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Summary

Summary

The improvement of catalyperformance is an omnipresent issue in science. The discovery
of the excellent catalytic activity of nanoparticles (NPs) paved the way to the development
of a myriad of different catalyst materials.el'main advantage ®P containing catalysts
representsimultaneously their main drawback: the high surface actiVibypreventa loss

of activity by agglomeration and aggregation, efficient stabilization of the NPs is needed.
However, the efficient stabilization by ligangsults in catalystsvhich are hardly separable
from the reaction medium, thus limiting their reusabilifg. solve this problemhts thesis

is focusedon two concepts for the synthesis of mesostructured catalyst materiadh
simultaneouslyprovide resuablity anchigh activity: one concept is based on the use of
polymeric supportfor stabilization of the NPand the other concept deals with a controlled

aggregation of NPs to form highly porous, mesostructured hybrid materials.

For the preparation of supported NP hybrid matenatsm-like crystallinecore micelles
(WCCMs) with a patchyike microphaseseparated coronas functional templates were
used The wCCMs were formed by crystallizatidniven selfassembly of polystyrere
block-polyethyleneblockpoly(methyl methacrylate) triblock terpolymers in solutidim
provide appropriate anchor groups for the stabilization of NPs, first, an efficient synthetic
strategy to functionalize the poly(methyl methacrylate) block was deseldp this end,

an amidation was chosen for the introduction of amide and amine groups. The morphology
of the resulting functionalized patchy wCCMs was studied in detail allowing for a precise
control over the patch size and shagewever, for a high dege of functionalization, the

amidationdecreasethe solubility of the patches, thus, leadiogll-defined wCCMs

Therefore, the amidation was optimized vyielding in vdafined highly functionalized
patchy wCCMswhich were selectively loadeditl different types of NPs.e. noble metal

and transition metal NPs. Tiresitureduction of the corresponding noble metal salt proved

to be a robust and versatile method for the incorporation of noble metal NPs liKagpld
silver and platinunmand was gccessfully transferred from a batch process to a continuous
loading process via microfluidic¥.he average diameter of the formed NPs w&snk,

which is comparable small and therefore interesting for an application in catalysis. However,
a rather broadsize distribution of the NPs was obtained. Therefaréigand exchange
method was used to incorporate preformed acstatalized zinc oxid€ZnO) and copper

oxide NPs showing a narrow size distributibor binaryloading of the patchy wCCMs with
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two types of NPsthe ligand exchange route flaading of thefunctionalized poly(methyl
methacrylate) patch was combined withe loading of the polystyrene patch with
polystyrenestabilized AuNPs through selective solvent interactionall used methods
provided successful fixation of the NPs within the patchy corona without showing

agglomeration or aggregation.

To providethe excellent stabilization ability of the wCCMs for heterogeneous catalysis, the
wCCMs were coated on the surface of polystyrene nanofiiyeraxial electrospinning
resulting ina nonwoven with a patelike surface. A facile dipping method, based on a ligand
exchange process, allows for incorporation ofggraed aqueousitrate stabilized AINPs
showinga homogeneous distribution over theale nonwoven without agglomeration and
aggregationThe hybrid nonwoveexhibited an excellertatalytic activity in the alcoholysis

of dimethylphenylsilane at mild reaction conditions. It was easily separable from the reaction
medium ancekven after terylces of reuse, no limitation in the activity was obserwéddch

couldbe attributed to the absence of leaching effects.

The second concept for preparation of mesostructured hybrid netermsed on the use

of cylindrical polymer brushes (CPBs) castig of a crosslinked polybutadiene core and a
quaternized polyinylpyridine) shell. The quaternization resulted instable positive
charge which enables the loading with acetatabilzed ZnONPs. Pyrolysis of the
polymeric template led to a contled aggregation of the ZnONPs and the formation of
highly porous nanotubesvhich showed a higher catalytic activity in the photocatalytic
degradation of ciprofloxacin, a common antibiotic found in hospital wastewater, than

Degussa P25, a commercially dahble titanium dioxide catalyst.

