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2 General Introduction 

Soap ï more than meets the eye; this could be the motto of this thesis. Soap, in principle, is a 

high-tech nanomaterial that is also part of our everydayôs life as detergents, emulsifiers, wetting 

agents, foaming agents and even as part of our body. So, what is soap? In general, the non-

scientific word soap describes amphiphilic molecules that consist of a hydrophilic, water 

attracting part and a hydrophobic or lipophilic, water repelling part. This very molecular 

structure is, for example, the basis of the working principle of detergents. The hydrophobic part 

sticks to contaminants whereas, the hydrophilic part sticks to the water to enable the removal 

of the contaminants. This is also the principle how emulsions like milk or cosmetics work. To 

put it simply, an emulsion consists of water and oil that can be combined with the help of 

amphiphilic molecules. In our body amphiphiles have a different duty to fulfill. A bodyôs cells 

are mainly built up by amphiphiles, namely phospholipids, that form the structure of the cell 

membrane due to its differently polarized components. The phospholipids assemble hydrophilic 

part adjacent to hydrophilic part and hydrophobic part adjacent to hydrophobic part forming a 

stable layer. Especially with these properties of amphiphiles a bridge to nanomaterials can be 

forged. As a nanomaterial they possess several physical properties that are the basis of these 

various features. At first, the influence on surface tension needs to be mentioned. Adding 

amphiphilic molecules to an aqueous solution, the molecules adsorb at the surface of the 

solution with the hydrophilic part pointing towards the solution and the hydrophobic part 

pointing away from it. The cohesive forces between the water molecules are very strong 

resulting in a high surface tension. As amphiphiles adsorb, they break these interactions. The 

intermolecular forces between surfactant and water molecule are much weaker than between 

two water molecules and thus surface tension decreases. The decrease of the interfacial tension 

becomes stronger the more molecules are adsorbed at the interface. This property also leads to 

the name surfactants which basically means surface active agent. At a certain, compound 

dependent, concentration the interface is fully occupied by surfactant molecules and the so 

called critical micelle concentration is reached, which leads to another property of surfactants 

ï the ability of forming aggregates like micelles. The minimization of the unfavorable contact 

between non-polar surfactant chains and the polar solvent compensates the loss of entropy by 
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micelle formation. The ability to form micelles is a result of the hydrophobic effect which 

competes with the electrostatic or steric repulsion between the head groups. Additionally, other 

effects depending on the head groupôs charge, its counter ion, pH value and temperature play a 

role. The appearance of the formed aggregates can be further controlled by adapting the 

moleculeôs shape. Among other parameters the packing parameter, defined by Israelachvili et 

al.,1 can give a suggestion of the aggregatesô shape depending on the moleculeôs proportions. 

The resulting aggregate structures are of various shape and kind. Most prominent are spherical 

micelles, cylindrical micelles or bilayered (or multilayered) structures like vesicles. This 

controllable structuration in nanoscale regime is also an important part in nanotechnology. 

Nanoscale structures can be built up by two general approaches, the bottom-up method and the 

top-down method. In a top-down approach the nanostructures are produced from 

macrostructures by e.g. lithography, while the bottom-up method starts with molecular building 

block producing nanostructures. The commonly used top-down method starts to reach its limits, 

especially for very small structures. For a bottom-up approach small molecules that form 

superstructures, that self-assemble controllably into defined aggregates, surfactants seem to be 

a suitable source. Using surfactants as building blocks for nanomaterials and not only as a 

templating system is a promising approach because of the controllable superstructures and the 

easy way to introduce functionalities by just adapting the surfactant molecule. Next generation 

surfactants are able to respond to external triggers changing their properties depending on e.g. 

temperature, pH value or irradiation. It is further possible to introduce e.g. catalytic properties.2, 

3 This can lead to future high-tech materials. 

This attempt of tailoring surfactant molecules to obtain functional superstructures is one of the 

fundamental pillars of the research in the group of Sebastian Polarz. Previous systems were 

built up by amphiphilic polyoxometalates, rare earth metal head groups or NHC-containing 

head groups, showing various features in addition to surfactant properties.4-7 This repertoire of 

inorganic-organic hybrid surfactants is now to be extended by fullerene based surfactants. This 

compound class shows versatile electronic and optoelectronic properties in addition to unique 

self-assembly behavior being a promising system for further research in this group.  
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3 Structure of the Thesis 

