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2 General Introduction

Soapi more than meets the eyhis could behe motto of this thesiSoap,in principle isa
high-tech nanomateriahat is also part of our evatya y 6 s detergénts, emussifiersvetting

agents, foaming agenéd even as part of our body. So, what is sdagieneral, lte non
scientific word soap describes amphiphilic molecules that consist oflgtylic, water
attractingpart aml a hydrophobic or lipdglic, water repelling part This very molecular
structurds, for examplethe basis of the working principle of detergents. The hydrophobic part
sticks to contaminants whereas, the hydrophilic giggcks to the water to enable the removal

of the contammants. This is also the principle how emulsions like railikosmeticsvork. To

put it simply an emulsiorconsiss of water and oil that can be combined with the help of
amphiphilic molecules. In our body amphiphiles have a different duty to fulfil.dAYyo@® ss c e | |
are mainly builtup by amphiphilesnamelyphospholipidsthat form the structure of the cell
membrane dumits differently polarize@omponentsThe phospholipids assemble hydrophilic

part adjacent to hydrophilic part and hydrophobic part adjacent to hydrophobic part farming
stable layerEspecially with thesproperties of amphiphiles bridge to nanomaterials can be
forged.As a nanomateriahey possess several physical properties thathareasis of these
various featuresAt first, the influence on surface tension needféomentioned. Adding
amphiphilic molecules t@n aqueousolution, the moleculeadsorb atthe 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 higtsurface tensianAs amphiphilesadsorh they break these interactie. The
intermolecular forces between surfactant and water molecule areweagierthan between

two water molecules and thus surface tension de@.ese decrease of the interfacial tension
becomes stronger the more molecules are adsorbed at thecmfEhia 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 odeed, which leads to another property of surfactants

T the ability of forming aggregatdike micelles The minimization of the unfavorable contact

between nopolar surfactant chains and the polar solvent compensates the loss of entropy by
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micelle formaton. The ability to form micelles is a result of the hydrophobic effelsich
competes with the electrostatic or steric repulsion between the head groups. Additionally, other
effects depending on the head gr owatpréday&d har ge,
role. The appearancef the formed aggregatesan be further controlletdy adapting the
moleculés shape. Among other parameters the packing parameter, defined by Israedachvili
al.,! can give a suggestion of the aggregaséspe depending on the moleéslgroportions

The resulting aggregate structures are of various shape and kind. Most prominent are spherical
micelles, cylindrical micelles or bilayered (or multilayered) structures like vesicléss
controllable structuration in nanoscale regime is also an important part in nanotechnology.
Nanoscale structures can be built up by two general approaches, the iypttoshod and the
top-down method. In a tedown approach the nanostructures are produced from
macrostructures by e.g. lithogitay, while the bottorup method starts witimolecular building

block producing nanostructurddhe commonly used tegown method stasto reach its limits,
especially for very small structureBor a bottoraup approach small molelas that form
supestructuresthat selfassemble controllablyto defined aggregatesurfactants seem to be

a suitable sourcdJsing surfactants as buildingocks for nanomaterialand not only as a
templating systens a promising approach because of the controllable superstruandtse

easy way to introduce functionalities by just adapting the surfactant molsexiegeneration
surfactants are able tespond to external triggers changing their properties depending on e.g.
temperature, pH value or irradiationisfurther possible to introduaeg.catalytic propertie$.

3 This can lead to future higlech materials.

This attempt of tailoring surfactant molecules to obtain functional superstructuresoistioae
fundamental pillars of the research in the group of Sebastian Potavzol® systems were

built up by amphiphilic polyoxometalates, rare earth metal head groups ofchikt@ining

head groupsshowing various features in addition to surfactant propétfidis repertoire of
inorganicorganic hybrid surfactants is now to be extended by fullerene based surfactants. This
compound class showersatileelectronic and optoelectronic properties in addition to unique

selfassembly behavior being a promising system for furgzarch in this group.
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3 Structure of the Thesis

The following topics are discussed in the presented thesis

M1 Overview over fullerenes
9 Fullerenes in solution
1 Amphiphilic fullerenes and their self-assembly

1 Applications of fullerene amphiphiles

In chapter 4, the above mentioned topics are discussed under state of the dimdirgs and
progressesare highlighted and sorted into aegter contextChapter 5 &hallenges and
objective®displays the resulting scientific challenges for thisith&shapter 6 describes the
scientific contribution of the thesis in this contegthapter 7 shows the references from

chapter 1-6.

In chapter 8, the scientific results of the thesis are preserBetideals with the synthesis,
characterization and sedssembly behavior of a new class of amphiphilic fullerenes.
Furthermore, their applicatioas potent membrane guard against oxidative stressloghal
systems is evaluated. An easy and versatile synthesis method for more complex derivatives of
the compound introduced inchapter 8.1, is presented i18.2 With this synthesis protocol it

was possible to generaé@ amphiphilic molecular semicondac This system was not only
investigated regarding its electronic properties but also regarding the influenceasisssitbly

on thesegropertiesthereby a new kind of artificial leaf could be generdted is basedn the

inner and inter aggregateargy and electron transfer. This system is presentelbipter 8.3

In chapter 8.4 a new prototype system was developed to further investigate the phenomenon
of a beneficial effect ofnter and inneraggregate energy and electron transfercatalytic
reactions With electro catalytiovater splitting as test reactioit could be shown thathe
catalytic activity ofamphiphilic fullereness tremendously enhanced during ssssembly into
supramoleculasstructures fighting the paradigm of aggregation ¢pein disadvantage for

catalytic reactions.
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The thesis closes witthapter 9and10with &conclusion and outlo@dand6 dsammenfaging
und Ausblickd 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 SmalleygobertF. Curl Jr. and Sir HardIW. Kroto synthesized and characterized
fullerenes in the 80igswhich 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
Osawéhad theoretically described years befbses Smalleysaid after discovering the fullerenes

thatin ( . . ) sci ent i st sfoaheieowesake iatititnaly tuin put tb haeelrachcall |
application, such much the bettero, Hahe vyet
newly discovered family of molecules obtained an artificial narBeckminster fullerenes or short
fullerenes, named after the most abundant member of the fulei@ewhich reminded its
finders of thegeodesic constructs built by the architect Richard Buckminster Fiilies.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 standartteftaming of chemical

compounds. Its rational name was:

Hentriacontacyclo[29.29.026%0%12.0*59,0°10,0°.58 7:55,08:53 0221, 011,20 03.18 315,30 316,28 (17.25,019.2

4,072:52 (07350 (76:49 (027,47 (2945 (032,44 (33,60 (034,57 35,43 (136,56 (37,41 (3854 (039,51 (A0.48 (#2249 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),
41,46,49,52,55,57,58iaconten

In 1997 IUPAC published a guideline for the naming of fullerene compounds, officially
introducing the word fullerendzullerenes shall be named as such, the number of carbons in the
molecule being indicated in square brackets before the word "fullerene”, folloyvdte point
group symmetryThus for Buckminsterfullerene, a full description is:-JgfFullerenet! This was

then later updated to include also all discovered derivatives.

The beginning of the success story of the fullesaagheir accidental synthesis in 1985 when
Kr ot o He a,tChrlandGmdeyis@vered traces of carbon clusters in the soot generated
by vaporizing carbon in helium during their attempt to synthesize carbon chain mofe€ales.
years later Fostipropoulos, Kratschmer und Huffman applied a suitable sgnfibie this new
molecule to achieveynthesis on a preparative scaldis method made the field of fullerene
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chemistry possiblen abig scalet* Nowadaysseveral
methods exist to produce fullerenes like resistiv
heating of graphite, inductive heating of carbor
pyrolysis of hydrocarbons, total synthesis and the &
heating methodised byKratschmer* ° During the
arc heating methographite is vaporized in an electric
arg in a so called Kratschmer reactander reduced
helium atmospher¥: ¥’ Under trese conditions the

graphite evaporates and carbon clusstam in the gas

phase by colliding with the gas molecylesentually
formingfullerenesThe underlying mechanism may be Figure 1: Schematic structure of [6@]-

rather complex but two genergroposals for the fullerene.

mechanisnexist in literature. Onenechanisms 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 assumedhat the lowesenergy form of any small graphitic fragmesonly made

upof hexagons and pentagons, inchglas many pentagons as possible, aneémdthe pentagons

are adjacent. dt carbon cluster@hich have more than 280 atomsbut ae too small to make a

closed fullerene with isolated pentagons, open grapdtiticturesare lower in energy than any

other structureAnnealing allows the carbon clusters to find skreictures with minimunenergy.

Thus, thermochemical stability dictatthe formation of these graphistructuresn 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 thermodynatfiégThe other
mechanism is called fullerene route which proposes that smaHikagetermediates are formed

during evaporation that can grow to yield in fulleredeswith thepentagorroutemechanism, the
fullerenerouterequires a large concentration gfdhd G, 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 stablespecies in the 560-atom size rang#: 1°

The family of fullerenes has a lot of membesice the number of carbon atoms in the cluster
range from abau30 to 100 and more. But they all share a common structure motibf Alem
possess 12 fivenembered rings arainumber of sixmembered rigs depending on the cage size,
f ol |l owi 8 Rule,Ewhicte relates the number of vertices, edges and facesheknot

commonality is the isolated pentagon rule which states that five membered rings are not allowed
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to connect whereasngoing researckhowedseveral exceptions to this rulehese twaruleare

a prerequisitdfor the stabity of the fullerene By following theserules while forming in the gas
phase the strain in the molecule is reduced ahd tlosed cage structure psssible'* 2° The
membes of the fullerene family can not only lokstinguishedy number of carbon atoms but also
by isomers. Whereas, smaller fullerenes up1pd@ly have one isomehigher fullerenes have an
increasing number of isomers witdrgercage size. &, for example has 24 isomers. In fact, the
most abundant representativep,Could theoretically have 1812 isomeafshere were no rules for
the formatiorof fullerenes’! But theonly isomer of Go(Figure 1), which has the symmetry of an
icosahedron (), even is the most symmetrical molecule with p@6sible symmetrical operations
Its appearance can be seen as molecular nanoparticla didimeter of 700 prand with a Van
derWaals diameter of 1000 pfn.

Andit is thisverystructure, a closed cage made from-membered and sixnembered ringthat

is thereason fothe chemical and physical behavior of thikerene Go, which will bein focusin

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 hexagmxagon junctiorf138 pm) than for a hexaggentagon
junction (145 pm). This motif leads to a behavior similar to an electron deficient olefin system but
different from an aromatic systert: 2 Nevertheless, there are 6Gelectrons in the system
whereas, 72 would be required fotatally delocalized -system. This results a high electron
affinity of the fullerene, combined with low lying frontier molecular orbitals68 eV (HOMO)
and-4.1 eV (LUMO)?* Thesefeatures directly leath the chemical behavior dmeactivity of the
fullerene. Thegeneradriving force for reactionat a fullerenas the relief of ring stain within the
carbon cage derived from the highly pyramidalizeticspbon atoms and therefore, reaction tak
place at the ® ring junction, laving a higher electron density. The list of possible reactions is long
but will be discussed shortly due to the versatility 6,2 2> 2% but with focus on exohedral
modifications, modificationshat take place at the outside of the carbon ¢aigeire 2).
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Figure 2: Schematic overview over different reactions that can take place at a fullerene.

Fullerenes react in nucleophilic addition reactions under the formatiarcafbanion that can be
reacted with a electrophile. One popular example would be the Bingel reaction which is a
cyclopropanation reaction with malonate derivati€®e® 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 eyclopropane unit. A further example would be the Fri€tiaifts
alkylation type reaction under the formation of-aducts’® 3tin pericyclic reactionghe 66 ring
junctions can act as diens as well as dienophiles in readitterDiels-Alder reactons3? 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 reactitons

Csocan be halogenated up to 60 timesdFey).> **For bromine and chlorine stable compounds
with up to 24 halogens are reporf@dA very interesting feature of fullereneactions is the
selectivity. In nucleophilic or electrophilic reactions like halogenations or Grignard reactisns it i
possible to selectively derivatize one hemisphere, one pentagonabfitie fullerene® The

reactionstarts at on % ring bond and in a cascade like fashion continues araupeh&gon
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eventually leading to hexsubstituted fullerene with a cyclopentadiene unit. Tééction distorts
the cage in a manner that the reaction
stops afterwards. Especially, for addition cis-1
reactions the regiochemistry and possiblecis-2
isomers are of imrest(Figure 3).37 After gis-3
the first functionalization the remaining 6

trans-3

trans-2
principal, eight differetregioisomers can trans-1

6 bonds of the & are not equal and, in

be formed. Usually these isomers cannof

_ Figure 3: Possible regiotfisomersof [60-1n]-fullerenein
be separated. Different procedures formiti-functionalization
functionalization drive certain
modificationsin the regioadduct distribution but e and tr@nposition are preferredlaking
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 demandnodldaeiles which

attack at the fullerene plays a crucial réle.

The resulting diversity of fullerene derivatives find application in a bfedd of research areas
ranging from material science to biological science or medigineexcerpt of these applications

is discussed in the followingn material sciencejndoubtedlyphotovoltaics 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
propertiesdescribed earliei>*! 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 tli@noracceptorinterface. The doneacceptor
interface can be seen asmjunction in which the positive and the negative charge of the exciton
can migrate. Then the charge is transported to the electrbdeprocess, the dissociation of the
exciton requires that the orbital energy of the donor and the acceptor show a suitable difference as
well asthat the charge transport properties of the material to avoid recombifiatforhuge
combination variety fosuch systems exgsbut the combination of a polymer as donor unit and
fullerene derivatives as acceptors proved to be very effitiéftie mostwidely used fullerene
derivative in this case is RBM which is a phenyCsi-butyric acid methyl ester. The pBM

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

eay preparation, good &dbility, electron mobility low lying LUMO energy levels, and stability
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compaed to thepristine fullerenes$? 4+ % The phenyl moiety enables-"-stacking of the
moleculesresuling 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 propertfésowadays, the research commursiowly turns

its back on fullerenes as materials for orgarfiotpvoltaics and the trend goes towards-non
fullerene small moleculeé®: 4’ The second type gfotovoltaics in which fullerenes are used is the
perovskite solar cells which consist afi arganicinorganic hybrid material. One component
consists of an organic cation, a metal and a halide that crystalize in the perovskite structure to
obtain a lightharvesting, charge generating material. The second component is a charge transfer
material forwhich TiO2 is widely used'! “®Here the fullereneanes into play to replace TiQn

2013, fullerene 6, and among othergs derivativeP Cs:BM were introduced intperovskite solar
cellsfor the first time by Jengt al*® It has been widely demonstrated that the use of fullerenes
either aselectron transfer materijainterface modification of thelectron transfer materialr as
additives in the perovskite layer can play an imponal& 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
enhancindongterm stability as wellas 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 iteasdtfect on device
performance and therefore, more and more derivatives are used to increase thés system

performancé?®5!
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Figure 4: Left: Inverted OSCs schematic diagram. Right: Lead halide Perovskite solar cell schematic
diagram. Reproduced from rdf0 with permission from Elsevier.