The performance of the ZnO nanotubes even enhanced hgombination of the ZnONPs

with AuNPs which is attributed to synergistic effects. A study of different ZnO/Au
compositions revealed an optimum composition dfwi-% Au and 88wmt-% ZnO. In
addition to the photocatalytic degradation of ciprofloxacin, this material also showed an
increased activity in the degradation of a secomehmon antibiotic, levofloxacin, which

shows the versatility of this mesostructured cataly

In summary, this thesis demonstrates the superior perfomance of mesostructured materials
in heterogeneous catalysis. A tatloade polymeric support provides efficient stabilization
and guarantees a precise arrangement ofNlRe With and without pydgsis of the



Summary

polymeric template, highly efficient and reusable hetereges catalysts for organic

reactions as well as wastewater purification were developed.
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Zusammenfassung

Zusammenfassung

Die Leistungssteigerung von Katalysatoren ist ailgegenwartigesThema in der
Wissenschaft. Die Entdeckung der exzellenten katalytischen Aktivitdt von Nanopartikeln
(NP) ebnete den Weg zur Entwicklung unzahliger unterschiedlicher Katalysatormaterialien.
Der Hauptvorteil von Nfhaltigen Katalysatoren isierbei gleichzeitig ihr gréf3ter Nachteil:

die hohe Oberflachenaktivitdt. Um eine Minderung dieser Oberflachenaktivitdt durch
Agglomeration und Aggregation zu verhindern, wird eine effiziente Stabilisierung der NP
bendtigt. Diese effiziente Stabilisierubgwirkt allerdings, dass die Katalysatoren schwer
vom Reaktionsmedium zu entfernen sind und ihre Wiederverwendbarkeit eingeschrankt ist.
Um dieses Problem zu I6sen, bedient sich diese Dissertation zweier Konzepte zur Synthese
von mesostrukturierten Katagtoren, die gleichzeitig Wiederverwendbarkeit und eine hohe
Aktivitat bereitstellen. Ein Konzept basiert auf der Verwendung von Polymertragern fur die
Stabilisierung von NP und das andere Konzept stiitzt sich auf die kontrollierte Aggregation

von NP um hokporése, mesostrukturierte Hybridmaterialien herzustellen.

Fur die Herstellung von getragerten-Nipbridmaterialien wurden wurmartige Mizellen mit
kristallinem Kern und einer patchartig mikrophasenseparierten Korona (engl-likerm
crystallinecore miceles, wCCMs) als funktionale Template verwendet. Die wCCMs
wurden durch kristallisationsinduzierte Selbstassemblierung von Polyshioalk
Polyethylenblock-PolymethylmethacrylaBlockcopolymeren in Lésung erhalten. Um
geeignete Ankergruppen fir die Stabilisierung von NP zu erhalten, wurde zuerst eine
effiziente Synthesestrategie entwickelt, um den Polymethylmetha@&igdek zu
funktionalisieren. Dazu wurdeine Amidierungsreaktion fur die Einfihrung von Amichd
Amingruppen gewahlt. Die Morphologie der erhaltenen gepatchten wCCMs wurde im
Detail analysiert, was eine prazise Kontrolle Gber die Patchgré3éefomd erméglichte.

Fur hohere Funktionalisierungsgle wurde jedoch eine schlechtere Ldslichkeit der

Amidpatches erhalten, was zur Bildung vordefiniertenwCCMs fuhrte.

Daher wurde die Amidierung optimiert, was in der Bildung vaolefinierten
funktionalisierten wCCMs resultierte. Diese wundelektiv mt verschiedenen Typen von
NP, hier Edelmetallund UbergangsmetalloxidP, beladen. Eine robuste und vielseitige
Methode war hier dien sitReduktion der korrespondiem#n Metallsalze zu den
EdelmetaHNP wie Gold (Au), Silber oder Platin. Diese Methddente erfolgreich von

einem BatchProzess zu einer kontinuierlichen Beladung via Mikrofluidik ausgebaut

VIi
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werden. Die durchschnittliche Gro3e der erhaltenen NP war zwischen 2 nmdvias
vergleichsweise klein und daher interessant fur die Katalyselistdiags wurde hier eine
relativ breite Verteilung der NBroRRe erhalten. Daher wurde die Ligandenaustausch
methode verwendet, um vorgeformte Aceti@bilisierte Zinkoxid (ZnO) und Kupferoxie

NP mit einer engen GroR3enverteilung einzulagern. Um die gaeatwCCMs gleichzeitig

mit zwei NRSorten zu beladen, wurde die Ligandenaustauschmethode zur Beladung der
funktionalisierten PolymethylmethacrylBtches kombiniert mit der Beladung der
PolystyrotPatches mit Polystyradtabilisierten AuNP durch |6sungstelselektive
Wechselwirkungen. Alle hier gezeigten Methoden fuhrten zur erfolgreichen Einlagerung der
NP in die gepatchte Korona ohne einen Hinweis auf Agglomeration oder Aggregation.