The following topics are discussed in the presented thesis: 

¶ Overview over fullerenes 

¶ Fullerenes in solution 

¶ Amphiphilic fullerenes and their self-assembly 

¶ Applications of fullerene amphiphiles 

In chapter 4, the above mentioned topics are discussed under state of the art. The findings and 

progresses are highlighted and sorted into a greater context. Chapter 5 óchallenges and 

objectivesô displays the resulting scientific challenges for this thesis. Chapter 6 describes the 

scientific contribution of the thesis in this context. Chapter 7 shows the references from 

chapter 1-6.  

In chapter 8, the scientific results of the thesis are presented. 8.1 deals with the synthesis, 

characterization and self-assembly behavior of a new class of amphiphilic fullerenes. 

Furthermore, their application as potent membrane guard against oxidative stress in biological 

systems is evaluated. An easy and versatile synthesis method for more complex derivatives of 

the compound, introduced in chapter 8.1, is presented in 8.2. With this synthesis protocol it 

was possible to generate an amphiphilic molecular semiconductor. This system was not only 

investigated regarding its electronic properties but also regarding the influence of self-assembly 

on these properties, thereby a new kind of artificial leaf could be generated that is based on the 

inner and inter aggregate energy and electron transfer. This system is presented in chapter 8.3. 

In chapter 8.4, a new prototype system was developed to further investigate the phenomenon 

of a beneficial effect of inter and inner aggregate energy and electron transfer on catalytic 

reactions. With electro catalytic water splitting as test reaction, it could be shown that the 

catalytic activity of amphiphilic fullerenes is tremendously enhanced during self-assembly into 

supramolecular structures fighting the paradigm of aggregation being a disadvantage for 

catalytic reactions. 
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The thesis closes with chapter 9 and 10 with óconclusion and outlookô and óZusammenfassung 

und Ausblickô. The key results are highlighted and explained and future perspectives for this 

very research area are presented. 
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4 State of the Art 

When Richard Smalley, Robert F. Curl Jr. and Sir Harold W. Kroto synthesized and characterized 

fullerenes in the 80ies,8 which they were granted the Nobel prize in chemistry for in 1996, none of 

them could ever imagine that they set the stage for a new field of chemistry with a molecule Eiji 

Osawa had theoretically described years before.9 As Smalley said, after discovering the fullerenes, 

that ñ(..) scientists are excited by buckyballs for their own sake, and if they turn out to have practical 

application, such much the betterò, not yet knowing the potential of this new fullerenes.10 The 

newly discovered family of molecules obtained an artificial name ï Buckminster fullerenes or short 

fullerenes, named after the most abundant member of the fullerenes, C60, which reminded its 

finders of the geodesic constructs built by the architect Richard Buckminster Fuller. This trivial 

name for this class of compounds, fullerenes, was in the beginning not accepted by the international 

union of pure and applied chemistry (IUPAC), who develops standards for the naming of chemical 

compounds. Its rational name was: 

Hentriacontacyclo[29.29.0.02,14.03,12.04,59.05,10.06,58.07,55.08,53.09,21.011,20.013,18.015,30.016,28.017,25.019,2

4.022,52.023.50.026,49.027,47.029,45.032,44.033,60.034,57.035,43.036,56.037,41.038,54.039,51.040,48.042,46]hexaconta,

3,5(10),6,8,11,13(18),14,16,19,21,23,25,27,29(45),30,32(44),33,35(43),36,38(54),39(51),40(48),

41,46,49,52,55,57,59-triaconten.  