The full erenesd abidsivdllgdo mediateelectranplies ammatithetheart d o n a

of biological applications of fullerenes in which they factexampleas antioxidantgFigure 5).5%
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6 Oxidative stress is a major issue in a wide number of pathologies (neurodegenerative,
cardiowascular, immune diseasand cancer). Relevaoxidantsfor biological systems are®
(superoxi de)radidal®&hd Ohnyotbaulesd lyese 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 bioompatible fullerene derivatives are capable of
catalytically scaverigg harmful oxidantsand further free radicalsmilar to naturally occurring
superoxide dismutas@herefore, they are also called radical spenGemmon examples for such
studies ardullerenolsand Go tris(malonic)acidwhich are not only water soluble batsoable to

cross the cell membranimside the celthey can also reduce the cellular oxygen radicals produced
by the mitochondrid’ Even though fullerene derivatives proofed to be potent antioxidants
outperforming other antioxidants in vitro andin vivo studies the detailed mechanism and the
dependence of the antioxidant properties on the exact chestrigeiure remain still unclear and
further effort needs to be taken to fully understand this systésnmentioned above, fullerene
derivatives can not only accept electrons but also donate electrons which is being used in
phototherapy. Phototherapy is @atment 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;State under irradiation. This state is readily transferredrglleed T; via
intersystem crossing. In the presence of molecular oxygesgnireact with oxygen, generating a
non-excited 3 and singlet oxygen which is known to be a cytotoxic species. In addition, the high
energy specie¥Cso and>Cgo are excellentlectronacceptorsand in the presence of a doruam

easily bereduced to & by electron transfer. Again, in the presence of oxygen, the fullerene
radical anion can transfer one electron, producing a superoxide anion ragdicadohydroxyl

r adi c &hgletfoygen and superoxide radical anions are well known reactive species towards
DNA. Biocompatible fullerenes also find application in another fieldrug delivery. Using
nanoparticle systems can drastically improve the pharmacokingfties drug Transfering
bioactive elements like proteins, DNAs, and also various small molecules through the membrane
into cellshas got considerable attentidue to its essential role in medicine and drug deliaexy
reaching the inner cell nucleus is even more challg§iDue to their size and modifiability
fullerenes can shine over other nanomaterials. €bengtry, size and surfacetbefullerene cage
perfectly fits the requirementsr biological systemssonsidering its diameter in thange of Inm.

Despite thehydrophobiay of the fullerene, it can be functionalizedith hydrophilic moieties
achieving watesolubility and biocompatibility.The main positive point in fullereAgased drug
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Antiviral delivery systems is thembility to carry multiple
Antioxidative Antibacterial drugpayloads This approach isf great benefitn
cancer treatment, since cancer caén readily
develop drugesistanceand effective treatment
often needs combination of more than one type of

drug to overcome the resistance mecharifsi

Besideghe presented applications for biologically

active fullerenes there s hugenumber of further

areas in which research is going on from\ardl
Drug delivery Cancertreatment  and antibacterial activity to the treatment of neuro

disease.

Figure 5. Overview over biomedic
applications of fullerene derivatives.

Fullerenes inaqueoussolution

Most of the applications mentioned in the previous paragaepbased on dissolved fullerenes or
dissolving the compound during the process. The begtrsblto dissolve pristine fullerenes are
non-polar aromatic solvents and carbon disulfitidore pola solvents are drastically weaker but

can be used in mixturesith nonpolar solvents. In thesmixtures fullerenes form colloidal
aggregates with sizesanging from some to hundreds nanomet®rsyhereas 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 solvent$ullerenesmostly form spherical clusters, wheredlse aggregatioin agueous
solution forbiological applications is directly related toiitsvitro toxicity.®? 630n first sightwater
soluble fullerene derivativedike the easy to obtain polyhydroxylated fullerene, the fullerenol
might be a bettezhoice here. Interestinglthesecompound behavéike a nanoparticle isolution,
forming bigger aggregates, similar to pristing.@he 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 dirther relevance for th thess, its properties are discussed in more detail.

A fullerenol can be described with general formula of &(OH)n 2<n<a2 0r CsoHOx(OH)y. The

solubility of this compound is directly relatedttee number of introduced hydroxyl groups. A low
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degree of hydroxylatio{Ceo(OH)10-12) results in fullerenols that are soluble in less polar solvents
compared to water likeetrahydrofurandimethylformamide and dimethyl sulfoxide. Fullerenols

with a higher degree in hydroxylatio@so(OH)16 and Go(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®® The water soluble representatives form a molecular solution at low concentration
whereas, at higher concentrations aggregation occurs and nanoclusters of fullerenol are formed.
These clusterrange in size of some to 100 nanometeBepending on the number of hydroxyl
groups per e molecule, the pH alues and concentration stable nanoclusters range from 10 to
250nm. Since the protonation state of polyhydroxylategsi$<)oH 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 Let al synthesized fullerenols with 24 26 hydroxyl groups directly

by the reaction of fullerene sgwith aqueous NaOH in the presence of tetrabutylammonium
hydroxide® Under cyclosulfonation followeby hydrolysis of Godifferent kinds of moieties can

be introduced. With this method tiélerenol contains hemiketals with vinyl ether linkages in
addition to hydroxyl moietie¥. A further common method is the synthesitarting from
halogenated fullerenes leading mostly to polyhydroxylated polyanion derivalss€@H )24

¢O:Na, by complete substitution of the bromine atoms froeB@Ga4. A workup with an ion
exchange column enables the isolation of a single fullerenol sgi&e{€H).4.58 For the synthesis

of derivatives with more than 24 hydroxyl groups different strategies are needed. One example is
the use of G(OH)12 as precursct® The precursor iseacted with excess hydrogen peroxide

obtain Go(OH)zs. Kokubo et al. synthesized fullerenol dg(OH)a in a facile onestep reaction
startingfrom a Gso solution in toluene. kdroxylationwas achieveavith hydrogen peroxide in the
presence of a phasensfer catalyst, tetrabutylammonium hydroxide (TBAHThis fullerenol
exhibited a significantly higher water solubility of up éhg/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 6/4) indicating that the fullerenol is highly
dispersed. The usl aggregation to clusters was not prevalent. The reason for this is a stable water
layer surrounding the fullerenol core due to itshhigimber of hydroxyl moieties. Nevertheless, a
high degree of hydroxylation does not only have advantages. Calculsiiggest that, in terms of
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thermodynamics, fullerenols with less hydroxyl groaps morestable®® “*Fullerenols with more

than 24 hydroxyl groups have a tendency to open and destabilize cages. Characteristic functional
groups that may appear in an open cagactureinclude hydroxyls, epoxies, carbonyénd
hemiacetald? 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 onkefdle 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 moietigastly depends on synthesis methaad mosty

resuls in a complex pattern. Wanet al. presenteda structural model for fullerenokhat fit
electronic, IR and NMR spectroscopic properiesl alsoa mechanisms for the instability of

highly hydroxylated compoundgigure 6).”

Figure 6: A structural model for 6 fullerenols (a) and reactions of partial structures in the model to
interpret the pkependent transformations o£QG (b and c)Adapted andeaproduced fromef. 71 with
permission from The ®&yal Society of Chemistry

Regardless which kind of fullerenol, the aggregation behavior is not controllable and far away from
defined seHassembly. A first step towards a controlled -sas$embly with this compound was
made byZhou, Shengjuet al.”® " They could show, that mixing positively chargaarfactants

with anionic fullerenols led to the formation of supramolecular structures. The superstructures
change thie appearance with increasing concentration of surfactant. In a fullerenol rich mixture
the surfaces of the fullerenol are partially covered with hydrophdbitanains which the equals

a giantsurfactant that forms vesicular structures. Increasinguhfactant 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 mides are formed in which the fullerenol is embedded in the core of the

aggregatdéFigure 7).
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Figure 7: lllustration of the selassembly of fullerenols induced by the oppositely charged surfactant.
Reproduced witpermission fromref 73. Copyright (2018), Wiley VCH

Of course, in thesexamples defined setfssembly does not derive from the fullerenol itself but
from the formedsynergisticamphiphilic compound. Therefore, the next logical step towards a
defined fullereneselfassembly is the synthis of an amphiphilic fullerenwith a janustype
structure. Liuet al.”® presented 6(OH)s which truly consist of only hydroxyl moieties that are
located at one hemisphere of the fulleréifee system acts as amphiphilic nanoparticleslation
andCeo(OH)g has a strong tendency to form aggregates. When deposited on the suefaad)sC
assembles into a spherical structure single layerediber on the hydrophilic surface, but it forms

a toroidal structure with concentric rings oe tiydrophobic 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 strategytash a polar
and water soluble moiety to the hydrophobic fullerene core by otie afanifold 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 berseefibmpared to small molecule compounds.iéneerof
fullerene researclEiichi Nakamuraand his groughanged 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 thdihbibeen observed beforighe new structural

motif was called coigal fullerene amphiphiles. These compoundsbaii# 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 jartype designdads to the formation into seigtructure in agueous
solution. The aggregates of these amphiphiles differ from the aggregates formasah-by
amphiphiliccompounds discussed in the previous paragraph. In general, amphiphilic fullerenes
form unilamellar micelles and vesicles at a very low critaggregation concentration showing

only little interfacial activity. Preferring aggregation over monolayer formation is a rather unique
feature under nepolymeric compound® The following examples of these conical fullerene
amphiphiles are mostly part of the work of theayp of Eiichi Nakamura, and will display the
features of the conical motif and its safsemblyNakamureet al. useda synthesis protocol that
allows to selectively add five substituents to one hemisphere of the fullerene core to yield
penta(aryl)Go (Figure 8).3% In this reaction a strong nucleophile,ergano coppereagent is used

to add substituents to the fullerene cdree 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(l) to obtain the radical compound which can undergo
a further addition reaction. This process is repeated tmgaroduce the fulvene. Thigth

substituent adds to the fulvene to produce a cyclopentadi&nide.
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Figure 8: Plausible Reaction Mechanism for the Peitalition of Five Phenyl Groups onto [60]Fullerene.
Reprinted with permission from r86. Copyright (2008) American Chemical Society.
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The aryl groups attached to the fullerene created a conical shape. This ndrapduts derivatives
already formed interesting superstructures in the cfystat was far from being a water soluble
amphiphile. In their further work the group synthesized tsystemsof conical fullerene
amphiphies, one that bears five sets of hydrophilic groups and the other comprises a
cyclopentadienyl fullerene anion surrounded by five substituents. These amphiphilastiang
tendency to form aggregates in solutiaretb their large size and their rigigi Furthermore, they

are resistant to crystallization because of the gbriisid symmetry(Figure 9).7°

2 CTAB, SDS etc Interestingly, some of thesecompounds
“ T S I} lack one feature that is normally typical for

Sehon amphiphiles. Upon  dissolving a

conventional surfactant in water, it will

AANET 2| gH g first form a Gibbs monolayer at the iair

water interface and when theriavater
interface is saturated by the surfactant
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monolayer, it will form micelles. Hence,

ot 6 the critical micelle concentrationvalue

coincides with the concentration where the

surface tension starts to plateau. This was

not found to be the case forconical

7 (pRCeH4)sCe0 K*

e9.R=CrHis fullerene amphiphilesin particular, with

ionic derivatives. Conical fullerene
Figure 9: Overview over conical fullerene amphiph o ) ) .
and related properties. Reprinted with permission ~ amphiphiles lack aiwater interfacial

ref 78. Copyright (2008 American Chemical Society activity despite the strong property to form

micelles and bilayer vesicles in watér.
Selfassembling amphiphiles lacking surface activity have been recorded only for polymers,
polymeric mla-amphiphiles and hydrophobic ionic polymétés a resultthe compounds possess
neitherfoaming nor emulsification propertig®n the other hand, they form micelles at micromolar
concentration and disperseanoparticlesand nanocarbon materials through hemimicelle
formaion. The required concentration is more than 100 tihogger than thoseequired for
conventional smalholecule dispersants.h e pr ef erence to form micell

results from the high charge repulsiohthe five substituentthat woutl destabilize the Gibbs
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monolayerThis phenomenots alsothe case for the monoanionic compound in which the charge

is located at the fullerene coffe.