Um die exzellente N#Stabilisierung der wCCMs fur die heterogene Kata zugénglich zu
machen, wurden die wCCMs Uber koaxiales Elektrospinnen auf die Oberflache von
PolystyrotNanofasern aufgebracht. Dies resultierte in Faserviieseeiner patchartigen
Oberflache. Eine einfache EintauPhozedur, die auf einem Ligandmrstausch basiert,
erlaubt die Einlagerung von vorgeformten Zisgabilisierten AuNP. Diese zeigen eine
homogene Verteilung Uber das gesamte Faservlies ohne Agglttom oder Aggregation.
DasHybrid-Faservlies zeigte eine exzellente katalytische Aléiviih der Alkoholyse von
Dimethylphenylsilan unter milden Reaktionsbedingungen. Es konnte einfach aus der
Reaktionslésung entfernt werden und auch nach zehn Katalysezyklen konnte kein Verlust
der Aktivitat festgestellt werden. Dies wurde auf das Fehlensegenannten Leaching

Effekten zurtickgefihrt.

Das zweite Konzept fur die Herstellung von mesostrukturierten Hybridmaterialien basiert
auf der Verwendung von zylindrischen Polymerbirsten (engl. cylindrical polymer brushes,
CPBs), die aus einem vernetztenlyPatadienKern und einer quaternisierten P&y
vinylpyridin-Korona bestehen. Die Quaternisierung resultierte in einer stabilen positiven
Ladung, was die Einlagerung von Acestdbilisierten ZnONP ermdglichte. Die Pyrolyse

des Polymertemplats fiihrte ziner kontrollierten Aggregation der ZnONP und damit zur
Bildung von hochporésen Nanorthren. Diese Nanordhren zeigten eine hdhere katalytische
Aktivitdt far den photokatalytischen Abbau von Ciprofloxacin, einem bekannten
Antibiotikum, das sich in Krankenhsabwassern befindet, als Degussa P25, ein
kommerziell erhaltlicher Titandioxiatalysator.

Die Leistung der ZnéNanordhren konnte durch die Kombination mit AUNP noch gesteigert

werden. Dies ist auf synergistische Effekte zurtickzufihren. Ein Vergleicbhiexener

VIli
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ZnO/Au-Zusammensetzungen ergab eine optimalsafunensetzung von 12 géw Au

und 88 gewlo ZnO. Dieses Material zeigte zusatzlich zur hohen Aktivitdt beim
photokatalytischen Abbau von Ciprofloxacin auch eine hohe Aktivitat beim Abbau eines
zweiten bekannten Antibiotikums, Levofloxacin. Dies untermauert die Vielseitigkeit des

Katalysators.

Zusammenfassend zeigt diese Dissertation die ausgezeichnete Leistung ven meso
strukturierten Materialien fir die heterogene Katalyse. Ein malRgeschneiderter
Polymetrager bietet eine effiziente Stabilisierung und garantiert eine prézise Anordnung
von NP. Sowohl mit als auch ohne Pyrolyse des Polymertemplats konnten hocheffiziente,
wiederverwendbare heterogene Katalysatoren fir die organische Synthese und die

Krankerhausabwasserreinigung entwickelt werden.
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1 Introduction

1 Introduction

1.1 SeltAssembly ofBlock Copolymers
1.1.1 AmorphousBlock Copolymers

An important issue in polymer science is to mimick natural nand mesostructurgshich

gives access to different applications for example in medicine, nanooptics or
nanoelectronic8? One of the most common methods to reach this aim is thasssmbly

of block copolymers (BCPs). The microphase separation of BCPs is based on long range
repulsive (incompatibility of the blocks) and short range attractive (covaledtlmiween

the blocks) force8! The covalent bond between the blockscludes a macrophase

separation.