In 1997, IUPAC published a guideline for the naming of fullerene compounds, officially 

introducing the word fullerene. Fullerenes shall be named as such, the number of carbons in the 

molecule being indicated in square brackets before the word "fullerene", followed by the point 

group symmetry. Thus for Buckminsterfullerene, a full description is: [60-Ih]Fullerene.11 This was 

then later updated to include also all discovered derivatives.12 

The beginning of the success story of the fullerenes is their accidental synthesis in 1985 when 

Kroto Heath, OôBrian, Curl and Smalley discovered traces of carbon clusters in the soot generated 

by vaporizing carbon in helium during their attempt to synthesize carbon chain molecules.8 Four 

years later Fostipropoulos, Krätschmer und Huffman applied a suitable synthesis for this new 

molecule to achieve synthesis on a preparative scale. This method made the field of fullerene 
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chemistry possible on a big scale.13 Nowadays, several 

methods exist to produce fullerenes like resistive 

heating of graphite, inductive heating of carbon, 

pyrolysis of hydrocarbons, total synthesis and the arc 

heating method used by Krätschmer.14, 15 During the 

arc heating method graphite is vaporized in an electric 

arc, in a so called Krätschmer reactor under reduced 

helium atmosphere.16, 17 Under these conditions the 

graphite evaporates and carbon clusters form in the gas 

phase by colliding with the gas molecules, eventually 

forming fullerenes. The underlying mechanism may be 

rather complex but two general proposals for the 

mechanism exist in literature. One mechanism is the pentagon route during which the evaporating 

carbon forms a network of small carbon radicals, serving as precursors for the addition of further 

radicals. It is assumed that the lowest-energy form of any small graphitic fragment is only made 

up of hexagons and pentagons, including as many pentagons as possible, and none of the pentagons 

are adjacent. For carbon clusters which have more than 20-30 atoms, but are too small to make a 

closed fullerene with isolated pentagons, open graphitic structures are lower in energy than any 

other structure. Annealing allows the carbon clusters to find the structures with minimum energy. 

Thus, thermochemical stability dictates the formation of these graphitic structures in preference to 

other possible structures, and kinetic reactivity determines that they continue to grow toward 

fullerenes. Eventually, the networks form a closed shell due to thermodynamics.18, 19 The other 

mechanism is called fullerene route which proposes that small cage-like intermediates are formed 

during evaporation that can grow to yield in fullerenes. As with the pentagon route mechanism, the 

fullerene route requires a large concentration of C2 and C3, even at the later stages of cluster growth. 

The advantage of this mechanism is that it is based on the most abundant, and thermodynamically 

most stable, species in the 50-60-atom size range.18, 19  

The family of fullerenes has a lot of members, since the number of carbon atoms in the cluster 

range from about 30 to 100 and more. But they all share a common structure motif. All of them 

possess 12 five-membered rings and a number of six-membered rings depending on the cage size, 

following Eulerôs Rule, which relates the number of vertices, edges and faces. Another 

commonality is the isolated pentagon rule which states that five membered rings are not allowed 

Figure 1: Schematic structure of [60-Ih]-

fullerene. 
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to connect whereas, ongoing research showed several exceptions to this rule. These two órulesô are 

a prerequisite for the stability of the fullerene. By following these rules, while forming in the gas 

phase, the strain in the molecule is reduced and the closed cage structure is possible.14, 20 The 

members of the fullerene family can not only be distinguished by number of carbon atoms but also 

by isomers. Whereas, smaller fullerenes up to C74 only have one isomer, higher fullerenes have an 

increasing number of isomers with larger cage size. C84, for example has 24 isomers. In fact, the 

most abundant representative, C60, could theoretically have 1812 isomers, if there were no rules for 

the formation of fullerenes.21 But the only isomer of C60 (Figure 1), which has the symmetry of an 

icosahedron (Ih), even is the most symmetrical molecule with 120 possible symmetrical operations. 

Its appearance can be seen as molecular nanoparticle with a diameter of 700 pm and with a Van-

der-Waals diameter of 1000 pm.8 

And it is this very structure, a closed cage made from five-membered and six- membered rings that 

is the reason for the chemical and physical behavior of the fullerene C60, which will be in focus in 

the following. Having a closer look at the structure, it can be described as a mixture of [5]radialene 

and cyclohexatriene. All double bonds are located at a connection of two adjacent hexagons, 

resulting in shorter bonds for a hexagon-hexagon junction (138 pm) than for a hexagon-pentagon 

junction (145 pm). This motif leads to a behavior similar to an electron deficient olefin system but 

different from an aromatic system.22, 23 Nevertheless, there are 60 ́-electrons in the system 

whereas, 72 would be required for a totally delocalized ́-system. This results in a high electron 

affinity of the fullerene, combined with low lying frontier molecular orbitals of -6.3 eV (HOMO) 