As already mentionedhe conical fullerene amphiphiles mostly fostablevesicles The mone
anionic derivatives have a nonpofarlarnonpolar structure whereas the peatgonic
compound have a nonpolanead group represented by the fullerene. In 2001 Nakaetuah

@ presented the first detailed evaluation of

the aggregates formed by conical fullerene

Nonpolar
(perfluoro)alkyl chain

amphiphiles(Figure 10). A monoanionic

representative of this compound class,

Nonpolar§$

Fullerene

pentaphenyl[60]fullerene nmoanion
—_— (PhsCsol K™, PhK), forms a bilayer vesicle
e — with a diameter ofpproximately30 nm
with unimodal size distributigff similar
to an example with fluorinated chaiffs.
Forthe above mentioned compound these
aggregates have a zeta potential of
approximately-40 mV, indicating that the
vesicles form a solvergeparated ion pair.
The vesiclé solutions are stable upon

heating to 90 °C oexposure to air for

14.14 nm

more than one yeaaswell as on a solid

Figure 10: Structure and formation of bilayer vesic ~ Substrate in air or in vacuum, maintaining
of a conical fullerene amphiphile. Reprinted
permission from ref79. Copyright (2019) Americe

Chemical Society. membrane consists of an interdigitated

their spherical form. The vesicle

bilayer of the amphiphile molecules, in
which the fullerene is inside and thebstituents arexposed to watef. Furthermore, the vesicles
show only low permeability to water being rather watertight contpt@rgesicles formed by lipids
Water permeation through the conical fullerene membrane shows a negative activation entropy as
well as a negative activation enthalpy. Nakamefral. suggested that this is due to hydrogen
binding of water molecules to the anidmsic ful
behavior is contrary to a lipid membrane, in which water permeation is regulated largely by a

positive activation enthalpff: 8* &2
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Hirsch et al. followed another approach generating an amphiphilic fulkersysten?>® This
system is, based on adZore, containing both hydrophobic and hydrophilic moieties and self
assemble into multiple shapes of aggregates dependasnseveralfactors.One representative
consists of a fullerene cage to which a Newkdike dendrimer units connected via amine linker

and ten lipophilic @ chains positioned octahedrally to the dendrimer are attachediuliaiene
amphiphile has a lowritical micelle concentration and the polar dendrimer head group contains
multiple carboxylic acid groups, resulting in pH sensitive assenhblgeutral water (pH.2), it
aggregates intaylinders with a diameter of ca. 65 nm as revealed by cryogenic StEiles.
Increasing the pH value to approximat@lf, the formation of defined micelles with a diameter of
8.5 nm was observed. The fépendent aggregation behavior was attributed to the different
degree of protonation that altered the repulsion angieeof hydration shell. When the amine
linker is replaced by esters the aggregation behavior chambesompound now forms vesicular
aggregates similar to the aggregates reported by Nakashwah These aggregates are rarely
referred to as "buckysomeg\n explanation for this is that the dendritic amide moieties have more
pronounced rigidity that favors aggregation with a high degree of curvature rather than a planar
alignment®® & The structure formation of these globular fullerene amphiphiles was frfurthe
investigates with a [3:3fhexakis Go adduct as model system. Unlike the previous compounds this
derivative carries three hydrophilic dendrons. Althoughriumber of hydrophilic moieties the

same for bothsystemsin the new derivativahe hydrophilc units are more spread over the
fullerene cagelt was found that these compounds only form small nanospheres with a diameter of
approximately 5 nm. 3D reconstruction based on molecular modeling and TEM imaging indicated
that these spherical micelles wenade of three identical§haped motifs in the D 3 symmetfy.

87

Besides the above discussed examples further scattereglegarhfullerene amphiphiles can be
found inliterature. A structural motif that is used by many groups is to tether a highly polar and
watersoluble group such as amonium to the & via a e.g. alkyl cham These compounds form
aggregates of various size and shape which are more or less evaluated in detail. In general, the
supramolecular assembling of chdike Cso amphiphilesseems to be more simple since it is
bascally dominated by two major force§hese aré-stacking and ionic interactipthe " -stacking

acts attracting, wheredhbe ionic interaction acts repelling. The balance between thesesfactor
determinet h e a g gr &tiadvidkedt that Binctioralization ofgwith rationallydesigned
pendant groups offers an effective agmio to avert the random aggregation inherent in spherical
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Ceo cage and hencedelivers controllability over themicrostructure of seléasserbly and

organization.

Application of fullerene amphiphiles

For amphiphilic fullerenes various applications derive from theirasd&€mbly and their molecular
structure Nevertheless, due to lack of variety in amphiphilic fullerenes the presappédations

are limited. In most cases the investigation of new systems in this field ends with the evaluation of
its selfassembly The class of anical fullerene amphiphiles reported by Nakametaal. are
obviously investigated in more deté#ilan othes. In the following three@xamples for the use of

this compound class are presented. lonic conical fullerene amphigihdespowerful dispersant
properties for nanomaterial that are too large for smalécule surfactants. Compared to common
dispersantdike SDS or CTAB, that require millimolar concentration to disperse magnetite
nanoparticles or carbon nanotubes the presented fullerene amphiphiles only require micromolar
concentrations with long term stabilitf¥hese compounds disperse materials viaimecelle
formation on the solid surfac® Anotherapplication of this compound class that is related to its
selfassembly is the use of the formed bilayer membrane as nanosized chemical reactor. Previous
studies by Nakamuret al. not only showed the stability of the formed aggregates in solution but
alsothat the integrity of the aggregates stays intaceumdplementing small molecules into the
bilayer membrane. A Hoveydarubbs catalyst loaded into different types of conical fullerene
amphiphile vesicles togethertivia suitable monomer yieldeifferent results. The reaction in the
fluorinated vesiclgpresented in thehapter beforgyieldedunisize polymer particles. Performing

the polymerization in a vesicle containing conical fullerene amphiphilds shiort chain length
yieldeda hollow polymer cpsule in the size of the vesid& . Furthermore, lot ohpplications

are related to druglelivery. MinSong presented a system, structyraimilar to these of
Nakamura, thatorms special vesicles falelayed drugreleasgFigure 11).°* The biocompatible
vesicles formed b¥soRsCl (R = methyl ester of aminobutyric/glutamic acid or phenylalanine)

can be used as delayeslease carris of anticancer drugs such as cyclophosphamade
cisplatin,with the time ofelease from drugontaining vesicles exceeding that of remrcapsulated

forms by a factor of threeA different structural motif was used by Adelt al. A fullerene

polyglycerol amphiphilehat wassynthesizedia a graftingmethod was used as nanocarvith

controlled transport properti€$.Size and transport properties of th@saphiphiles in agepus
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solution can be controlled vighotocrosslinking of their hydrophobic fullerene segmdntsivo
studies of the use of fullerene nanocarriers are reported by Ra@k® They usedhe dendritic
compound presented by Hirscét al. for their studies and prepared vesiculary structures with a
diameter of 100 to 200 nm. Due to the structure of the fullerene anilghthk aggregates
containedbig hydrophobic areas in between the layersncorporate hydrophobic substances.
Prathaet al. incorporated the highly hydrophobic an@incer drug Paclitaxel as a model system

with promising results.
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Figure 11 Fullerenebased amino acid ester chlorides sel$embled as spherical naresiclesfor drug
delayed releas®eproduced from Re@1 with permission from Elsevier

In summary, fullerenes ankdir derivatives proofed to lleemendously versatile compowsdhis

is not only due to their modifiability but also due to their electronic and optoelectronic properties
derived from their structure. This modifiability enables them to be used in different research areas
in which they are able to outperform standard smalamigmolecules. They are also found to
possess special selfsembly properties when modified as amphiphiteereaghis selfassembly

can be usgto build up complex systemblevertheless,ni all the reported systems the intrinsic
properties of fullerereeare neglected and they were only used as scaffold in amphiphilic systems
Only little is known about the seHssembly properties and related abilities of amphiphilic
fullerenes and therareonly rare exampleof their useThe potential of this compodrclasshas

only been evaluated by fevesearchers so falthe most obvious challenge is to combine a
full erenesd6 propert i-assmblyiof flllerenehanphiplilesttor obthin a b | e
further new class of compounds in which the intrinsic props benefit from its selissembly.

Hence after all the years in fullerene research amphiphilic fullerenes are still a promising chapter

for future years of research with lots of possibilities to be explored.
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5 Challenges and Objectives

Fullerenes ofall kind are allrounderand werepromisingtop choice as molecular scaffold for
further modifications. Due to thefunctionalitythey havefound their way into a broad variety of
research areas as described before. Even theofulidlerene derivativesni supranolecular
structures showed potential. Nevertheless, after 30 years of fullerene research the state of the art in
sugamolecular fullerene chemistry is, that the fullerene is a suitable building block for myriads of
structures achieved by derivatism, combination or synthesis and preparation methods. A
versatile building block, that is what the fullerene is only used for. And with that limitation to just
being a building block the huge potential of fullees, regarding their electromicdoptoekctronic
properties is neglecte@&ven though amphiphiles in general are capable of much more than only
being building blocks for supstructures. Decadesf wesearch on amphiphilic compounds,
surfactants, often times based polymer structuresrevealedthat thisclass of compounds can
possess propees as versatile as fullerenddowadays surfactants are much more than simple
molecules to build up superstructures. They can be tuned to respond to external triggers like
temperature, pH value, magnetiell and much more to change their properidven
catalyticallyactive surfactants are knownliterature combining amphiphilic characteesulting

in controllable seHassemblywith further functionalities like catalyzing reactioi$iey turned out

to bereal functional materials. Thesery functional surfactants are a research topic in the group

of Sebastian Polarz. Our group is speée@l in combining the defined and controllable self
assembly properties of amphiphilic compounds with a functionality of the head groups that benefits
fromits self-assembly. Especially, in the field of polyoxometalate (POM) orgawiganic hybrid
surfadants pioneer work was done. Different systems of this class with its redox active POM head
group were evaluatéti®*°” Also, surfactants containing NHi@and based head groupsere
presented for polymerization and interfacial catal§si®Obviously, it comes to mind that the
functionality of fullerenes shdd be combined with controlled andefined seHassembly to
achieve a functional fullerene surfactant that benefits from itsase¥émbly. Although this seems

not to be possible with existindullerene amphiphiles thain general contain the fullerene as
hydrophobic part andrganic moieties as hydrophilic paneglecting the fullerenes propertibsit

only being amphiphilic forts purposeThe focus of this thesis is set on synthesizingw class

of fullerene based surfactants that possess additional functional properties that benefit from its self
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assemblywhich has to be evaluated as well. Therefore, the key objectives of this thesis are as

follows:

1 Synthesis of a new class of fulleree based surfactants

1 Evaluate functionalities that benefit from selfassembly

1 Tune selfassembly beneficial properties in anore complex system

1 Investigatethe origins of beneficial effect of selfassembly

For the realization of these tasks a mawlecular fullerene building block needs to be developed.
Referring to the systems of Nakamura a conical structure motif seems to guarantee controllable
and defined selassembly but compared to the work of Nakamura the polarity within the systems
needs tde inverted. To benefit from the fallr e n e s 6 propertiesit seemssitocbe best if the
fullerene is the hydrophilic part of the structure guaranteeing the fullerene is exposed to the outside
of the formed aggregates. Tisisallbe realized by derivize the fllerene in a janusype fashion

A promising derivatisation might be a jartype fullerenol compound since fullerenols are known

to be water soluble and possess properties like antioxidative effects by catalyticalhgneébt
oxygen. Is itpossible to combine this feature with controlled-ss$embly and can a beneficial
effect of the aggregation be observed? No similar systeendescribed in literature so far. With
such a new system in hand ormuld also think about more complex derivas with not only
simple alkyl chains attached to the fullerene butrencomplex moieties that exhibitirther
features. The fullerene itself, can not only act as an electron acceptor like it does in the reaction
with oxygen but it can also serve as dearon mediator. Tis could bethe basito achieve more
complex systems that benefit from the sedsembly. The sedssembly itself plays a crucial role

i n these syst eaasemblylngedsdo be meecstodd and posseéle beneficias effect
need to be evaluated. The challenges can be concluded as follovessystem be generated whose

intrinsic propertiebenefit from seHassembly.
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6 Scientific Contribution of the Thesis

The presented thesis contributes to the research in the field of functidnalidactantsn
particularfullerene surfactantsand the impact of seldissembly to improve catalytic properties

with the following key achievements:

1 Lipid -like self-assembly behavior of fullerene surfactants with catalytically active
head group
Janustype design for molecular semiconductors in vesicular systems

Selfassembly as crucial factor in fullerene centered catalytic reactions

Hereafter, the key achievements of the thesis are highlighted and classified into the context of the

research area.
Lipid -like self-assembly behavior of fullerene surfactantsvith catalytically active head group

Due to its easy modifiability the molecular nanoparticle fulleregfi@ds application in lots of
research areas ranging from material science to biochesueaice.For many applications,
solubility, precisely water solubility is a crucial factor for the usability of fulledeased
compoundsAs mentioned earlier there are several examples of water soluble and even amphiphilic
fullerene compounds hese watesoluble compounds tend to-definably aggregate in solution

like nanoparticles can do. Alsmost of the amphiphilic compounds that avoiediifined sek
assembly have one drawback. Irosh of these compounds the fullerene itself, serves as the
hydroghobic component and with that, during aggregation in aqueous soligtimtatedin the

inside of the aggregate and is not accesdibléurther reactionanymore.Aggregation and
solubility are bothimportant issues especially for biological application& fullerenol, a
polyhydroxylized and with that water solubl@&llerene derivative is widely used in biological and
chemical biologystudies since this compound enallesutilization of a crucialproperty of the
fullerene.This property is that the flerene ca act as aadical sponge and can further reath
reactive oxygen species (ROS). Fullerenes and fullerenols are able to catalytically scavenge ROS
which make them promising candidates for -amthor or canceprevening research.

