for example, crystal-engineering,[87,88] supramolecular chemistry,[85] and 

artificial photosynthesis.[89,90] Co-crystallization of fullerene and a porphyrin derivative 

often simplifies crystallographic analyses of fullerenes.[14,91] In 1999, Feringa and co-

workers showcased encapsulation of C60 inside a nano-space furnished in between 

triptycenes.[72] The triangular molecule, triptycene, with three concave surfaces, co-

crystalizes with C60 by sandwiching from two opposite sides. Introducing an N atom 

into triptycene substituting one of the sp3 carbons leads to a different crystal packing 

due to the electronic perturbation.  
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1.4.2 Strategy for fullerene encapsulation in organic solvents  

Due to the weak binding ability of the host-molecules with fullerenes aforementioned, 

encapsulation of fullerene was largely limited either to the crystalline state or to 

aqueous media as hydrophobic fullerenes prefer to be isolated within a hydrophobic 

inner cavity of the host in aqueous media through the hydrophobic effect (Figure 

1.4.1). The weak binding constants had been hindering further investigations of 

encapsulation of fullerenes in organic solvents. To strongly encapsulate fullerene not 

only in the solid state or in aqueous media but also in organic solvents, manipulation 

of weak-interactions, i.e. ḯ́  interactions and CïHÅÅÅ ́interactions, is one of the most 

important factors.[92,93]  Fullerene-binders have evolved based on the promising 

backbones shown in the previous section to obtain a higher binding constant in organic 

solvents at the early stage.  In this section, how fullerene-binders have been improved 

in terms of binding-constant in the last decades will be described. Fullerene-binders 

based on calix[n]arenes, buckybowls, porphyrins and carbon-nanohoops will be 

mainly depicted here.  

Fukazawa and co-workers discovered that calix[5]arene derivative 8 strongly binds 

C60 in several organic solvents such as toluene, CS2, benzene, and o-dichlorobenzene 

with binding constant being 2.12 ×103 Mï1 in a toluene solution (Figure 1.4.2a).[76] This 

study also showed that the binding constant decreased inversely against solubility of 

C60 in the organic solvents (cf. Ka = 3.08 ± 0.41 × 102 Mï1 in o-dichlorobenzene, 2.12 

± 0.11 × 103 Mï1 in toluene). This indicates that solvation and binding of C60 are in 

competition. Therefore, to cover the surface of fullerene is important to realize a 

stronger binding of fullerene within a host in order to maximize the contacted surface 

between fullerene and the host alongside decreasing the contact to solvent molecules. 

Fukazawa and co-workers synthesized bridged bis-calix[5]arenes 9-11 and 

investigated the binding behavior of the hosts toward C60 and C70 in organic 

solvents.[94] In fact, 9 encapsulates single C60 with a ca. 30 times larger binding 

constant, Ka = 76 ± 5 ×103 Mï1, in toluene than 8. 9 can encapsulate also larger 

fullerene C70 with a higher binding constant, Ka = 163 ± 16 ×103 Mï1, compared to the 

Ka toward C60 in toluene. The tight encapsulation prevents C60 from being solvated.  
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Figure 1.4.2 Structure of covalently bonded fullerene-binders (a) 8-11 (b) 12-14 (c) 15 

and X-ray structure of C60@15 and (d) 16 and C60@16 with disorder of C60 

 

As mentioned in the previous section, a simple corannulene molecule shows only 

neglectable association with a neutral fullerene in the solution state. However, similar 

to calix[n]arenes, either to bridge two buckybowls or to expand the contacting surface 

with fullerene enhances the binding-ability and to form a host-guest complex with 

fullerene (Figure 1.4.2b). Scott and co-workers synthesized corannulene derivatives 

12-14 by nucleophilic aromatic substitution reactions of a chlorinated corannulene 

derivative with the corresponding thiolates.[95] The aromatic chemical pendants 

attached on the edge of corannulene endow 12-14 to form a 1:1 molecular complex 

with C60. Isobe and co-workers have reported gigantic buckybowl 15 (Figure 

1.4.2c).[96] 15 can be regarded as a molecule in which all the carbon atoms of 

corannulene are replaced by benzene rings. The large surface of 15 covers almost 

half of the sphere of C60 and a 1:1 molecular complex is formed in benzene with a 

binding-constant of 3.4 ± 0.1 × 104 Mï1.[97]  

 

 