and -4.1 eV (LUMO).24 These features directly lead to the chemical behavior and reactivity of the 

fullerene. The general driving force for reactions at a fullerene is the relief of ring strain within the 

carbon cage derived from the highly pyramidalized sp2 carbon atoms and therefore, reactions take 

place at the 6-6 ring junction, having a higher electron density. The list of possible reactions is long 

but will be discussed shortly due to the versatility of C60,
22, 23, 25-27 but with focus on exohedral 

modifications, modifications that take place at the outside of the carbon cage (Figure 2). 
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Fullerenes react in nucleophilic addition reactions under the formation of a carbanion that can be 

reacted with an electrophile. One popular example would be the Bingel reaction which is a 

cyclopropanation reaction with malonate derivatives.28, 29 The deprotonated malonate reacts at a 6-

6 ring junction double bond whereas, the resulting carbanion reacts with the malonate under release 

of a leaving group, forming a cyclopropane unit. A further example would be the Friedel-Crafts 

alkylation type reaction under the formation of 1,2-adducts.30, 31 In pericyclic reactions, the 6-6 ring 

junctions can act as diens as well as dienophiles in reactions like Diels-Alder reactions.32 Similar 

to aromates or alkynes fullerenes can react in hydrogenation, ozonylation and halogenation 

reactions. In this reactions the fullerene acts as nucleophile. Depending on the reaction conditions 

C60 can be halogenated up to 60 times (C60F60).
33, 34 For bromine and chlorine stable compounds 

with up to 24 halogens are reported.35 A very interesting feature of fullerene reactions is the 

selectivity. In nucleophilic or electrophilic reactions like halogenations or Grignard reactions it is 

possible to selectively derivatize one hemisphere, one pentagonal side, of the fullerene.36 The 

reaction starts at on 6-6 ring bond and in a cascade like fashion continues around a pentagon 

 

Figure 2: Schematic overview over different reactions that can take place at a fullerene. 
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eventually leading to hexa-substituted fullerene with a cyclopentadiene unit. This reaction distorts 

the cage in a manner that the reaction 

stops afterwards. Especially, for addition 

reactions the regiochemistry and possible 

isomers are of interest (Figure 3).37 After 

the first functionalization the remaining 6-

6 bonds of the C60 are not equal and, in 

principal, eight different regioisomers can 

be formed. Usually these isomers cannot 

be separated. Different procedures for 

functionalization drive certain 

modifications in the regioadduct distribution but e and trans-3 position are preferred. Taking 

addition reactions as an example, the addition can lead to [1,6] isomers or [1,4] isomers. This is 

often determined by the reaction mechanism since the sterical demand of the molecules which 

attack at the fullerene plays a crucial role.38  

The resulting diversity of fullerene derivatives find application in a broad field of research areas 

ranging from material science to biological science or medicine. An excerpt of these applications 

is discussed in the following. In material science, undoubtedly, photovoltaics is the field of research 

in which the fullerene is most abundant. This includes organic photovoltaics and perovskite solar 

cells (Figure 4). There, the fullerene shines as electron transfer material due to its physical 

properties described earlier.39-41 The general working principle of an organic photovoltaic system 

is that light is absorbed by an electron donor unit that generates an exciton upon irradiation, 

followed by the migration of the exciton to the donor-acceptor interface. The donor-acceptor 

interface can be seen as p-n junction in which the positive and the negative charge of the exciton 

can migrate. Then the charge is transported to the electrode. This process, the dissociation of the 

exciton requires that the orbital energy of the donor and the acceptor show a suitable difference as 

well as that the charge transport properties of the material to avoid recombination.42 A huge 

combination variety for such systems exists but the combination of a polymer as donor unit and 

fullerene derivatives as acceptors proved to be very efficient.43 The most widely used fullerene 

derivative in this case is PC61BM which is a phenyl-C61-butyric acid methyl ester. The PC61BM 

was utilized as a role model and reference acceptor for all kinds of fullerene acceptors, because of 

easy preparation, good solubility, electron mobility, low lying LUMO energy levels, and stability 