Neverthelesgheseather simple compousdcavesome major drawbacksegarding theinot fully
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understood features. The metabolism of this compounds, the distribution, the molecular behavior
of the compound in biological systems and its solubility propertiesegard ofaggregation
behavior in biological media. In this context, especially the solubility, aggregation behavior and
with that the distribution of theompound in biological media dhle addressed. Fullerenols, as
molecular nanoparticles, tend to aggates in solution to more or lessd#fined clusters of various
sizes influencing its solubility, and behavior in biological systems. In ,2@8&8presented an
attempt to overcome these problematicaibipgan amphiphilic fullerenol compound, combining

the biological activity of the fullerenol and the controllable aggregatiefinedself-assembly, of

the amphiphilicstructure The fullerenol surfactants show controllable and stableassémbly

and proved its biocompatibilitys well asts ROS scaveging properties in biological systems with
prokaryotic and eukaryotic cells in which it is expected to be incorporated into the cell membrane.
The twopresentedurfactant systems with an acidic and a basic fullerenol head group fornddefine
hollow aggregtes in solution,similar to lipids e.g. phosplipids in the cell membrane
Furthermore, it could be shown that the amphiphilic compsundperform standard ROS
scavengexlike quercetin or th@onamphiphilicequivalentcompound for @, ONOO, OH and

H20. scavenging. It is proposed that this is mostly due taéaetive side of the compound which

is exposed by selissemblyandon the change in the (electronic) structure of the compound due to
janustype modification. With thén detailevaluatedipid like selfassembly properties and the

vivo ROS scavengingtudieswe eventually could show the impact of the surfackeaftavior in
biological systems. With the compound proven tambstoxicto prokaryotic and eukaryoticells

it wasfurthershown that the cells do actually integrate the surfactants. Theliigdcharacter and

the high activity in ROScavengingn the cells indicate that the cells implement the fullerenol

surfactarg into their cellular membranes as kind of membrane guards.

ROS
(02.-) HzO

Figure 12: TOC figure of publication 1. Reproduced from @9.with permission. Copyrigh(2018)
American Chemical Society.
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Janustype design for molecular semiconductors in vesicular systems

In the next part of the project ve@medto go one step further building dine knowledge already
obtained from the systenThe effect ofintrinsic property improvement through sedissembly
should further be evaluate@he fullerenol head group presented in publication 1 is not only
capable of scavenginggactive oxygen specieby catalytically accepng electronsbut also of
producingreactive oxygengecies by donating electronander irradiation, which is an indicator
for being a reductivehotacatalyst. To achieve the efficiephotocatalyticactivity, the general
molecular design was adaptedhwut changing the basstructuremotif. The formeralkyl chains

have been rdaced with linear dye molecules, acridine derivatives. A new synthesis strategy
needed to be developedince the former presented protocol reached its limits due to the
insolubility of the intermediated he synthesis to achietbe new compoundwas presented in
publication 2. It could be shown that almost any metia janustype fullerenol surfactant with

five substituents of various kind can be synthesize@ mnepot reaction It combinesthe
polyhydroxylation and the pentubstitution of the fullerene core in one step via phase transfer
reaction followed byan easy workupAliphatic and aromatic primary aminesven with further
functional groupsshowed to be very reactive in this reaction and led to y@fdip to 90 % 6r

the surfactant compoundtor workup ahydrophilic interaction liqud chromatography was
establishedFurthermore, several ways to characterize these compounds were presececithe
characterization of these highly functionalized, water soluble,egating fullerene derivatives
turned out to be challengirand wasnot well documented in literaturé/ith this methodn hand,

it waseventuallypossible to synthesizanustype fullerenol surfactants with five dye molecules

attached.

polyhydroxylation
uonniysgns-ejuad

Figure 13: TOC figure of publication 2. Reproduced under @reative Commons Attribution License
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Their properties were presented in publicatiom8pired by the research of fullerene dyadsich

are basically doneacceptor systems with the fullerene being the elecrzeptgrwe describd

a molecular semiconductor system which generates a charge separation upon irradiation with
visible light. Nowadays, most of these dyads lack a proper application due to their low solubility

in water and their neevaluated aggregan behavior. These drawbacks are overcome by our
fullerenol surfactandystem with defined armbntrollableselfassemblyDepending on the polarity

of the attached dye molecules the compoundsassiémblé in stable spherical aggregates in a

size rangérom 50 nm to 100 nm/e could show that the system acts as molecular semiconductor

in agueous solutiorThe absorbance spectrum of the fullerenol dyes sd@amn absorption edge

similar to regular semiconductors. DFT calculations confirmed that undeiaticmda charge
separation takes place. The HOMOs of the molecules are located on the dyes whereas, the LUMO
is located on the fullerenol head groupe\demonstrated that tlebemicalenergy of the charge
separated stat@an be used for further reactianswaterwhichwasevaluated by reducing oxygen
beinganefficient oxidant. Interestingly, it was observed that the aggregation of the system enables
the electronic communication within the aggregates. Electron transfer meutesise vesicles

from one surfactant to anothleave beembserved. In @rototypereaction we couldurthershow

that the chemical energy of the charge separated state can be used to reduce chemicals like carbon
dioxide. With these findings we basically developed a ng#esn of aso called artificial leaf in

whose properties emerge due to-ss§emblyo vesicular structures.

Figure 14: TOC figure of publication 3. Reproduced under@reative Commons Attribution License
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Selfassembly as crucial factor in fullere centered catalytic reactions

Having shown the beneficial effect of saksembly on fullerene centered reaciwe esentualy,

in the fourth publicationtook a closer look at the effect of an inner and inter aggregates electron
transfer by choosing aell observable catalytic processthe electracatalytic water splitting
reactionin aqueous solutiolhese evaluations are presented in publication 4 which was published

in 2020.A new fullerene surfactant was used as model systéhesfullerenol headrgup was
exchanged with a metal compleX cobaltdiethylenetriamine complewas coordinatedo the
fullerene, since cobalt complexes are known to undergo water splitting reddtisrcompound
showed activity in electrochemicabxygen evolving reactionQER) and hydrogen evolving
reaction HER). The OER wa$ocated at the metal center and the system showed medium activity
regarding the overpotential and TObelow and above the criticalggregation concentration
Nevertheless, th is a totally differentcase for the HER. In this system the fullerene &
innocentligand and serves as electron reservoir for the reaction. It was observed that this process
heavily depends on the sa@§sembly of the system. Whereas, the catalytic activity below the cac

is rather low regarding the overpotential, the current and the TOF, the compound becomes
drasti@lly more active above the cac.d&bing thecag not only the overpotential shifts but also

the TOF is increased by 1300 %. It was suggested that this trensandoease in performance is
related to the spatial closeness of the fullerene head groups that enables an inter molecular electron
transfer easing the reduction reaction. This effect was confirmed by diluting the reactive compound

in the aggregates witha-surfactant which diminished the observed improvements.

Figure 15: TOC figure of publication 4. Reproduced under the Creative Commons Attribution License.
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Within this thesis not only a new class of fullerene and fullerenol surfactants was gdifingd
was also clearly shown that se$sembly is an underestimated tool to improve a system
properties or even enable new properties and applicatiorsggregates formed by fullerene
amphiphiles a strong communication within and in between the ajgeeg presentesulting in

a change in the overall electronic situatidhese findings can not only be applied to fullerene

based systems but to all sasembling compounds bearing a catalytically active head group.
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8 Publications and Contribution

8.1 Publication I:

Increasing the Resistance of Living Cells against Oxidative Stress by

Nonnatural Surfactants as Membrane Guards

ACS Appl. Mater. Interfaces 2018

Marius Kunkel, Stefan Schildknecht, Klaus Boldt,ukas Zeyffert, David Schleheck, Marcel

Leist and Sebastian Polatz

ABSTRACT: The importation of construction principles or even constituents from biology into
materials science is a prevailing concept. Vice versa, the cellular fewdification of living
systems with nonnatural components is much mdreut to achieve. It has been done for
analytical purposes, for example, imaging, to learn something about intracellular processes. Cases
describing the improvement of a biological function by the iatiign of a nonnatural
(nano)constituent are extremely rare. Because biological membranes contain some kind of a
surfactant, for example, phospholipids, our idea is to modify cells with a newly synthesized
surfactant. However, this surfactant is intendeg@dassess an additional functionality, which is the
reduction of oxidative stress. We report the synthesis of a surfactant withtyaeusead group
architecture, a fullerene & modifiedby five alkyl chains on one side and an average of 20 oxygen
specie®n the other hemisphere. It is demonstrated that the amphiphilic properties of the fullerenol
surfactant are similar to that of lipids. Not only quenching of reactive oxygen species (superoxide,
hydroxyl radicals, peroxynitrite, and hydrogen peroxide) wascessful, but also the fullerenol
surfactant exceeds benchmark antioxidant agents such as quercetin. The surfactant was then
brought into contact witkifferentcell types, and the viability even of delicate cells such as human

liver cells (HepG2) andiman dopaminergic neurons (LUHMES) has proven to be extraordinarily
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high. We could show further that the cells take up the fullerenol surfactant, and as a consequence,

they are protected much better against oxidative stress.

ROS
(02.-) H20

TOC figure of publication 4Reproduced. Reproduced under the Creative Commons Attribution License.
Reproduced with permission from r&®. Copyright (2018) American Chemical Society.

8.1.1Record of Contribution

Material synthesis, characterizatjofurther chemical experimentand irterpretation were
performed byM. Kunkel if not stated differently. S. Schildknectiesignd, performedand
interpreted the experiments with eukaryotic cells. K. Boldt assisid Kunkel with the
interpretation. L. Zeyffert performed preliminary experiments on ROS quenching under the
supervision of M. Kunkel. D. Schleheck and M. Leist desigiedhiological experiments. M.
Kunkel and S. Polarz designed the research and S. Polarz wrote the manuscript. All authors have
given approval to the final version of the manuscript.

8.1.2Introduction

Because of the exponentially growing global population, wé khave to provide more
commodities than have ever been produced before. In addition to the extension and improvement
of the capacities of chemical industry as we know, a seminal approach is to use microbes in
chemical factorie$®® 1°2One of the problems involved in realizing this goal is thany cells,
prokaryotes as well as eukaryotes, are sensitive to oxidative ‘S&&eactive oxygen species
(ROS) are in any case major reasons for cellular damages and aging processes. Anaerobic

microorganisms are of course even more sensitive to an oxige@nvironment. In particular, in
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an aqueous dispersion and in contact to daylight, there is an inevitable level of ROS such as the
superoxide anion, hydroxyl radicals, or singlet oxygen. Evolution has countered this problem by

the development of cellat mechanisms for seffrotection against those species by scavenging
enzymes such as superoxide dismut&Sdowever, if the oxidtive stress level becomes too high

or occurs very fast, the biological protectio
damages and diseases associated with oxidative St@swrefore, it would be highly interesting

to aid cells and to increase their resmimste against ROS.

Fullerene derivatives have been evaluated for biomedical use for quite some time. Depending on
their modiycation, they have shown promising
compounds. However, a huge disadvantageast fullerene derivatives is their poor solubility in

water, which is of course pivotal for most biomedical usage. One approach for making them more
suitable for applications in biotechnology is the formation of hybrids with phospholipids,-the so
called ullerene liposomes. The encapsulation of fullerene derivatives in liposomes or the direct
interaction with cell membranes can | ower the
Another approach is the use of wasetuble derivatives such aslploydroxylated fullerenes, the
so-called fullerenolg® 1%t has been reported that these compounds can getjgbhch ROS in
aqueous system&€1% Fyllerenols can even penetrate the cellular membramgsaecumulate

inside the cell, where they possibly aggregate. Unfortunately, it was found that the presence of
fullerenols in the internal regions of the cell is harmful and can even lead to necrosis. Besides ill
deyned accumul at ireasgnsfarthetoxieity af fulkereree desivatives in lsedular
systems. The solubility of the compound, functional groups, and the degree of derivatization

i npuence the c¢ &mid°Becaudedos thet avgumentigiven .above, one has to

e ectively suppress the undesired aggemamati on
as guards against oxidative stress integrated in the cellular membrane instead of entering the cell.
The importance of the exact positioning of the fullerenol entities was also discussed by Nakamura
et al. in a theoretical study in 203%Because cellular membranes mainly consist of phospholipids,

our idea is to generate a new surfactant showing-likgdbehavior and a fullerenol head group as

the entity capable of protection against oxidative stress via catalytic conversion of R@Ssnto
harmful compounds. A great body of work exists on amphiphiles containing fulléfénts.
Amphiphilic fullerenes are known for forming -bor multilayered vesicular aggregates in
solution8? 114116 They have also been explored for biochemical applicafibhs: 11'The work of

Hirsch et al needs to be mentioned in this context, who synthesized merdbrariag hexa
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adducts of .%° These compounds can, for example, be used as nanocarriers for drug delivery
systems?3 118 The vesicular selissembly of amphiphilic fullerenes was alswestigated by
Nakamura et al . They showed that di erent K i
membrandike structure’® 82 1However, the fullerene is part of the hydrophobic moiety in most

cases. True surfactants, in which the fullerene represents the hydrophilic head group®ré rare.

119, 1201 this paper, we report the synthesis and characterization of a surfaetarfigure )

comprising a fullerenol head group. After characterization of its surfactant arassethbly

properties, we will test tHROS deactivation features. Finally, the biocompatibility of the surfactant

will be explored, and the protection of cells against oxidative stress will be tested.
8.1.3Results and Discussion

Surfactant Preparation. We achieved the synthesis of the Jatype @arget molecule4) as
follows (Figure 1a,b).

/N
YR

b)
hydrophilic

1nm

hydrophobic

2.5nm

Figure 1.(a) Synthesis sequence to derive surfactants with a fullerenol head group. (b) Optimized molecular
structure of surfactant (4) with dimensions and electrostatic potential map.

The method publishethy Kuvychko et al. was applied to obtain hetdorination selectively on

only one side of & (2).1?! Pentaalkylation with dodecyl aminevas achieved by adapting a
protocol published by Kornev et ¥f to obtain the precursor molecul®).(*H-NMR, **C-NMR,

and matrixassisted laser desorption ionization mass spectrometry (MMBIl) coul d conyr
pentaalkylation. This can clearly be seen in theNMR. Besides the signals for the alkyl ais

it shows the signals of the secondary amines |
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3.22 ppm (see the Supporting InformatiBigure S1). Also, the**C-NMR shows distinct signals

for the sp-hybridized carbons of the fullerene corendtich the chains are attached at 66, 68.2,

and 69.4 ppm. Three signals can be observed because of the 2:2:1 symmetry (see the Supporting
Information,Figure S2. The MALDI-MS r eveal s the M 1T HCI peak at
the last step, the hydrobmyoieties are introduced to the precursor using NaOH afd (dee also

the experimental part). The fullerenol surfactait \as characterized by a combination of
methods. Fourier transform infrared @FTR) spectroscopy conyrms th
precursor 8). The observed spectrum is in agreement with the characteristics compared to
fullerenols found in the literatur®.'?*>'%sj gnal s at 3365, 1410, and 1
to the hydroxyl moieties. Weak signaka 2971 and 2942 c¢cmil yt to t
Further mor e, a strong signal at 1645 cmil i nc
include the hydroxyl groups (shown in the Supporting InformaEayre S3.67 12°The'*C NMR

spectrum (see the Supporting Informatibigure S4) is also in full agreement with the praged
structure and conyrms that the sca old of the
bet ween 13 and 40 ppm. Signals at 52. 4, 57. 2,
which the alkyl amines are attached to. Three sign&sobserved because they have a 2:2:1
symmetry. Because the hydroxyl groups are not introduced by substitution of, for example,
halogens but directly to the fullerene core, one needs to determine the degreengtipmkylation

and the kind of the attactieoxygen species. Therefore, thermogravimedrialysis (TGA) was

performed among others (shown in the Supporting Informafigure S5. We assign the mass

loss below 200 °C to the removal of water loosely bound to the head group via hydrogen bonding.