The selfassembly of BCPs offers a variety of accessible structures inasulkell as in
solution. Here, the number, miscibility (given by the FHélyggins paramete) and volume
fraction of the blockas well as the overall degree of polymerization of the BCPs play a vital
role*% For the seassembly of diblock copolymers (ABpe) in bulk, phase diagrams are
reported!® These phase diagrams describeahelution of the formed bulk morphologies

in dependence of the cowsition of the block copolymer. F&B diblock copolymers,
whereB is the major fractionA forms spheres in a matrix & (Figure 1-1, S)Il With
increasingvolumefraction of A, hexagondy packedcylinders(C), gyroids(G) and finally
lamellea (L) areformed. If the fraction oA is further increased, thebrrespondingnverse

morphologies of ta diblock copolymer result

5 c G L G c a5

Fy, e—
Figure 1-1. Morphologies of a diblock copolymer in bulk (blogk blue, blockB: red) in
dependence of theolume fraction of block Afg). Reproducedrom Ref. 7 withpermision
of The Royal Society of Chemistry.

In case ofABC triblock terpolymers evemore complex morphologies resflt.

However, an application of sedissembled structures in the medical sector (in particular drug
release or imaging) or as surfactants demandsassfimbled structures in solutfof 4l

Here,diblock and triblock copolymers with an amphiphilic character are ugkd simplest

1
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morphology of a mielle, formed in a selective solvent for one of the blocks, spherical
micelle and consistof an insoluble core (collapsed block of the BCP) and a soluble corona
Two types of these spherical micelles can be distinguishediksanicelles, for whicltthe
corona shows a larger size than the core, and-cugwinicelles showing a large core and a
small corond®®! A variation of the BCP compositicand the solvent qualityan lead to the
formation of cylindrical micelles or vesicles. This was already reported by Eisesibairg
who synthesized polystyrefiock-poly(acrylic acid) (PS-PAA) diblock copolymerand
observed creveut micelles cylindrical micellesand vesicles in dioxane dependent on the
fraction of PAA present in the diblock copolynt® However, regarding the cylindrical
micelles no lengtlzontrol was achievedvhich led to a broad length distribution.

One possibility to overcome a broad length distribution is the formation of cylindrical
polymer brushes (CPBsy)hich was the focus of different studies since the late 4 ¥30

In contrast to the cylindrical micelles of se$sembled diblock copolymers, these CPBs
exhibit a Afrozeno Herafanked lwym Bnear polyneer badkdoree orc or e i
which coronaormingside chains are graftent by acorecrosslinked selassembled linear
BCP. The CPBs can be useas template for the formation of hydbrmaterials or as
nanocarrief$’ 18 andare accessible by four different approaches: grattingmafting-from,
graftingthrough and dective crosslinking of BCP#& bulk or in micelled!®19 The first
three methods can be realized by a comhnaof different controlled polymerization
techniques like anionic polymerization and atom transfer radical polymerization (ZfRP).
Muller et al. showed the formation of CPBs with pdNgutyl acrylatejb-poly(n-butyl
acrylate) side chairt8"2% Hydrolysis of the polyitbutyl acrylate) blok resulted in PAA
which is accessible for further chemical modificatiofionithe stabilization of nanopatrticles

(NPs) The amphiphilicCPBs showed a length of 18t and a narrow length distribution.

The use of linear BCPs requires the fourth method for CPB formalfioa. selective
crosslinking of a diblock copolymer consisting of PS and petytdamoylethyl
methacrylate)n bulk resulted in such CPHE%! These CPBs showed a core widti26inm

and a length in the micrometer rangaother study uses diblock copolymerspufly(3-
(triethoxysilyl)propyl methacrylate) and F8! By selfassembly and crosslinking of the
poly(3-(triethoxysilyl)propyl methacrylate) block in bulk, sheets, cylinders and spheres were
obtainedTo formcylinders, he morphology in bulk was tuned by addition of olgjgrene.

Further addition of oliges-(triethoxysilyl)propyl methacrylate yielded in the formation of
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cylinders with varying core diameteRissolution of the crsslinked bulk morphology
resultedn CPBs with controllable core diameter.

More complex morphologies than spheres, cylinders or sheets can be achievesiéy the
wise selfassembly of triblockerpolymersor mixtures of diblock copolymelig solution.
Here,a compartmentalization dfie core and the coromae possiblg¢Figure1-2).124.26.27]

Two morphologies of a compartmahted core are observable: Janus micégfegure 12,

no. 2, 3 and 5) and multicompartment micelles (Figuge fo. 4, 6 and 7). Janus micelles
exhibita corewhichis divided in two hemispheres with different chemistry and/or physical
properties. Mulfcompartment micelles (MCMs) possess at least two components forming a
multiple segmented core. Both types of esegmented micelles can be observed with
different corona morphologies: a Jarassona(Figure 12, no. 24) and a patchy corona
(Figure X2, no. 5, 7 and 8)n which more than two segments are formed in an alternating

or random fashion

Figure 1-2. Scheméc representation of Janus, patchy and multicompartment micelles.
Reproduced from Ref. 2 with permission from The Royal Society of Chemistry.