Figure 3: Possible region-isomers of [60-Ih]-fullerene in 

multi-functionalization. 
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compared to the pristine fullerenes.39, 44, 45 The phenyl moiety enables ́- -́stacking of the 

molecules, resulting in efficient electronic communication within the system. Different variations 

of this compound have emerged in research over the years, optimizing the solubility, the -́ -́

interaction or even adding absorption properties.44 Nowadays, the research community slowly turns 

its back on fullerenes as materials for organic photovoltaics and the trend goes towards non-

fullerene small molecules.46, 47 The second type of photovoltaics in which fullerenes are used is the 

perovskite solar cells which consist of an organic-inorganic hybrid material. One component 

consists of an organic cation, a metal and a halide that crystalize in the perovskite structure to 

obtain a light harvesting, charge generating material. The second component is a charge transfer 

material for which TiO2 is widely used.41, 48 Here the fullerene comes into play to replace TiO2. In 

2013, fullerene C60, and among others, its derivative PC61BM were introduced into perovskite solar 

cells for the first time by Jeng et al.48 It has been widely demonstrated that the use of fullerenes 

either as electron transfer material, interface modification of the electron transfer material or as 

additives in the perovskite layer can play an important role in passivating the charge traps at the 

surfaces and grain boundaries of the thin films, which significantly reduces the hysteresis and leads 

to higher device performances. Additionally, fullerenes can also act as a barrier for moisture, thus 

enhancing long-term stability, as well as a template for perovskite crystal growth and to decrease 

or even completely avoid ion migration. Beyond the morphological considerations of the 

fullerene/perovskite layers, fullerene functionalization can also have a remarkable effect on device 

performance and therefore, more and more derivatives are used to increase the systemôs 

performance.49-51  

   

Figure 4: Left: Inverted OSCs schematic diagram. Right: Lead halide Perovskite solar cell schematic 

diagram. Reproduced from ref. 40 with permission from Elsevier. 

The fullerenesô ability to accept and to donate as well as to mediate electrons lies also at the heart 

of biological applications of fullerenes in which they act for example as antioxidants (Figure 5).52-
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56 Oxidative stress is a major issue in a wide number of pathologies (neurodegenerative, 

cardiovascular, immune diseases and cancer). Relevant oxidants for biological systems are O2
Å- 

(superoxide), ÅOH (hydroxyl) radicals and H2O2 molecules. These reactive oxygen species can be 

brought into the organism by external factors and triggers but can as well be sideproducts during 

metabolism. Water soluble, and with that biocompatible, fullerene derivatives are capable of 

catalytically scavenging harmful oxidants and further free radicals similar to naturally occurring 

superoxide dismutase. Therefore, they are also called radical sponges. Common examples for such 

studies are fullerenols and C60 tris(malonic)acid which are not only water soluble but also able to 

cross the cell membrane. Inside the cell they can also reduce the cellular oxygen radicals produced 

by the mitochondria.57 Even though fullerene derivatives proofed to be potent antioxidants 

outperforming other antioxidants in in vitro and in vivo studies the detailed mechanism and the 

dependence of the antioxidant properties on the exact chemical structure remain still unclear and 

further effort needs to be taken to fully understand this system. As mentioned above, fullerene 

derivatives can not only accept electrons but also donate electrons which is being used in 

phototherapy. Phototherapy is a treatment for multiple diseases and is based on the targeted 

generation of reactive oxygen species by a photosensitizer. Fullerene derivatives as photosensitizer 

can be excited to S1 state under irradiation. This state is readily transferred to long-lived T1 via 

intersystem crossing. In the presence of molecular oxygen, T1 can react with oxygen, generating a 

non-excited S0 and singlet oxygen which is known to be a cytotoxic species. In addition, the high-

energy species 1C60 and 3C60 are excellent electron acceptors and in the presence of a donor can 

easily be reduced to C60
Å- by electron transfer. Again, in the presence of oxygen, the fullerene 

radical anion can transfer one electron, producing a superoxide anion radical O2
Å- and hydroxyl 

radical ÅOH. Singlet oxygen and superoxide radical anions are well known reactive species towards 

DNA. Biocompatible fullerenes also find application in another field ï drug delivery. Using 

nanoparticle systems can drastically improve the pharmacokinetics of a drug. Transferring 

bioactive elements like proteins, DNAs, and also various small molecules through the membrane 

into cells has got considerable attention due to its essential role in medicine and drug delivery and 

reaching the inner cell nucleus is even more challenging.58 Due to their size and modifiability 

fullerenes can shine over other nanomaterials. The geometry, size and surface of the fullerene cage 

perfectly fits the requirements for biological systems, considering its diameter in the range of 1 nm. 