The mass | oss at a higher temperature (opom = 11
and vinyl ethers (hemiketal$®The | atter mass | oss corresponds
oxygen species attached teo@ (4). The pentaalkylated fullerene remains after the loss of the

oxygen species. The success | synthesis and structure of t
conclusively by MALDIMS (shown in the Supporting Informatidrigure S6). All signals of the

complex fragmentation pattern could also be assigned by comparison with fullerenol compounds
knownin the literaturé?” 12Every signal belongs to a singly charged species and can be assigned
with the following formul a: [ M 1T (v T 1)pPH T wi
fullerenols, the hydroxyl groups are released as water, generating an oxygen radical species or
hydroxyl radicals. Furthermore, the chains can be released with or without the amine linker. A
maxi mum of yve chains can bmrthaNMRAsdresdtofthedei c h
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decomposition mechanisms, no molecular ion peak can be observed. Though-M&Lieveals

a mixture of di erent oxygen species, a maxi ml
which is in agreement with the resultsm the TGA. Further information about the degree of poly
hydroxylation and the kind of oxygen species can be obtained frolPaMMR spectrum of the

compound. It reveals 11 signals between 61 and 77 ppm which correspond totijlerisiized

carbons of the fullerene core, where the hydroxyl groups are attached to, and 5 signals between
110 and 130 ppm which correspond to the vinyl ether species. To ensure the identity and purity of

the compound, liquid chromatography was perforniieshows three very narrow signals with a

similar retention time (shown in the Supporting Informatiigure S7). These signals represent

the di erent number of oxygen species and con
other compounds butam r ow di stri buti on of oxygen speci e
no species with di erent chain numbeBsvaseXxi st .
successfully polyhydroxylated with about 10 hemiketal moieties (which consist of axklydr

group and a vinyl ether group), resulting in an average of 20 oxygen species in total.

It can be concluded that because of the inevitable characteristics of the polyhydroxylation
chemistry of fullerenes (see, for instance, the overview given by Wahg,8°we are not dealing

with a monomolecular species but rather with a syste addition, the occurrence of regioisomers
cannot be excluded. However, from all we can say is that there is a narrow distribution among the
compounds and that their behavior is very similar. It is important to note one further twist in the
chemistry é fullerenols. It has been shown in the literature that the addition of acids leads to the
conversion of hemiketals to ketones and hydroxyl groups accompanied by partial ring 8pening.
125These reactions can be transferred successfully to our fullerenol surfactant, leading to-the open
cage (oc) compound 40c¢ (see the schematic Schlegel diagramwshan the Supporting
Information, Figure S8. The FFIR of (400 no longer shows the hemiketal signal but a strong
ketone signal at 1720 éfand 10 newC NMR signals between 170 and 175 ppm, which are also
characteristic for the presence of carbonytsi(éee the Supporting Informatidfigures S9 and
S10.The number of ketone moieties perfectly yts
in (4co. Also, because of the complexity of the Hoygening processes (see aldgure S9), it is
important to note that4c) does not represent a single molecular species but rather a range of
compounds. In agreement with the literature, we also observed that the process is entirely
reversible. The reformation of the molecule with its closed cage heag @ax) can be achieved

by the addition of diluted sodium hydroxide solution4odj.
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Interfacial Properties and SeltAssembly. A yr st i ndi cation f o4ist he s
that it forms strong foams at the air/water interface even at edoeentrationKigure 2). Further
information can be obtained from concentraitbe p e nd e nt surface tensio

shown inFigure 2.

a) b)

II..
60- kx_.

: \E

0.01 0.1 1 10
c/[mM]

v/ [mN/m]

Figure 2. (a) Photograph of a diluted solution of the fullerenol surfactant indicating its foaming abilities.
(b) Concentratiordependent surface tension measurementcof ¢ circles and4oc e squares in water.
The vertical bars indicate the concentrations whose particle size distribution curves are dfigune .

Compound 4) is obviously surfacactive,but compared to classical nonionic surfactants such as
Brij or Tween, there are di er ent%®Theslrtace beha
tension 9 drops more slowly and does not reac
(@sal Brij) & 32 mN/ m), and the concentration,
magnitude higher [Brij 35) = 0.09 mM]. A possible explanation for thater could be a less

dense coverage of the air/water interface because of the large size of the head group in (4). This
assumption can be conyrmed by the calculation
molecule at the air/water interface (An 6 ), which represents a rather largduea The
correspondingradius* 0. 44 nm yts very wel!l to the cros
(Figurelb) . One can al so see that the chemical str
surfactant properties. The overall performance of4be) system seems to be better; the surfactant

is more soluble and occupies the air/water interface at a lower concentration compdoej to (
Micelles are usually formed above the critical micellaaantration (cmc), which is reached as

soon as the air/ water interface is fully occupied. Therefore, at none of the three concentrations
marked inFigure2, one should expect to ynd aggregates

light scattering (DLS¥yhown inFigure 3a
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Figure 3. (a) Particle size distribution functions derived from DLS for the three concentratiodsdf (
giveninFigure2. ( b) Aggregate size in wat edcga tirclesiander en't
(400 e squares.d) CryoTEM micrographs of aggregates in solution; scale bar = 100 nm.

However, aO.rkandM, adne @bserves | arge aggregat e
and thus, the air/water interface is covered only partially. The absence of a classwas
conyrmed by i ndepende-dependant visbosity snd (omicocorctivityr a t i
measurements; see the Supporting Informatagure S11). We suppose that the packing 4§ (

at the air/ water interf ac emidaly mmefavorable todoent i ve |
aggregates even at very low concentration. Interestingly, Nakamura -avatloers observed that

for an alternative amphiphilic fullerene system, aggregate formation is possible without interaction

with the air/water interfac® Even at much lower concentration, we never gaavformation of
micell es but | arge aggr eg&t0esse Mwi tThhe( b N eh® 0 -
aggregates becomes | ower, unt il they wvani sh.
unchanged in the concentration rangei0A mM and then riges until the solution is saturated

(Figure 2b). As a consequence, the optical appearance of the dispersions has become turbid (see
also the Supporting Informatiofrigure S12. The mentioned aggregates are obviously much

larger than the ordinary micelles/hich are typically only twice the length of the surfactant.
Because the packing parameter4)fi¢ close to 1, one can expect a tendency for the formation of
bilayered or vesiclike structures. Other researchers working on amphiphilic fullerened alzal

observe vesickike structure$? 114 118 133nyestigations using cryogenic transmission electron
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microscopy (cryel E M) c o n yHigare 30h The sizé of the hollow aggregates is in
agreement with the DLS data. One has to beanima that DLS is an averaging technique, and one
preferentially sees only the strongest light scatters, for example, the larger aggregates. Actually,
the size of the vesicles is not monodisperse afFajufe 3c). Additional TEM data are given in

the Supprting Information Figure S12. It can also be seen that with higher concentration, more

and more vesicles form, and they seem to be fusing together, which is the reason for the increasing
aggregate size observed in DLS. Similar processes have alsoeipeeted in the literature for

other surfactant systems, for example, cetyltrimethylammonium brdifidé* The TEM data

reveal that the vesicles contain a single shell. The thickness of thish@lr(m) is compliant

with the double dimension of the fullerenol surfactdfgre 1b) and, thusyts a doubldayer
structure. Although both surfactant typetc§ and @og form vesicles, one can see that the
chemical conf ormation of the head groups has
(Figure 3b). At higher concentration]iquid crystalline phases can bebserved. Optical
microscopy under crossed polarizers shows phases with intense birefringence and marked textures
(see the Supporting InformatioRjgure S13. Depending on the surfactant concentration, one
observes columnar droplets with the characieridltese cross or smectic phasegvivo ROS
Quenching. The antioxidative properties and
investigated next. Quenching of superoxide monitored by a nitroblue tetrazolium assay (see the
Supporting InformationFigure S14*»was used t o ency ofthe fubereblh e e
surfactants at dHigured.ent concentrations (

The results were compared to two reference systems: -amphiphilic fullerenol compound,
synthesized by hydroxylation ofséBr2s,**and t he pavonoid quercetin w
benchmark because it is a commercially available andavdirstood antioxidadg®: 108. 109, 124,137

The nonamphiphilic fullerenol is active in superoxide quenching, as described in the literature.
The quenching e ciency depends 4 (Rigwetd). Ai near |
substarial amount of superoxide (>60%) remains in solution even at a relatively high
concentration of fullerenol. The 50% inhibitory concentrationd)lGf this reference is not reached

during our experiment.
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Figure 4. Concentratiordependent  superoxid
guenching e ciency o4 ed
blue circles, (4oc)e green squares, neamphiphilic
fullerenol (open triangles), and quercetin (open hasr
The bars give an overview over the ROS quenct
capabilities of (4cc) (blue)anddgd ( gr ee n)
OH A, .&nad theHalternative ROS (see ti
Supportina hformation for method details).

The surfactant containing fullerenol as a

head group 4cqg clearly shows an

improved performance. The d6of (4co

is 0.15 mM. One sees that there is a jump

in the quenching

and 0.1mM surfactant corentration.

Because this is the same region, where the

(4co vesicles are formedsé¢e Figure 33,

the step can be seen as an indication; the

e

presence of the vesicles is very important.

The fraction of the fullerenol entities

exposed to the aqueous interfac®

obviously maximized for the vesicles, and

therefore, the superoxide quenching

ability is much better. The vesicles

containingdco ar e j ust

benchmark quercetin Figure 4) but

unfortunately not better. Becausto() forms vesicles atuch lower concentratiorF{gure 3a),

we hoped that it coul d

as

c

e

en

C

exhibit higher quenchir

This is indeed the case as can be seen Figore 4. Compound4oc) does outperformdco and,

more importantly, queetin. Since this is also the case for higher concentrations, one can assume

that more than the tendency to form vesicles is a relevant factor. Because the vesicdgsaoé (

larger than those formed b4dg) (Figure 3), the explanation cannot be duatoimproved surface

to-volume ratio, which could result in an increased catalytic conversion rate of superoxide.

Therefore, the chemical structure of the head grougan) (must be relevant; in particular, the

ketone moieties play a crucial role regagdihe ROS deactivation mechanism (see the Supporting

Information Figure S15. Besides the superoxide ionz@ other ROS were investigated as well,
such as peroxynitrite (ONGQ hydroxyl radicals (OB, and hydrogen peroxide $8,).128 For the
other ROS, the surfactants also quenched the radical species rdétighhg (516, and @og was

in all cases superior tha#dg). The activity regarding the catalytic conversion eDklis a positive

result. According to the literature,28, is the main product of the deactivation process of

superoxideé?* Of course, HO; is still quite reactive and a strong oxidant. Because the surfactants
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(4) lead toa decrease in#@2concentr ati on,

the oxidative stress level.

Biocompatibility and in vitro ROS Quenching

Before a

we expect an even

beneycidnchn bi ol o

be explored, it is pivotal to scrutinize any potential toxicity factors. Although nonnatural surfactants

are in general at very toxic, they can bearmful, in particular, when they come in contact with

more sensitive cell$*4! Therefore, we investigated the viability and morpholofyg cange of

a)

100uM(4cc) 100uM(4oc)

prokaryotic and eukaryotic cell types in
contact to 4). Pseudomonas aeruginosa
and Escherichia coli were chosen as
prokaryotic  model organisms. In

comparison, the eukaryotic model systems
human liver cells (HepG2) and human
(LUHMES)

represent much more delicate systems. The

dopaminergic neurs

intrinsic toxicity of the surfactants was

i tested in a range of 11
to standard procedures (see also the
Supporting Information). FoE. coli, as
well as forP. aeruginosgnot shown), tk
presence of the surfactant had no negative
e ects neither on thei.
Supporting InformationFigure S17 nor
Figure 5. Live/dead stain images or morphology ~ ©N their viability Figure 58). The viability
'?hé abseer:cee onf ;ny s(fm?aclzgﬁtsa:?g il%ﬁiﬁiﬁﬁd; of both, LUHMESand HepG2, is also not
left. The concentration of the surfactantandtheh i npuenced at a | ow conc
group form is given in the white boxds. coli(a; scale i
bar = 20 &m), LUHMES n of the surfactantKigure 5b,0. There is a
em), andepdtomp el (chscale bar = 10 mj nor ae a ehigher concentration
(125¢ M) i f  4co mpseds Interestingly, the toxicity ofdc) is so low; we cannot see
any change at the same concentration. The extraordinary biocompatibility of the surfactants was
conyrmed further by | actate dehydrogenase (LI

assay fFiguresS 1 8 1 )S@btiously, our fullerenol surfactants are harmlesisaih prokaryotic

and eukaryotic cells in biologically relevant concentrations. Therefore, we can test now the possible



Publications and Contribution 60

antioxidative properties of the compounds in a cellular system (LUHMES). The cells were treated

with the neurotoxicant-inethyk4-phenylpyridinium (MPP+)}%2 As expected, the viability of the

cells is drastically reduced caused by MPPigre 6). The situatiorthanged when the surfactant

was present. Even low concentratiofigd) had a positive e ect, and .
cells has increased signiycantly. The viabili

assay and resazurin metabolization assay (Supporting Informfigome S22).