Miller et al. described the formation of Janus particles, patchy particles and MCMs, using
different triblock terptymers?® 3% The selfassembly of Polystyreraock-polybutadiene
blockpoly(methyl methacryl@) (SBM) yields in MCMs with different morphologies, for
exampl e Ahambur ger 0, -likefi structunese rCéosslinking ofi the ot b a |
polybutadiene (PB) middle block results in Janus particles with a controllable Janus balance

depending on the blockhgth ratio of the cororrming blocks?®! A systematic study of

3
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the influence of the block lengths and the solvent conditions opened the way to cylinders
and vesicles with a tailanademulticompartment structurfé3? A controlledco-assembly
of patchy andlanus particles creates hierarchical multicompartment cylinders with a size in

the micrometer rang@igure1-3).l2"

Figure 1-3. Hierarchical ceassembly of MCMs results in cylindrical superstructures. The
different copolymer blocks are selectively stained with £xe(orovide contrasReprinted
by permission from Macmillan Publishers Ltd: N&Ref. 27, copyright(2017).

In summary, the selissembly of amorphous BCPs provides numerous different
morphologies, but regarding cylindrical micelles, a length coigrbbrdly accessible and
demands a complex preparation procediitee use of BCPs bearing a crystalline block

facilitates the production of cylindrical micelles with a wadifined length distribution.

1.1.2CrystallineBlock Copolymers

In contrast to tb selfassembly processes of amorphous BCPs, theass#mbly of
crystalline BCPs is less discussed in literature. The mechanism feasselhbly of
crystalline BCPs is more complex because of the additional parameters for structure
formation which is rot limited to microphase separation and solvent quality but also
includes crystallization processes. The first theoretical model for the crystallization of
diblock cqolymers waslescribed by Vilgs and Halperin in 199% The models based

on the assumption that the crystalline block is insoluble in thd sslvent and therefore

forms the core of a micelle. Within this core, the chains undergo chain folding, i.e. the chains
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are multiply foldedto forma polymer crystalThe folding of chains results in two surface
tensions, one in the fold plane and onehe lateral planeThe amorphous blocks of the
diblock copolymer are grafted to the fold surface of the crysudifie the grafting density
of the amorphous blocks isfluenced by thenumber of chain folds the crystalline core
(Figurel-4).

4
— D—'-l -'-|al-—

Figure 1-4. Chain folding of a crystallineoil block copolymer with H: thickness of corona,
I: thickness of the crystalline core, a: monomer sizé D: dimension of the folded chain.
Reprinted with permissiondm Ref. 33 Copyright(2017 American Chemical Society

The final morphology of the polymer crystatiereforeaffected by three competing factors
the number of chain folds, the graftidgnsity and the surface energy of the polymer crystal.
To lower the total free energthe formation ofanisotropic morphologies.e. lamellae or
cylinders, wapredicted

1.1.2.1PFSContaining Block Copolymers

In 1998, first eports of Manners aninnik etal. showedhe formatiorof crystallinecore
micelles (CCMs) with a cylindrical shapé” They used diblock copolymers of
poly(ferrocenyldimethylsilang-block-polydimethylsiloxane (PF8-PDMS) for inducing a
crystallizationdriven selfassembly (CDSA) in a hot hare solution. The PFS block forms
the core of the cylindrical micelles and the corona is formed by the PDMS Bliocke 1-

5). The cylindrical micelles showed @avengelength up to 44Gim and a width of 2Gm.
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Figure 1-5. Cylindrical micelles with a crystalline PFS core. The corona is formed by PDMS
and is not observable on the TEM micrographs. Reprinted with permissiorRef. 34.
Copyright(2017 American Chemical Society

The fabrication of diblock copolymers with a crystalline PFS core and a polyisoprene (Pl)
corona opened the way for tailoring the width of the crystalline core by varying the block
length ratio in te BCP. Fotong PI blocks, cylindrical micellesere formed whereas short