Despite the hydrophobicity of the fullerene, it can be functionalized with hydrophilic moieties 

achieving water-solubility and biocompatibility. The main positive point in fullerene-based drug 

https://www.sciencedirect.com/topics/chemistry/hydrophobicity
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delivery systems is their ability to carry multiple 

drug payloads. This approach is of great benefit in 

cancer treatment, since cancer cells can readily 

develop drug-resistance and effective treatment 

often needs combination of more than one type of 

drug to overcome the resistance mechanism.58, 59 

Besides the presented applications for biologically 

active fullerenes there is a huge number of further 

areas in which research is going on from antiviral 

and antibacterial activity to the treatment of neuro 

disease. 

 

 

Fullerenes in aqueous solution  

Most of the applications mentioned in the previous paragraph are based on dissolved fullerenes or 

dissolving the compound during the process. The best solvents to dissolve pristine fullerenes are 

non-polar aromatic solvents and carbon disulfide.60 More polar solvents are drastically weaker but 

can be used in mixtures with non-polar solvents. In these mixtures fullerenes form colloidal 

aggregates with sizes ranging from some to hundreds nanometers,61 whereas, solutions of 

fullerenes in toluene, benzene, chlorobenzene, etc. are considered as molecular solutions. 

Especially, for their application in biological context, the solvent of choice is water. As well as in 

other polar solvents, fullerenes mostly form spherical clusters, whereas, the aggregation in aqueous 

solution for biological applications is directly related to its in vitro toxicity.62, 63 On first sight water 

soluble fullerene derivatives, like the easy to obtain polyhydroxylated fullerene, the fullerenol, 

might be a better choice here. Interestingly, these compounds behave like a nanoparticle in solution, 

forming bigger aggregates, similar to pristine C60. The properties of the fullerenol can be adapted 

during its synthesis by adapting the number and nature of its polyhydroxylation moieties. Since 

this very molecule is of further relevance for this thesis, its properties are discussed in more detail. 

A fullerenol can be described with a general formula of C60(OH)n 2<n<42 or C60HzOx(OH)y. The 

solubility of this compound is directly related to the number of introduced hydroxyl groups. A low 

Figure 5: Overview over biomedical 

applications of fullerene derivatives. 

https://www.sciencedirect.com/topics/engineering/payload
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degree of hydroxylation (C60(OH)10-12) results in fullerenols that are soluble in less polar solvents 

compared to water like tetrahydrofuran, dimethyl formamide and dimethyl sulfoxide. Fullerenols 

with a higher degree in hydroxylation, C60(OH)16 and C60(OH)20-24, are also water soluble. The 

specific behavior of fullerenols is a consequence of their structural flexibility, the rotation of the 

OH groups, and the distribution of these groups across different carbon sites of the fullerene 

surface.64 The water soluble representatives form a molecular solution at low concentration 

whereas, at higher concentrations aggregation occurs and nanoclusters of fullerenol are formed. 

These clusters range in size of some to 100 nanometers.65 Depending on the number of hydroxyl 

groups per C60 molecule, the pH values and concentration stable nanoclusters range from 10 to 

250 nm. Since the protonation state of polyhydroxylated C60 is pH dependent, in aqueous solutions, 

depending on the pH value, they are more or less deprotonated and exist in the form of stable 

polyanionic nanoparticles. 