<)

100

80 -
MPP* [7.5 uM]

60

40

20

Resazurin reduction / [% of control +/- SD]

0 125 500 control
c/[mM]

Figure 6. (a,b;scal e bar = 100 & m) Mo r p relb line tested ovith MEPR#+k ar y o't
(75e M) and duBlanlkaexperanerts in(the absence of any surfactant are always shown on the

left. The concentration of the surfactant and the head group forweis igi the white boxegc) Viability

of LUHMES after the cells were loaded with the surfactant in the concentrations as indicated for a period

of 3 h. Following the removal of the compounds in the supernatant by medium exchange, the toxicant MPP+

( 7. 5 was Rtded for 60 h. Control cells received neither MPP+ nor surfactant. Comgagnhlge

bars and compounddq) green bars
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There are only minoadledaddibocer ehtesyrcalmpaueée igi ¢n

if the protection against oxida# stress is due to surfactants and their vesicle present in the outer
medium or if the cells do actually include the surfactants into their cell membrane. The treatment

of cells with the surfactant is a standard procedure in cell biology. We have folkmédr

protocols (see Methods section), but the surfactant concentration was low enough to avoid lysis.
Furthermore, we have exposed LUHMES t o a S
concentrations of 4| only for 3 h . Thi s @tdble ddcreasei ome wa
concentration in the mother liquor could be detected. The cells were then separated from the
supernatant solvent and washed. It was made sure that there is no surfactant anymore in the external
medium. Finally, the cells were then trehigith MPP+ for 60 h. If the surfactant had just been
present in the external medium, we should not expect any protection anymore and in particular no
concentration dependendegure 6c shows the results of the assessment of resazurin reduction
assay;, thee sti |l | remains signiycant protection,
surfactant used in the original solution. This allows only one conclusion. LUHMES cells have
integrated with the fullerenol surfactant, and this way, they could decreassrdéle level
signiycantl y. It is important to mention that
been studied multiple times by others in the p&8t° It could be proven that certain amphiphiles

do interact with cellular membranes and become incatpdr Therefore, we have followed similar

protocols. Therefore, it is not surprising that the fullerenol surfactant behaves similar.
8.1.4Conclusion

On the basis of the encouraging yndings about
derivatives n t he | i terature, we prepared a deyned s
Ceo, a fullerenol, as the hydrophilic head group. The necessary-lapyse modi ycat i on
full erene was accomplished by aeétrasth,i nfgolylvewea
modi ycation with an average of 20 oxweaend speci
ketones and hydroxyl groups for compouiotton the other side. Caused by the packing parameter

close to 1, the surfactant showed featursslar to natural surfactants (lipids). There is a high
tendency for the formation of vesidi&e structures in water, and at higher concentration lyotropic

liquid crystals with lamellar characteristics have been observed. Because of the fullerenol head

group, the surfactant obtained an added functionality, the catalytic deactivation ohkeOS
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superoxide, peroxynitrite, hydroxyl radicals, and even hydrogen peroxide. Because the surfactants
are fully biocompatible and benign even against delicate calsasihuman liver cells (HepG2)

and human dopaminergic neurons (LUHMES), we could explore the in vivo application for the
reduction of oxidative stress. It was shown that the cells do actually integrate the surfactants. The
lipid-like character and the Higactivity in ROS quenching in the cells indicate that the cells
implement the fullerenol surfactants into their cellular membranes. We have also seen that the
fullerenol head group can exist in two alternative forms, which can be reversibly converted into
each other by acid/ base treatment. The form of
properties, includingelfassemblyand ROS quenching behavior. The surfactant containing the

opencluster form 4oc) seems to be superior overall.
8.1.5Methods

General Information. The synthesis that acquired inert gas atmosphere was performed using
general Schlenk techniques under argon atmosphere. The solvents were dried according to the
standard literature and stored under argon. Water was deionized wigiok4ilMilli-Q. All starting

materials used for the synthesis were purchhisedo m c ommer ci al sour ces un

The fullerene & (pur. 99.9%) was purchased from SES research.

Synthesis of Hexachlorofullerene (&Cle) (2). Ceo (0.28 mmol) was dissolved in chlorobenzene

(11 mL) and sonicated for 5 min. lodine monochloride (6.95 mmol) was added in one shot, and the
sol vent was evaporated at 35 AcC. The crude
chromatography (silica gel, eluemntluene). GoCls is obtained as a red solid (0.2 mmol, 70%).
Synthesis of PertAlkylated Fullerene (6RsCl) (3). CsoCls (0.28 mmol) was dissolved in dry

toluene (30 mL) and vigorously stirred. Dodecylamine (2.52 mmol) and potassium carbonate (1 g)
wereadded. The mixture was stirred for 12 h. The solvent was evaporated under reduced pressure.
The obtained solid was suspended in methanol,
The crude product was obtained by washing with ethyl acetate. Trensolas evaporated, and

the crude product was further puriyed by colu
The title compound is obtained as a red solid (0.17 mmol, 60%). IR (powder): 3285, 2920, 2851,
1770, 1658, 1570, 1H6MMR 134GQ MHZAZS5 €DCIL3): U
15H), 1.27 (m, 90H), 1.45 (m, 10H), 1.67 (m, 10H), 3.22 (m, 5H); 13C NMR (100 MHz, CDCI3):

i 22.56, 27.57, 27.67, 29.56, 29.58, 29.91, 2
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68.21, 69.35, 43.24, 143.31, 143.71, 143.81, 143.83, 143.84, 143.84, 143.88, 144.02, 144.08,
144.31, 144.47, 144.51, 144.53, 144.91, 145.43, 147.16, 147.21, 147.23, 147.29, 147.62, 148.02,
148.21, 148.33, 148.57, 148.71, 149.12, 150.81, 153.88, 155.31; MS (MALDI):6164L.M 1
HCI', 1506 . 2H[,M 114 5G . 13Hos[] MET 1133 7 . Hs[,M 11300 . 0 [ M
NoCoHsd', 127 2. 8, oL3He7 . GI JIM 617 .Mblrf M1T15Q . BHA'M T NC
1137. 5 ChetMe',7] N122.38sH{M 1108 7 .5GsHfe™ &I N

Synthesis of the Polyhydroxylated Pent#\lkylated Fullerene Surfactant (4cc).
CooCI(HNC12H25)5 (0.15 mmol) was dissolved in tetrahydrofuran (THF) (8 mL) and sonicated for

10 min. Solid NaOH (0.3 g) was added, an®Dk(15 mL) was added undeigerous stirring. The

mi xXture was heated to repux for 4 h wuntil a vy
reduced pressure, and t he msolultlecconpounda.aftesvard, r at e d
the volume of the solution was reducedataout 3 mL, and the reaction was cooled to room
temperature. Methanol was added, and the product was precipitated. The precipitate was stirred in
diluted NaOH for 5 min, and the solvent was e\
with methanol ® remove the remaining NaOH. The product is obtained as a light yefmmn

solid with an average number of 20 oxygen species (0.075 mmol, 50%). For characterization data,

see the Supporting Information.

Conversion to the OperCage Compound (4oc).Compourl (4) was dissolved in diluted
hydrochloric acid and stirred for 10 min. The solvent was evaporated, and the product was obtained

as a yellow oily solid. For characterization data, see the Supporting Information.

Biological Experiments. Treatment of Cellsvi t h t he Surfactant. I n a
grown under standard conditions as describdeignre S18 The cell culture plates were coated

with 50 polyL-or ni t hi ne and ybronectin overnight at
Cellswereproagat ed in advanced Dul beccods modiyed I
supplement, 2 mM dglutamine (Gibco), and 40 ng/mL recombinant bFGF (R + D Systems;

Mi nneapol i s, MN) . The di erentiation process
medium onsisting of advanced DMEM/F12, 1x N2 supplement, 2 miglutamine, 1 mM

dibutyryl-c AMP 1 g/ mL tetracycline, and 2 ng/ mL r ¢
After 2 days, cells were trypsinized and collected in advanced DMEM/F12 medium. Cells were
seeded onto %4ve | | pl ates at a density of 35000 <cel

continued for additional 3 days. After the gro
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with di erent surfactant ceptheswfactant mdlecutes uldf or 3
interact with the cell membranes. After that process, the medium was changed and washed several
times, so all remaining surfactant molecules that are not incorporated into the cell wall are removed
from the system. With &'se prepared cells, the experiments were performed. These cells were then
treated with MPP+. After an incubation time of 60 h, resazurin metabolization assay and LDH
release assay have been performed. Live/Dead Btaioli treated with the Surfactant.ug/dead
staining IS perfor med by foll owing the manuf
Bacterial Viability Kit, Thermoysher); it stai
cells stained in green. The stained cells were placed oncagsrd microscopic slides and
observed under a puofeod demmaeg nmiycrads omnp e Maotr ph@
Treated with the Surfactant. For wvisualizatio
paraformaldehyde for 20 min at room temperat(RT), permeabilized with 0.2% Triton-200,

washed, and blocked with 1% bovine serum albumin (BSA; Calbiochem, San Diego, CA) in
phosphath u er ed saline (PBS) for 1-bHll-tubllibahfibedg wer e
(rabbit, Sigma, 1:1000) i1% BSA/ PBS at 4 °C overnight. After washing, the secondary
antibodies were added for 1 h, and nuclei were stained by Hoeéh& B4 2 (1 e€g/ mL) f
For quantitative evaluation of the neurite area, live staining of LUHMES was conducted with
calcemAM (1 eM) anrd33H®Rec(hlstegd mL) for 30 min. I n
automated microplateeading microscope (Arragcan Il HCS Reader, Cellomics, Pittsburgh, PA)

equipped with a Hamamatsu ORER camera (resolution 1024 x 1024; run at 2 xripig) in

two di erent puorescence channel s. Nucl ei wer
si ze, area, and shape. A virtual area corres
nucleus. The total cal cseoima mirxeels drnea hpdr yyed Id

neurite mass. In addition, viability was analyzed by the detection of the percentage of those cells
positive for calcein and for 433342. Morphology of HepG2 Treated with the Surfactant. For
visualizationofcelmor phol ogy, the cell s were yxed with
permeabilized with 0.2% Triton -X00, washed, and blocked with 1% BSA (Calbiochem, San

Di ego, CA) in PBS for 1 h. He p G2 -tububnlahtibodywe r e s
(Sigma; 1:1000). Resazurin Metabolization Assay and LDH Release Assay. Resazurin
met abolization assay: Resazurin (Si gma) was
concentration of 5 e€g/ mL and puorescend®& was
nm). LDH release assay: The LDH activity was detected separately in the supernatant and cell



Publications and Contribution 65

lysate. Following the separation of the supernatants, the cells were lysed in PBS/0.5% -Triton X

100 for >60 min. The percentage of LDH released was calculated 1@0 x
LDHsupernatant/ LDHsupernatant +|l ysate. For the
combined with 180 eL of the reaction bu er co
(600 €M) in sodium phosphate buwHRO 4amN)alt ed t
KH2PO4 (10 mM). Absorption at 340 nm was detected at 37 °C in 1 min intervals over a period

of 20 min, and the enzyme activity was calculated from the respective slopes.

Analytical Methods. NMR measurements (1H, 13C) were performed &fagan INOVA 400

MH z spectrometer. MALDI MS measurements wer e
MALDITOF. The samples were prepared in a cydrwoydroxycinnamic acid matrix or a tra@s
[3-(4-tert-butylphenyl}2-methyl2propenylidene]malononitrile  matrix. t#enuated total
repectionit infrared (ATRTIR) spectra were me
spectrometer including an ATR unit. TGA was measured at Netzsch Jupiter STA 449 F3. Liquid
chromatography was measur ed wW00tAsthdcblem,AgilenEi s her
Poroshell 1220E€ 18 (2.1 I 100 mm, 2.7 &m) was used. M
as eluent B with 0.1% formic acid were used. A linear gradient of 5% A to 100% A was applied
witha pow rate of 0. 3 amentsweradonebyhusingld M&8vermZeas6a0yr
Liquid-crystal pictures were taken with an Olympus CX41 light microscope. Thedsghution

TEM observations were carried out using JEOL JEMOFS, and the TEM observations were

carried out using Zeiss Libra@. The surface tension measurements were performed usisg) Kr

K100.
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8.1.6Supporting Information

3.0 2.5 2.0 1.5 1.0 0.5
6/ [ppm]

Fig. S1.!H NMR for compound3) in CDCk. 'H NMR (400 MHz,CDC}) : UG ( pp m) =
= 7.2 Hz, 15 H), 1.27 (m, 90 H), 1.45 (m, 10 H), 1.67 (m, LB22 (m, 5

M

160 140 120 100 80 60 40 20
8/ [ppm]

Fig. S2. 13C NMR for compound §) in CDCk. *C NMR (100 MHz, CDC#) :(ppra) = 22.56
27.57, 27.67, 29.56, 29.58, 29,20.93, 30.95, 31.02, 32.11, 47.36, 47.87, 47686302, 68.21,
69.35 143.24, 143.31, 143.71, 143.81, 143.83, 143183,84, 143.88, 144.02, 144.08, 144.31,
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144.47, 144.51, 144.53, 144.91, 145.43, 147.16, 147.21, 147.23, 147.29, 147.62, 148.02, 148.21,
148.33, 148.57, 148.71, 149.12, 150.81, 153.88,31

Transmission / [a.u.]

4000 3500 3000 2500 2000 1500 1000
Wavenumber / [cm™]

Fig. S3. FT-IR for compound4cd. ATR-IR: 3 1) £ 33682942, 2971, 1645, 1574, 1409, 1325,
1032.