Pl blocks result in the formation of tajike micellest®

The development of a seedgbwth procespaved the wayo cylindrical micelleswith
definedlengh andnarrow lengthdistribution!®®! The seeded growth is based on a defined
amount of seedsprepared by ultrasonification of existing cylindricaicelles (stub
micelles) on which unimers (molecularly dissolved BCP chains) add in a controeder
(Figure 16 A-D). This guarantees a slow and homogeneous throVihe lengthof the
cylindrical micelles increases linear with the unimer/seed (&liigure 16 E), which is
similar toliving anionic polymerizationshowing dinear increase in molecular weight with
increasing conversioi he ends of the cylindrical micelles remain active for further addition
of unimers With respect to the living polymerization, this kind of crystallization is named
living CDSA and enables thfermation of block comicelles (analogous to BCPs) with PFS

containing diblock copolymefgs-37]
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Figure 1-6. TEM micrographs of thd®FSb-PI stubmicelles (A) and after addition of
different amounts of PFB-PIl unimers (BD). The numbeaverage length, shows a nearly
linearincrease withncreasing unimeconcentration. The concentration of seed micelles was
kept constantFromRef. 36. Adaptedwith permission from AAAS.

The living CDSA is a simple but gcise way for the formation of cylindrical CCMsth a
defined length and morphologyontrol. This is an important advantage with respect to
amorphous cylindrical micelles because the length contstilli& remaning problem.

The seeded growth of cylindrical micelles is not limited to Y8 diblock copolymers.
Further investigationshow that theoronaformingblock can be changewth preservation

of the living CDSAcharacterOne examplare diblock copolymers of PFS and a fluoresce
block which were selaissembled in fluorinated solveft8 For the preparation of these
micelles, a selseeding protocol was applied. The sseding procedure is based on the
rather broad melting point ranges of polymer crystatsch are caused by different degrees
of crystallinty within the polymer crystals. If the polymer chains with lower degree of
crystallinity are dissolved, unimers are formechich can grow to the remaining seed
crystals with higher crystallinity. This results in cylindrical micelles vatharrow length
distribution. The additional fact of a colunable fluorescent corona gives rise to

applications in sensing and diagnostics.

The concept of living CDSA for the formation of block comicelles paved the way for
different applications and accessible morph@egWith the use ofdiblock copolymers
bearing hydrophilic corona forming bloak consisting of poly(ethylene oxidgjaft-
triethylene glycol (PEQ-TEG) and quaternized poly{@nylpyridine) (P2VP) the block
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comicelles were transferred to an aqueous umedivhich is of great importance for
medicinal application§Figure 17).5%

, 1- Dialysis against (i
PPPPPPp. LEPPPPPPPpan H,0 L
) — A >
PFS,-b-P2VPsy, 2- Me,SO, Y

unimer

homo micelles block co-micelles block co-micelles
in i-PrOH in i-PrOH in H,O

Figure 1-7. Schematic preparation of block comicelt#arting from PFS-(PEOGQ-TEG)
seed micellesReprinted with permissiondm 39 Copyright(2017 American Chemical
Society

The concept of fluorescent cylindrical micelles was enhanced to the production lof bloc
comicelles through living CDSA. Here, fluorescent barcode micelles with alternating blocks
of fluorescent PFS containing triblock copolymers andfiuorescent PF®-P2VP diblock
copolymers were formdf] In addition to the barcode micelles, cetanable
centrosymmetrienultiblock comicelles werproduced?!! These micelles showed a distt
emission of up tahree different wavelengths. Using seed micelles with only one end
available for CDSA, a unidirectional growth of the fluorescent unimers to triblock

comicelleswith different emission wavelengtlgs achievedFigurel-8).

a / b i R R
',/

XLM(PFSs5-b-PMVSg)
M(1)

Figure 1-8. TEM micrographga,b) confocal fluorescence micrograplesd)and schematic
representatioe) of fluorescentriblock canicellesobtained byunidirectionaliving CDSA
of different PFScontaining diblock copolymersdaptedirom Ref. 41 open access journal,
no permission required.