For the synthesis of fullerenol several methods are commonly used depending on the desired degree 

of hydroxylation. In 1993 Li et al. synthesized fullerenols with 24 to 26 hydroxyl groups directly 

by the reaction of fullerene C60 with aqueous NaOH in the presence of tetrabutylammonium 

hydroxide.66 Under cyclosulfonation followed by hydrolysis of C60 different kinds of moieties can 

be introduced. With this method the fullerenol contains hemiketals with vinyl ether linkages in 

addition to hydroxyl moieties.67 A further common method is the synthesis starting from 

halogenated fullerenes leading mostly to polyhydroxylated polyanion derivatives C60(OH)24ï

ὲOὲNaὲ, by complete substitution of the bromine atoms from C60Br24. A workup with an ion 

exchange column enables the isolation of a single fullerenol species C60(OH)24.
68 For the synthesis 

of derivatives with more than 24 hydroxyl groups different strategies are needed. One example is 

the use of C60(OH)12 as precursor.69 The precursor is reacted with excess hydrogen peroxide to 

obtain C60(OH)36. Kokubo et al. synthesized fullerenol C60(OH)44 in a facile one-step reaction 

starting from a C60 solution in toluene. Hydroxylation was achieved with hydrogen peroxide in the 

presence of a phase-transfer catalyst, tetrabutylammonium hydroxide (TBAH).70 This fullerenol 

exhibited a significantly higher water solubility of up 65 mg/mL compared to fullerenol with a 

lower degree of hydroxylation. This might be related to the fact that these very fullerenols possess 

a very narrow distribution of particle size (1.46 +/- 0.4) indicating that the fullerenol is highly 

dispersed. The usual aggregation to clusters was not prevalent. The reason for this is a stable water 

layer surrounding the fullerenol core due to its high number of hydroxyl moieties. Nevertheless, a 

high degree of hydroxylation does not only have advantages. Calculations suggest that, in terms of 
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thermodynamics, fullerenols with less hydroxyl groups are more stable.69, 71 Fullerenols with more 

than 24 hydroxyl groups have a tendency to open and destabilize cages. Characteristic functional 

groups that may appear in an open cage structure include hydroxyls, epoxies, carbonyls and 

hemiacetals.72 In any case the structure of fullerenols that are not synthesized by substitution is 

rather complex and is only formally described as hydroxylated. In fact, not only fullerenols with a 

high degree of hydroxylation share a great variety of moieties but also samples with a low degree 

of hydroxylation. The nature of these moieties vastly depends on synthesis method and mostly 

results in a complex pattern. Wang et al. presented a structural model for fullerenols that fit 

electronic, IR and NMR spectroscopic properties and also a mechanisms for the instability of 

highly hydroxylated compounds (Figure 6).71 

   

Figure 6: A structural model for C60 fullerenols (a) and reactions of partial structures in the model to 

interpret the pH-dependent transformations of CO (b and c). Adapted and reproduced from ref. 71 with 

permission from The Royal Society of Chemistry. 

Regardless which kind of fullerenol, the aggregation behavior is not controllable and far away from 

defined self-assembly. A first step towards a controlled self-assembly with this compound was 

made by Zhou, Shengju, et al.73, 74 They could show, that mixing positively charged surfactants 

with anionic fullerenols led to the formation of supramolecular structures. The superstructures 

change their appearance with increasing concentration of surfactant. In a fullerenol rich mixture 

the surfaces of the fullerenol are partially covered with hydrophobic alkyl chains which then equals 

a giant surfactant that forms vesicular structures. Increasing the surfactant concentration leads to 

precipitation of the mixture since the fullerenol is then covered with alkyl chains and not water 

soluble anymore. In a surfactant rich mixture cylindrical micelles are formed. With a large excess 

of surfactants huge micelles are formed in which the fullerenol is embedded in the core of the 

aggregate (Figure 7).  
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Figure 7: Illustration of the selfȤassembly of fullerenols induced by the oppositely charged surfactant. 

Reproduced with permission from ref 73. Copyright (2018), Wiley VCH. 

Of course, in these examples defined self-assembly does not derive from the fullerenol itself but 

from the formed synergistic amphiphilic compound. Therefore, the next logical step towards a 

defined fullerene self-assembly is the synthesis of an amphiphilic fullerene with a janus-type 

structure. Liu et al.75 presented C60(OH)8 which truly consists of only hydroxyl moieties that are 

located at one hemisphere of the fullerene. The system acts as amphiphilic nanoparticles in solution 

and C60(OH)8 has a strong tendency to form aggregates. When deposited on the surface, C60(OH)8 

assembles into a spherical structure or a single layered fiber on the hydrophilic surface, but it forms 

a toroidal structure with concentric rings on the hydrophobic surface. 