——
140 120 100 80 60 40 20 0
o/ [ppm]

Fig. $4.13C NMR for compound4cd in D:O*CNMR( 100 MHz, D2O0O): uG(ppm)
20.39, 20.53, 23.23, 23.34, 27.93, 28.77, 3038665 33.24, 33.33, 36.722, 36.84. 36.85, 52.42,
57.26, 57.2860.52, 6(b9, 60.76, 60.84, 61.73, 64.45, 174.16, 174.48.
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Fig. S5 TGA for compound4cqg under inert conditions (Natmosphere)step: 5.91 %, 2. step:
17.05 % The number of OHjroups was among others determined by TGA (NK/min).

1000 1500
m/z

Fig. $. MALDI-MS for compound 4cc. 1615 [HCso(HNCi2H25)3(OH)2q*,1827.1
[HCso(HNC1zH25)s(OH)s(O)]*,  1741,7  [HCeo(HNCioH2e)a(OH)AOW(NH)]*,  1656.8
[HCoo(HNCi2H25)4(OH)(O)NH]", 1615 [HCoo(HNCi12H25)s(OH)2d]*, 1573.6
[HCso(HNC12H25)3(HN)2(OH)13(0)3]*, 1529.6 [HCso(HNCi12H25)3(OH)15] 7, 1488.6
[HCso(HNC1zH29)3(NH)(OH)(O)]*,  1446.9  [HCso(HNCizHas)2(OH)d*,  1429.8
[HCso(HNC12H25»(OH)2q] ™, 1404.2  [HCeo(HNC12H25)2(HN)2(OH)13(0)4] ", 1361.5



Publications and Contribution 69

[HCso(HNC12H25)(OH)dl*,  1319.9  [HCe(HNCL12H25)(HN)s(OH)(O)]*,  1277.8
[HCes0o(HNC12H25)2(OH)14], 1235.8 [HCs0o(HNC12H25)1(HN)3(OH)1304] F, 1217.3
[HCso(HNC12H25)1(HN)3(OH)1105])",  1201.3 [HCso(HNCi2H25)1(HN)3(OH)1104]", 1193.7
[HCoo(HNC1zH291(OH)eO]*, 11515  [HCso(HNCizHz9):(HN)2(OH)(O)]*,  1109.4
[HCso(HNCi12H25)1(OH)12] ", 1026.3 [HGo(OH)17(O)]*

Intensity / [a.u.]

L\ o~ ]

012345678 9101112131415

Time / [min]

Fig. S7.Chromatogram of4cg. 5% MeCN as eluent A and 95% water as eluent B with 0.1 %
formic acid. A linear gradient of 5% to 100%A was applied with a flow rate of 0.3 mL/min.

The broad signal from 8 to 11 min derives from a decompositittheafompound on the column.
This was ensured by repetitively collecting the first signal in a measurement and processing the

measurement again.
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Fig. S8 Schematic Schlegel diagrams pdssible structures of thillerenol surfactantTop
hemiketal structuréicc), bottom ketone enriched structydec). Red: GOH, orange:O-, yellow:
C=0, blue: ENHR.
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Fig. SQ Conversion of 4cd to (400. ATR-IR: 3 (1c=n86002364, 2971, 2942,7P0, 1623,
1396 1155, 1023.

-l

175 150 125 100 75
6/ [ppm]

Fig. S10 3C NMR compoundopen cage4oc) in DMSO-ds. 13C NMR (100 MHz, DMSO):
U(ppm) = 14.1820.89, 23.78, 28.84, 28.89, 30.18, 32.88, 33.07, 33434, 37.63, 37.89. 37.91,
60.31, 60.78, 62.6%63.21, 65/2, 65.77,65.98, 69.73, 73.39, 114.3270.54, 172.02, 172.27,
172.62,172.76, 173.2173.52, 173.73, 174.29, 174.33.
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Fig. SL1. Top left Relative wscosity measurement (4cc) in Milli -Q at rt. Top rightConductivity

(ionic) of (4) in Milli -Q at rt. Bottomilsothermal titration calorimetry (ITQ)f (4) in Milli -Q. A
discontinuous relation between concentration and the observable parameter (viscosity,
conductivity, or ITC signal) would indicate a change in the aggregation statee afystem,
respectively the occurrence of aggregation/ micellization. Obviously, all curves are continuous. A

classic cmc cannot be identified.
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Fig. S13. Optical polarization microscopy image of columnar super structuréécf with
characteristic Maltese crosses (top) and smectic phagke®f(bottom).In dependence of the
surfactant concentration and grow time, one observes columnar dropletgeamded birefringent

areas. The columnar droplets show the classic Maltese cross pattern indicating a 360 ° rotation in
optic axis orientationiThe extended birefringent areas imply lamellar packifid?’
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ADP<
Ribo

NO NO.
A /O/ ’ N /Q/ ‘
N™* N N” HN

NBT Formazan

Fig. S14. Nitroblue tetrazolium assdy® TheNBT-assay was performed after a standard procedure.

1 mL reaction mixture contained phosphate buffer (20 mM, pH 7.4), NARIS (M), NBT
(100uM), PMS (30 uM) and various concentrations of sample solution. After incubation for 5 min
at ambient tempetare, the absorbance was taken at 560 nm against an appropriate blank solution.
All tests were performed at least 3 timEer the quercetin experiment methanolic solutions were

used.

Fig. S15. Molecular mechanism for thenproved ROS quenching activity of the open form.
Additionally, to the classic superoxide quenching mechawoistullerenol, in which the superoxide
coordinates to the remaining double bonds, one can assume a mechanism in which the superoxide

directly reats with a ketone moiety.his mechanism might be reversible.
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Fig. S17.Live-Dead stain and growth f&.coli treated with surfactant . Top left control, top right,
in the presence of 100 uM ofdc), bottom left, in the presence of 100 uM d6¢), bottom right
growth curves with the control culture indicatedlne, the culture with4) green, and the culture

with the open cage isomer @) (in black.

E.coli K-12as well ad. aeruginosaPAO1(data not shownyereinoculated from precultures into

3 mL LB-medium (0g tryptore, 5g yeast extractc g NaClperliter) and incubated at 3T. The

surfactant was tested from 1 uM up to 100 uM. The growth of the cultures was followed by
measuring the optical density (OD 580 nm), and during the growth and in the stationary phase,
samples were taken. For |lnead stainng when foll owing the manu
(LIVE/DEAD BacLight Bacterial Viability Kit, Thermofisher), it stains cells with membrane
damage in red, against viable cells stained in green. The stained cells were placeecoatadar

microscope slideand observed under a fluorescence microscope do#Dthagnification.
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Fig. S18 Morphologyof LUHMES treated with 4cq (top), with @og (mid) and quantification
of the assay (bot) (0 uM, 32 uM, 125 pM, 500 uN@ell culture: LUHMES cells are conditionally
immortalized human fetal ventral mesencephalic neuronal precursor cells with a distinct
dopaminergic phenotypégescribed in detail priously*? 148Cell culture plates (Ssredt) were
coated with 50 pg/mlpoly-L-ornithine (PLO) and 1 pg/mLfibronectin ovenight at 37°C and
washed 2 times with water. Cells were propagated in Advanced DMEM/F12 (Gibco/Invitrogen,
Darmstadt, Germany), 1x N2 supplement (Invitrogen), 2 milutamine (Gibco), and 40 ng/mL
recombinant bFGF (R+D Systems; Minneapolis, MN). The differentiation process was initiated by
addition of differentiation medium consisting of advanced DMEM/F12, 2sdpplement, 2 mM
L-glutamine, 1 mMdibutyryl-cAMP (Sigma), 1 pg/mLtetracycline (Sigma), and 2 ng/mL
recombinant human GDNF (R+D Systems). After 2 days, cells were trypsinized and collected in
Advanced DMEM/F12 medium. Cells were seeded ontav8b plates at a density of 35.000
cells/well. The differentiation process was continued for additional 3 days, the cells were then
treated with the respective compounds for an additional period of B@& tvisualization of cell
morphology, cells were fixed with%4 paraformaldehyde for 20 min at RT, permeabilized with

0.2% Triton %100, washed, and blocked with 1% BSA (Calbiochem, San Diego, CA) in PBS for
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1 h. LUHMES were stained with an asttlll -tubulin antibody (rabbit, Sigma, 1:1000) in 1%
BSA/PBS at 4°C ovenight. After washing, the secondary antibodies were added for 1 h, nuclei
were stained by Hoechst88342 (1ug/mL) for 20 min. For quantitative evaluation of the neurite
area, live staining of LUHMES was conducted with Cale®M (1 uM) and Hoechst FB3342

(1 pg/mL) for 30 min. Images were collected by an automated micreaming microscope
(Array-Scan IN HCS Reader, Cellomics, Pittsburgh, PA) equipped with a Hamamatsu &RCA
camera (resolutuion 1024 x 1024; run at 2 x 2 binning) in two different fluorescence channels.
Nuclei were identified as objects according to their intensity, size, area and shapaalarea
corresponding to the cell soma was defined around each nucleus. The total Calcein pixel area per
field minus the soma areas in that field was defined as neurite mass. In addition, viability was
analyzed by the detection of the percentagbade cells positive for Calcein and for33342.
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Fig. S19 Resazurin metabolization assay dadtate dehydrogenase (LDH) release assay éor th
treatment of LUHMES with4cg (left) and(400 (right).

Resazurin metaization assayResazurin (Sigma) was added to the cell culture mediwanfiial
concentration of 5 pg/mLfluorescence was measured after 60 rhigg=630 nm;l en=590nM).

Lactate dehydrogenase (LDH) release asddyH activity was detected separately in the
supernatant and cell lysate. Following separation of the supernatants, cells were lysed in PBS /
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0.5% Triton %100 for > 60 min. The percentage of LDH released was calculated as 100 x LDH
supernatanf LDH supenat+ lysate FOI the enzymatic assay, 20 pl of sample was combined with 180 pl of
reaction buffer containing NADH (100 pM) and sodium pyruvate (600 uM) in sodium phosphate
buffer adjusted to pH 7.4 by titration withHPQs (40 mM) and KHPQ4 (10 mM). Absaption at

340 nm was detected at 37°C in 1 min intervals over a period of 20 min, enzyme activity was

calculated from the respective slopes.

Fig. S2Q Morphology of He®s2 treated with 4cg (top), with 4o (mid) and quantification of

the assay (bot) (0 uM, 32 uM, 125 pM, 500 pNMuman hepatoma HepG2 cells were propagated
and maintained in DMEM (high glucose), glgmented with 10 % FBS, 25 U/mL penicillin and

25 pg/mLstreptomycin. 9éwvell plates were cdad with 50 pg/mLpay-L-ornithine (PLO) and 1

pg/mL fibronectin over night at 37°C. Following a washing step of the coated plates with water,
30.000 cells/well were seeded and grown for 1 day. Then, the cells were treated with the respective
compounds foradditional 48 hFor visualization of cell morphology, cells were fixed with 4%
paraformaldehyde for 20 min at RT, permeabilized with 0.2% Tritd®& washed, and blocked

with 1% BSA (Calbiochem, San Diego, CA) in PBS for 1 h. HepG2 were stainedmidhaclonal
anti-Utubulin antibody (Sigma; 1:1000)
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Fig. S21 Resazurin metabolization assay dradtate dehydrogenase (LDH) release assay éor th
treatment of HepG2 wit¢o (left) and(400 (right).

Resazurimetabolization assajResazurin (Sigma) was added to the cell culture mediwanfiial
concentration of 5 pg/mLfluorescence was measured after 60 =630 nm;l er=590 Nm).

Lactate dehydrogenase (LDH) release asddyH activity was detected separtein the
supernatant and cell lysate. Following separation of the supernatants, cells were lysed in PBS /
0.5% Triton %100 for > 60 min. The percentage of LDH released was calculated as 100 x LDH
supernatan{ LDH supemat- lysate FOr the enzymatic aay, 20 pLof sample was combined with 180 pl

of reaction buffer containing NADH (100 uM) and sodium pyruvate (600 uM) in sodium phosphate
buffer adjusted to pH 7.4 by titration with{PQs (40 mM) and KHPQ: (10 mM). Absorption at

340 nm was detected a7 in 1 min intervals over a period of 20 min, enzyme activity was

calculated from the respective slopes.
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Fig. S22 Resazurin metabolization assay dadtate dehydrogenase (LDH) release assay éor th
treatment oL UHMES with (4cd) and patially open cage compounddc) and MPP+-42: 148
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8.2 Publication II:

Easy, efficient and versatile ongot synthesis of Janudype-

substituted fullerenols,

Beilstein J. Org. Chem. 2019

Marius Kunkel andSebastian Polarz*

Abstract An efficient ongot synthesis for Jantgpe fullerenol derivatives and how to
characterize them is reported. This synthesis provides access to asymmetrically substituted
fullerenol with five substituents on one pole of thiefene and polyhydroxylation moieties, mostly
ether and hydroxy groups, on the rest of the fullerene core. As substituents a broad variety of
primary amines can be used to obtain Jatype amphiphilic fullerenols in good to excellent yield.
These fulleraol amphiphiles can serve as suitable precursors for further reactions resulting in

new applications for fullerenols.

polyhydroxylation
uonniysgns-eyuad

TOC figure of publication 2Reproduced. Reproduced under the Creative Commons Attribution License.
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8.2.1Record of Contribution

Material synthesis, characteriian and data interpretation weperformed by M. Kunkel. M.
Kunkel and S. Polarzlesigned the research. M. Kunkel and S. Polarz wrote the manuscript. All
authors have given approval to the final version of the manuscript.