The unidirectional growth of seed micelles enabled the formation et@&atnosymmetric

cylindrical micelles which represents a milestone for accessible structures by &bse.
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the noncentrosymmetric growth, seed micelles have to be prepared in a slightly more
complex route than normal skenicelles. First, centrosymmetric triblock comicelbe

prepared. The coronal chains of the outer two blocks have to be crosslinked to block the ends
of the triblock comicelles. Di ssolution of
which can le used as seeds. As one end of the seed micelles is blocked by the crosslinked
corona, only a unidirectional growth is possible.

Further attempts of Manners @&t lead to a gradient sedssembly of diblock copolymers
with PFS core. Using different corofocks, the gradient comicelles showed a patchy
corona which was, at thatte, only reported by Schmalzadt for triblock terpolymers with

a polyethylene (PE) core (see chayitdr2.2PE-Containing Block Copolyme)$*344 The
gradient seHassembly process was used fooargstallization of linear and brudike BCPs

in a living manner. The steric repulsion of the brlike BCPs resulted in a gradual
integration. Therefore, a patchy corona, formed by the HiksHBCPs, was observib
(Figure 19).

Figure 1-9. TEM micrographs (A, B), AFM &ght images (C, D) and schematic
representation otylindrical micelles with a patchy corona obtained by gradient self
assembly of linear and brudike BCPs. Adaptedith permission fom 43 Copyright(2017)
American Chemical Society
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The CDSA is not limitedto diblock copolymers. ABA triblockcopolymes with two
crystallizable PFS blocks were synthesized and-assémbled. The CDSA resulted in
flower-like micelles which were formed bthe aggregation of single cylindrical micell&3

In following studies, the hrarchical seHassembly of cylindrical micellesas analyzed in
detail. It was possible to useaptletlike micelles as nucleating seddsliving CDSA. Here,

the cylindrical micellegocrystallize on the ends of the platelets and didarimicelles were
obtained(Figure 110). These scatlike micelles were prepared by homas well as
heteroepitaxiafjrowth, which means that a BCP with a second crystallizable block is added
to the PFS seed crystdlhis second nystallizable block needs similar lattice parameters to
enable the heteroepitaxial growtRor the growth on PFS crystals, one example is
poly(ferrocenyl dimethylgermane).The heteroepitaxiarowth was transferred to the
formation of pentablock comicell&$! Similar structures were observed through blending
of a PFS homopolymer with a PR®ntaining diblock copolymer. éte, the plateldike
micelles were formed by both, the PFS homopolymer and the diblock copdtymer.

Epitaxial growth

Ply «b+PFS,, in THF/hexane

Scarf-shaped co-micelle

Figure 1-10. TEM micrograpls of the platelefike seed micelles (A) and tlsearfshaped
micelles after epitaxial growth of a second PFS containing diblock copolymer on the seed
micelles (B). Schematic representation of thitkaggal growth (C).Adapted by permission

from Macmillan Publishers Ltd: NatuMaterials (Ref. 4§ copyight (2017).

The development of the hierarchical sedisembly gave rise to numerous morphologies, also
expanding the scope to two dimensional and three dimensional superstridéfités the
focus of this thesis is laid arylindrical micelles, these hierarchical superstructures are only
highlighted by two example®oth examples are based selective interactions between

block comicelles byaydrogen bonds. The block comicelles bear a hydrogen donor block and

10
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a hydrogen acceptdolock. If these blocks are located at the blooknicelleends, linear
hierarchical assemblies are formed. If the middle blocks of the block comicelles bear the
hydrogen donor or acceptor groups, more complex two dimensional assemblies, e.g.
dumbbell orcross micelles, are observedlhe combination of hydrogen bonds and
solvophobic interactions results in cross supermicellagch are still accessible for CDSA.
Further growth of unimers to the cross supermicelles forms windmill structicpsd 1

11). [60]

Figure 1-11. Schematic representation (A, B) and TEM micrographsOCof a cross
supermicelle and a windmill supermicelle formed by hierarchicatassiémbly through
hydrogen bondsAdapted from Ref. 6Qopen access journal, no permission required.

The concept of hydrogen bonds wadeexied with the use of hydrogewceptor seed
micelles. These seed micelles were attached to the hydrogen acceptor blocks and formed a
shishkebab structure. Furthermore, the addition of hydrogen donor homopolymer to triblock
comicelles with a hydrogen acceptor middle block resulted hireet dimensional

supermicelle®!

The PFS containing polymers are the most investigated BCPs for CDSA. One efample
other crystalhe-core forming micelleare PE containg di- and triblock copolymersvhich
can also undergo CDSA and, depending on the corona blocks, are able to form a patchy

corona.