 

Amphiphilic fullerenes and their self-assembly in water 

Amphiphilic fullerenes are very rarely spread in the wide range of fullerene derivatives even 

though, an amphiphilic structure is easy to achieve. The most obvious strategy is to attach a polar 

and water soluble moiety to the hydrophobic fullerene core by one of the manifold derivatisation 

methods. Nevertheless, for a long time in fullerene research there was no need for such a compound 
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class due to the lack of potential benefits compared to small molecule compounds. A pioneer of 

fullerene research, Eiichi Nakamura, and his group changed the situation. They developed a new 

structural motif for amphiphilic fullerenes which blazed the way for a new field of fullerene 

research with compounds showing properties that had not been observed before. The new structural 

motif was called conical fullerene amphiphiles. These compounds are built up by a fullerene core 

as hydrophobic unit with added structural features on one hemisphere of the core to make the 

system water soluble. The janus-type design leads to the formation into superstructures in aqueous 

solution. The aggregates of these amphiphiles differ from the aggregates formed by non-

amphiphilic compounds discussed in the previous paragraph. In general, amphiphilic fullerenes 

form unilamellar micelles and vesicles at a very low critical aggregation concentration showing 

only little interfacial activity. Preferring aggregation over monolayer formation is a rather unique 

feature under non-polymeric compounds.76 The following examples of these conical fullerene 

amphiphiles are mostly part of the work of the group of Eiichi Nakamura, and will display the 

features of the conical motif and its self-assembly. Nakamure et al. used a synthesis protocol that 

allows to selectively add five substituents to one hemisphere of the fullerene core to yield 

penta(aryl)C60 (Figure 8).36 In this reaction a strong nucleophile, an organo copper reagent is used 

to add substituents to the fullerene core. The reaction follows a special mechanism only observed 

for fullerenes. The first addition of one organo copper reagent generates a monosubsituted fullerene 

anion. This anion can be oxidized by copper(I) to obtain the radical compound which can undergo 

a further addition reaction. This process is repeated once to produce the fulvene. The fifth  

substituent adds to the fulvene to produce a cyclopentadienide.36  

 

Figure 8: Plausible Reaction Mechanism for the Penta-Addition of Five Phenyl Groups onto [60]Fullerene. 

Reprinted with permission from ref 36. Copyright (2008) American Chemical Society. 
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The aryl groups attached to the fullerene created a conical shape. This compound and its derivatives 

already formed interesting superstructures in the crystal77 but was far from being a water soluble 

amphiphile. In their further work the group synthesized two systems of conical fullerene 

amphiphiles, one that bears five sets of hydrophilic groups and the other comprises a 

cyclopentadienyl fullerene anion surrounded by five substituents. These amphiphiles have a strong 

tendency to form aggregates in solution due to their large size and their rigidity. Furthermore, they 

are resistant to crystallization because of the quasi-5-fold symmetry (Figure 9).76 

Interestingly, some of these compounds 

lack one feature that is normally typical for 

amphiphiles. Upon dissolving a 

conventional surfactant in water, it will 

first form a Gibbs monolayer at the airï

water interface and when the airïwater 

interface is saturated by the surfactant 

monolayer, it will form micelles. Hence, 

the critical micelle concentration value 

coincides with the concentration where the 

surface tension starts to plateau. This was 

not found to be the case for conical 

fullerene amphiphiles, in particular, with 

ionic derivatives. Conical fullerene 

amphiphiles lack air-water interfacial 

activity despite the strong property to form 

micelles and bilayer vesicles in water.78 

Self-assembling amphiphiles lacking surface activity have been recorded only for polymers, 

polymeric bola-amphiphiles and hydrophobic ionic polymers.76 As a result, the compounds possess 

neither foaming nor emulsification properties. On the other hand, they form micelles at micromolar 

concentration and disperse nanoparticles and nanocarbon materials through hemimicelle 

formation. The required concentration is more than 100 times lower than those required for 

conventional small molecule dispersants. The preference to form micelles over a Gibbôs monolayer 

results from the high charge repulsion of the five substituents that would destabilize the Gibbs 

Figure 9: Overview over conical fullerene amphiphiles 

and related properties. Reprinted with permission from 

ref 78. Copyright (2008) American Chemical Society. 


























































































































































































































































