8.2.2Introductio n

The roman god Janus, who is typically depicted with two faces, metaphorically stands for duality
in one person or object. Consequently, nanoparticles characterized by two different hemispheres
have been named Jantype nanoparticles as well, and haviesatted major attention due their

special propertie®® 1 The term 'Janus' is much less used in molecular chemistry, presumably
because there are not many sphénwalecules known. Examples are the giant polyoxometalates
reported by Milleet al1>2 and, more importantly for the current paper, fulleresg Because of

the high symmetry of those compounds asymmetric modification is teditumwitiple synthesis

and purification steps involvedtullerene derivatives are of great interest in numerous research

areas such as biological saes and materials sciencés’® 109 15355

A vast amount of synthetjorotocols have been developed over the yearsddify fullereneg®
156158 A particular task was to provide fullerenes with solubility in water. Thus, one important class
of fullerene derivatives are the hydroxylated and polyhydroxylated compoundsdisd
fullerenols (Go(OH)n).**® The degree of hydroxylation and with that the solubilitytioése
compounds can be tuned by using different synthetic approaches making it possible to obtain water
soluble fullerenols as well as fullerenols that are stillisigl in organic solvenf§: 70 16962 The
maximum number of OH groups, which coulglditached to &is n = 44°Further derivatizations,
where all hydroxymoieties of the compound have been modified, are well known in the literature.
These reactions can be achieved by esterification or ethedfic&t'®® Howewer, partial
modifications are rare, especially when it comesggmmetric substitution'$® 167 Although,
janustype fullerenols at which only a part of the fullerene cerhyidroxylated are know§® 16°
literature lacks fuerenol compounds with Jantge substitution. The advantage of those special
molecular species, e.g., amphiphbiehavior was demonstrated in a paper lmted by our group

in 2018%° A fullerenol derivative with a maximum of 21 OH groups on one hemisphere and 5 alkyl

chains on the other was reported. The synthesis of this species wasteland tedious with
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relatively low yield, we also failed to introduce more complex substituents than alkyl chains, for
instance. The success of the used, multistep synthetic pathway drastically depends on the reactants
that are used. One may obtain ildde or unreactive intermediates, which then prevent the

synthesis of the final compound in good yield or to obtain the final compound at all.

For future exploration of the potential of Jantyge fullerenols it is pivotal to establish new
synthetic pathays, which allow to introduce a broader variety of substituents and better yield. We
report an easy and efficient epet approach using¢&ls as a precursor. The attachment of
substituents, in our case primary amines, and the polyhydroxylation of teeefe core are
performed simultaneously by using a common phase transfer reaction which enables even the
combination of watesoluble substituents with the precursoge@e. High yields of Janus
fullerenol derivatives bearing five defined substituentsa pole of the 5 core combined with

in average 19 (+/17T3) oxygen containing moieti

8.2.3Results and Dscussion

The general procedure for the goat preparation of asymmetrically substituted fullerenols is
depicted inSchemel, and experimental details are presented in the following.

NaOH, H202
TBAH

prim. amine
—>
water, CB
reflux

Scheme 1:Reaction scheme for the opet reaction of Cls to produce Jandype fullerenols
(OH)1 9 + CsokHNR)s.

The starting material for all syntheses ig@s which was synthesized according to procedure
reported by Kuvychket al.and adapted by our grodp.t?> 1"°Though, several compounds are
known to undergo the penrsaibstitution reaction with 43Cle, like amines, thiols or alcohoté

171, 172jt has been observed that primary amines show a high reactivity under these conditions and

form stable intermediates during this reaction that can further react. Inralgeoeedure, 6Cls
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(200 mg, 0.21 mmol) and the primary amine of choice (8 equiv) are dissolved in a
chlorobenzene/water mixture (8 mL/40 mL). The mixture is combined with the phase transfer agent
tetrabutylammonium hydroxide (0.5 mL of a 30% solutionHsO). The reactants for the
polyhydroxylation are added,>B. (1.5 mL of a 30% solution) and NaOH (0.7 g). The mixture is
heated to reflux until the chlorobenzene phase decolorizes. The reaction is completed after 2 h of
reflux. The aqueous phase is sgpad and poured in methanol to precipitate the crude product.
The obtained brown solid is washed with methanol to remove remaining TBAH and NaOH to
obtain the sodium salt of the compound. The sodium salt compound can be ion exchanged
(amberlite 120) prioto hydrophilic interaction liquid chromatography (silica gel 60, gradient
acetonitrile/water 90:10 to 70:30) for purification.

In a first attempt a metgrotected aminocatechol, namely dimethoxyaniline, was reacted under
these conditions. After purificain the product was obtained in a good yield of 88%. The

compound was characterized as follows.

a) b)
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Figure 1: Characterization of fullerenol amphiphile with substituent 1. a) ESIMS in positive mode,
molecular ion peak marked with circle, b) TGA under nitrogéth 5 K/min, ¢) MASNMR (*H-*C-CP)
with structure of substituent, d) ATRR.
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For the characterization of Jantype fullerenol amphiphiles more than one method is needed to
perfectly identify the compounds. Polyhydroxylation reaction of the fullerandead to a mixture

of several oxygen moieties like hydrdxgroups, diols, ketones, hemiketals, epoxides and ethers.
The general formula of the compound is identified by electrospray ionization mass spectrometry
(ESIMS). The degree of polyhydroxylatiand the number of substituents is determined and
confirmed with thermogravimetric analysis (TGA) and the nature of oxygen moieties as well as
the substituents attached are evaluated ¥& anagic angle spinning nuclear magnetic resonance
spectroscopy (M& NMR) *H-13C-CP experiment. An overall information of the compound is
obtained by attenuated total reflection infrared spectroscopy{IR)yRrigure 1 shows the results

of the characterization exemplarily for the fullerenol amphiphile with dimethoxyandis
substituent (all characterization data can be found in Supporting Information File 1). ESIMS
(Figure 1a) shows a rather complex fragmentation pattern similar to unsubstituted fullerenol
compounds known in the literatut&. The general complexity of the spectrum derives from the
isomerization and fragmentation of the oxygen species in addition to the fragmentation of the
Ssubstituents. The signals can beg assyiHgniedz Wi
V(HNR)J2 " / The nolecular ion peak of thenus fullerenolvith 1 as substituent can be identified

at m/z 1798.6 (1798.6) which corresponds to{{))19Cso(HNR)s" and with that fits 19 oxygen
species. As already mentioned there are several oxygen species presentmpthedovhich are

further identified later on with MAS NMR. The formula of the compound indicates that there are
12 hydroxy groups present and 7 other oxygen species. The HiGéd 1b) is another method

to confirm the number of attached oxygen speciessabdtituents. The first step up to 180 °C fits

the release of secondary and tertiaryrigbwater. The measurement shows that 1Q molecules

are bound to the fullerene. The second step up to around 800 °C can be assigned to the release of
the different aygen species, which also explains the little steps which correspond to different
oxygen types. In addition to the oxygen species attached to the fullerene core, the methoxy moieties
of the substituent are also released. The average number of oxygels specie calculated to

19.5, which fits the data obtained from ESIMS. Above 800 °C the decomposition of the core
structure and the substituents starts. After that step only amorphous carbon remains and the
compound is completely decomposed. Finally, the SWMR (Figure 1¢) confirms the
attachment of the substituents and that the structure of substituents is unchanged. Furthermore, it
provides evidence to determine the kind of the oxygen spécté$At 175 ppm the signals of
C=Ci O groups are located. These signals are rather intense which gives evidence that the most
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prominent oxygen structure motive besides hydrgxgups are ethers.his may result from the
reaction conditions since it was already shown that the reaction conditions influence the obtained
oxygen moieties. The signal at 163 ppm can be assigned to carbon atoms 5 and 6 of the substituent.
Carbon atom 2 of the substituestlocated at 148 ppm. Remaining-$ybridized carbons of the
fullerene core are located between 142 and 120 ppm. At 110 ppm the remaining carbons of the
substituent are located. Tlsg-hybridizedcarbons of the fullerene core at which the hydroxy
groupsare attached are located between 80 and 60 ppm. Finally, the carbon atoms of the methoxy
moieties can be found at 55 ppiigure 1d displays the ATRIR spectrum of the compound which
confirms the results from the other analytical methods. Most promingheispectrum are the
signals of the polyhydroxylation moieties. Signals at 3293, 1579, 1358, 1200 and 184%&cm

be assigned to thei®l, Ci Oi C, GO and G OH vibrations.

The scope of the reactiovas further tested with other primary amines, aliphatic as well as aromatic

(Table 1). The aliphatic amine& and 3

Table 1: Scope of the reaction and isolated yields. react in good yields over 70%. For these

Entry Reactant Yield® compounds the reaction needs about 2 h to
o | be finished. The reaction with compouid
1 /@,0 - leads to a lite amount of insoluble
H,N byproduct which might be double reacted
1 amine although an excess of amine was
2 HQN\’(/\);{NHZ 70% used. The loss of yield for the reaction with
2 o 3 results mainly from byproducts that are
3 HQN\MOH 759% not pentasubstituted. The aromatic

3 compound 4 reacts the fastesand the
reaction was completed after 20 min. Strong
¢ HoN 0% foaming indicates the completion of the
) = reaction. Almost no kyoduct could be
5 /©/ 82% isolated here.
H2N
5 Of special interest for this reaction are
@Br compounds with additional functional
HzN s0% groups like alkynes or bromidésat can be
6

reacted with other compounds in further

2Yield after purification.
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reactions, e.g., click reactions or Sonogashira coupling. Systems for such reactions are tested with
compounds and6. These compounds react in high yields up to 90%. The additional functional
groups, vihhich must of course be not basdile survive the reaction conditions with no harm. The
attached moieties, no matter if electron withdrawing or donating, do not seem to influence the
reaction. Moreover, neither the degree of polyhydroxylation nor the ddirattached oxygen

species seem to be influenced by the attached substituents. For all compounds the average degree
of polyhydroxylation is 19(+/13). Not eworthy,

increased nor the nature of oxygen specesdcbe varied by extending the reaction time.
8.2.4Conclusion

In summary, we have established a new and easpanmethod for the synthesis of Jastyge
fullerenol amphiphiles. The reaction includes a wide range of primary amines reaching from
aliphatic ammes over aromatic amines to further functionalized amines. All resulting compounds
have the general formula (OH + CeofHNR)s, whereas, mainly hydrokynd ether moieties are
included. They have been characterized with ESIMS, TGA and MAS NMR. These woaspan

serve as precursors for further modified fullerenols or as true surfactants.
8.2.5Supporting Information

General Methods

Synthesis that acquired inert gas atmosphere were performed using general Schlenk techniques
under argon atmosphere. The solvergsendried according to standard literature and stored under
argon. Water was deionized with Millipore Mil). All starting materials used for synthesis were
purchased from commercial sources unless stated differently. The fulleseipeiC99.9 %) was

purchased frolResearch & Production Company fAModern
Analytical Methods

Mass spectra were measured on Bruker amazon SL in pos. or neg. mode via direct inject from a
methanolic solution. For assignment of signals work of Silion, Mihastlagl was used as
reference./® Assignment was done as follows - xH2O - yH - zO - v(HNR)]*"*. Molecular ion

peak is identified in combination with results from TGA and NMR. TGA was measured on Netzsch

Jupiter STA 449 F3. All measurements were performed under nitrogen atmosph&@mL/min
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flowrateand with heating rate of 5/Kiin. NMR measurements were performed on Bruker Avance
Il 400 solidstate NMR at 295 or 350 K and with 10k Hz rotational speed. Number of scéns 5k
10k with D1 = 10 to 100 seéttenuated total féectiori infrared (ATR IR) spectra were measured

with a Pekin ElImer100 Spectrum spectrometer including an ATR unit.
Characterization data

Entry 1

Substituent

1400 1600 1800
m/z

[H13019Ce0(NCsH1002)]* m/z = 1798.7 (1798.6)
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MAS NMR

——————————————————
200 180 160 140 120 100 80 60 40 20 O
8/ [ppm]

IHBC.CPMASNMR (100 MHz) : CiD, 1631606(3P)-N, 148 ppmCsy’, 142
120 ppmC si*, 110 ppmC sp, 80-60 ppmC-OH, 55 ppmO-CHs
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180 °Ci 800 °C 31 %A 19.50xygen species

>800 °C 56 %
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ATR-IR

transmission / [a.u.]

4000 3500 3000 2500 2000 1500 1000

wavenumber / [cm™]
IR (powder): 3293, 3000, 2971, 1579, 1440, 1358, 1200, 1049 cm

Entry 2

Substituent

HaN ) NH,

10

ESEMS

I

[H7017Cs0(N2C12H27)] m/z = 1996.9 (1996.5)

1600 1800 2000
m/z
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MAS-NMR
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—_ |
= 80 .16 %
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n |
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200 400 600 800 1000

temperature / [°C]
Step 50 °Q 190 °C 13 %
190 °Ci 775 °C 16 %A 18 oxygen species + amine endgroups

>775 °C 71 %
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ATR-IR

transmission / [a.u.]
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4000 3500 3000 2500 2000 1500

wavenumber / [cm™]

IR (powder): 3320, 2923, 2852, 1655, 1574, 1393, 132% cm

Entry 3
Substituent
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[H14019Cs0(NO2C12H24)]" m/z = 2110.2 (2110.4)
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MAS-NMR

w
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&/ [ppm]
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>775 °C 75 %



Publications and Contribution

94

ATR-IR

transmission / [a.u.]
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IR (powder): 3340, 2923, 2841, 2300, 1599, 1431, 1158, 1028 cm

Entry 4

Substituent

ESEMS

oo kbl and e tdwd b e i

1400 1600 1800 2000
m/z

[H17021C60(NC14H10)] m/z =2051.1(2051.0)
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MAS NMR
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IH-13c-CP MASNMR (100 MHz) : C-D, 160pCsphN, 17T §7, 7650 C-OH,
29 SSB
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Step 50 °AQ 180 °C 12 %

180 °Ci 600 °C 20 %A 22 oxygen species

>600 °C 68 %
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ATR-IR

transmission / [a.u.]
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IR (powder): 3270, 2970, 2910, 1732, 1577, 1433, 1361, 1058 cm

Entry 5

Substituent

\;\

ESEMS

1200 1400 1600
mlz

[H12021Ce0o(NCgHs)]” m/z = 1649.5 (1649.5)
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MAS-NMR

. . . . .
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ATR-IR

transmission / [a.u.]
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IR (powder): 3280, 2983, 2926, 1593, 1422, 1166, 1038 cm

Entry 6

Substituent

/©/Br
H,N

ESEMS

Ml o

1400 1600 1800 2000
m/z

[H18021Ce0o(NCsH5Br)s]* m/z = 1929.7 (1929.9)
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MAS-NMR
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ATR-IR
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