11
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1.1.2.2PE-Containing Block Copolymers

The PE containing BCPs are knowwrf CDSA snce 1996 when Gast @l. used a
combination of theoretical calculations and experimental thetxpandhe theory of Vilgs

and Halperir®¥ Gast etal. used diblock copolymers of PE and polyethylpropylene (PEP)
and seHassembled these BCP mdecane. They compared the thickness of the resulting
platelet micellegca.6 - 9 nm)with theoretical calculations and found that these calculations

matched in a certain range well with the experimental observéifbns.

A similar work of Richter efl. obtained a platelet thickness eB&4m using the same
diblock copolymer. In addition to the platelet structure of the micelles, nkkelle
aggregates of the diblock copolymer were found. Theseeggtgs were attributed to the
interactions of the amorphous corona blo€Rdnstead of linear diblock copolymers with

PE and PEP, also miktoarm sganlymers vere used for selissembly. Here, the PE forms

the core of the miktoarm stpolymers and PEP forms the arms. After-ssi$embly of these
BCPs, disk like micelles were observed. The size and width of thesendiskdependent

on the molecular weight oié¢ PEP arms. A theoretical model for the calculation of the disk
size was not applicabl®! The miktoarm stapolymers as well as the linear diblock
copolymers of PE and PEP were used as nucleagentdor paraffin. This leads to a
potential application in diesel fuel because the nucleated paraffin crystals are small enough
to pass the diesel particle filter. Without any nucleation agent, the paraffin crystals are too
big and clog the filter§>:6€]

Triblock terpolymers with two outer crystallineolgethylene blocks and an amorpiso
PDMS middle block were selissembled to nanoplatelets. To this end, the block copolymer
was dissolved in hot toluene and cooled down to room temperatid induced the self
assembly. The resulting nanoplatelets were analyzed and manipulated wWith TAle

manipulation ld to a donut structuré’!

Different PEcontaining linear and stashaped bloclcopolymers were seissembled in
agueous medium to obtain cylinders, platelets or disks. To guarantee the dispersion of these
micelles in water, a hydrophilic seabror third block was needed. Examples for these
hydrophilic blocks are polyoxazoline, poly(ethylene glycol), poly(isopropyl acryalamide),
poly(2-vinyl pyridine) and poly(dimethyl acrylamid®€f 4l These hydrophilic BCPs can be

used for targeted drug delivery in medicinal applicati6id! The selfassembly of

amphiphilic PEcontaining BCPs is not restricted to water. In organic solvents, for example

12
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dimethylformamide (DMF) and trichlorobenzene, the-asdembly of the BCPs leads to
rhombic, disklike and spherical micellé&’ "8 Other cylindrical micellesvere observed for
diblock copolymers of PE and poly(dimethyl acrylamide) and petybutyl acrylate).
However, the selfissembly of these BCPs was not studied in détéf.

The first cylindrical or worrike crystallinecore micelles (wWCCMsyith PE coreand a
patchlike microphaseseparated coronaere reported by Schmalz &t The wCCMs were
self-assembled from RB-PEb-PMMA (SEM) triblock terpolymers in toluene and
tetrahydrofuran (THF) by using CDSA. These wCCMs showed a corona with alternating
nanometer sized patches of PS and PMMA as revealed by(Fighte1-12).[44

Figure 1-12. SEM wCCM with a patchy corona. The sampleselectively stained with
RuQu. PS appears darlPE and PMMA appear bright.

The selfassembly of thePE containing triblock terpolymeraras studied in detail in
dependence dhe solvent quality for the PE core and the concentration of the BCP in the
corresponding solvent. These parameters influence the morphology of the micelles and the
patchy corona. In particular, the solvent quality is crucial for the formation of wCCMs
(Figurel1-13). Ina good solvent for the PE core (THF, toluene), the unimers are molecularly
dissolved above the melting temperature of the PE corelingotm room temperature
induceshomogeneous nucleation and the unimers further grow onto the fomeés to

form wCCMs A bad solvent for the PE core (dioxane) results in the formation of spherical
micelles with a patchy corona. This is attributed ®ittsolubility of the PE core even in the

hot solvent. Thereforegonfinedcrystallization in preformed spherical micelles leads to the

final spherical crystalline€ore micelles (sCCMs§!
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