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Summary 

The improvement of catalyst performance 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. The main advantage of NP containing catalysts 

represents simultaneously their main drawback: the high surface activity. To prevent a loss 

of activity by agglomeration and aggregation, efficient stabilization of the NPs is needed. 

However, the efficient stabilization by ligands results in catalysts, which are hardly separable 

from the reaction medium, thus limiting their reusability. To solve this problem, this thesis 

is focused on two concepts for the synthesis of mesostructured catalyst materials, which 

simultaneously provide resuablity and high activity: one concept is based on the use of 

polymeric supports for stabilization of the NPs and the other concept deals with a controlled 

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

For the preparation of supported NP hybrid materials, worm-like crystalline-core micelles 

(wCCMs) with a patchy-like microphase-separated corona as functional templates were 

used. The wCCMs were formed by crystallization-driven self-assembly of polystyrene-

block-polyethylene-block-poly(methyl methacrylate) triblock terpolymers in solution. To 

provide appropriate anchor groups for the stabilization of NPs, first, an efficient synthetic 

strategy to functionalize the poly(methyl methacrylate) block was developed. To 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 shape. However, for a high degree of functionalization, the 

amidation decreased the solubility of the patches, thus, leading to ill -defined wCCMs. 

Therefore, the amidation was optimized yielding in well-defined highly functionalized 

patchy wCCMs, which were selectively loaded with different types of NPs, i.e. noble metal 

and transition metal NPs. The in situ reduction of the corresponding noble metal salt proved 

to be a robust and versatile method for the incorporation of noble metal NPs like gold (Au), 

silver and platinum and was successfully transferred from a batch process to a continuous 

loading process via microfluidics. The average diameter of the formed NPs was 2-5 nm, 

which is comparable small and therefore interesting for an application in catalysis. However, 

a rather broad size distribution of the NPs was obtained. Therefore, a ligand exchange 

method was used to incorporate preformed acetate-stabilized zinc oxide (ZnO) and copper 

oxide NPs showing a narrow size distribution. For binary loading of the patchy wCCMs with 
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two types of NPs, the ligand exchange route for loading of the functionalized poly(methyl 

methacrylate) patch was combined with the loading of the polystyrene patch with 

polystyrene-stabilized AuNPs through selective solvent interactions. All used methods 

provided successful fixation of the NPs within the patchy corona without showing 

agglomeration or aggregation. 

To provide the excellent stabilization ability of the wCCMs for heterogeneous catalysis, the 

wCCMs were coated on the surface of polystyrene nanofibers by coaxial electrospinning 

resulting in a nonwoven with a patch-like surface. A facile dipping method, based on a ligand 

exchange process, allows for incorporation of preformed aqueous citrate-stabilized AuNPs 

showing a homogeneous distribution over the whole nonwoven without agglomeration and 

aggregation. The hybrid nonwoven exhibited an excellent catalytic activity in the alcoholysis 

of dimethylphenylsilane at mild reaction conditions. It was easily separable from the reaction 

medium and even after ten cylces of reuse, no limitation in the activity was observed, which 

could be attributed to the absence of leaching effects. 

The second concept for preparation of mesostructured hybrid materials is based on the use 

of cylindrical polymer brushes (CPBs) consisting of a crosslinked polybutadiene core and a 

quaternized poly(2-vinylpyridine) shell. The quaternization resulted in a stable positive 

charge, which enables the loading with acetate-stabilized ZnONPs. Pyrolysis of the 

polymeric template led to a controlled aggregation of the ZnONPs and the formation of 

highly porous nanotubes, which showed a higher catalytic activity in the photocatalytic 

degradation of ciprofloxacin, a common antibiotic found in hospital wastewater, than 

Degussa P25, a commercially available titanium dioxide catalyst. 

The performance of the ZnO nanotubes was even enhanced by a combination of the ZnONPs 

with AuNPs, which is attributed to synergistic effects. A study of different ZnO/Au 

compositions revealed an optimum composition of 12 wt-% Au and 88 wt-% ZnO. In 

addition to the photocatalytic degradation of ciprofloxacin, this material also showed an 

increased activity in the degradation of a second common antibiotic, levofloxacin, which 

shows the versatility of this mesostructured catalyst. 

In summary, this thesis demonstrates the superior perfomance of mesostructured materials 

in heterogeneous catalysis. A tailor-made polymeric support provides efficient stabilization 

and guarantees a precise arrangement of the NPs. With and without pyrolysis of the 
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polymeric template, highly efficient and reusable heterogeneous catalysts for organic 

reactions as well as wastewater purification were developed. 
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Zusammenfassung 

Die Leistungssteigerung von Katalysatoren ist ein allgegenwärtiges Thema in der 

Wissenschaft. Die Entdeckung der exzellenten katalytischen Aktivität von Nanopartikeln 

(NP) ebnete den Weg zur Entwicklung unzähliger unterschiedlicher Katalysatormaterialien. 

Der Hauptvorteil von NP-haltigen Katalysatoren ist hierbei gleichzeitig ihr größter Nachteil: 

die hohe Oberflächenaktivität. Um eine Minderung dieser Oberflächenaktivität durch 

Agglomeration und Aggregation zu verhindern, wird eine effiziente Stabilisierung der NP 

benötigt. Diese effiziente Stabilisierung bewirkt allerdings, dass die Katalysatoren schwer 

vom Reaktionsmedium zu entfernen sind und ihre Wiederverwendbarkeit eingeschränkt ist. 

Um dieses Problem zu lösen, bedient sich diese Dissertation zweier Konzepte zur Synthese 

von mesostrukturierten Katalysatoren, die gleichzeitig Wiederverwendbarkeit und eine hohe 

Aktivität bereitstellen. Ein Konzept basiert auf der Verwendung von Polymerträgern für die 

Stabilisierung von NP und das andere Konzept stützt sich auf die kontrollierte Aggregation 

von NP um hochporöse, mesostrukturierte Hybridmaterialien herzustellen. 

Für die Herstellung von geträgerten NP-Hybridmaterialien wurden wurmartige Mizellen mit 

kristallinem Kern und einer patchartig mikrophasenseparierten Korona (engl. worm-like 

crystalline-core micelles, wCCMs) als funktionale Template verwendet. Die wCCMs 

wurden durch kristallisationsinduzierte Selbstassemblierung von Polystyrol-block-

Polyethylen-block-Polymethylmethacrylat-Blockcopolymeren in Lösung erhalten. Um 

geeignete Ankergruppen für die Stabilisierung von NP zu erhalten, wurde zuerst eine 

effiziente Synthesestrategie entwickelt, um den Polymethylmethacrylat-Block zu 

funktionalisieren. Dazu wurde eine Amidierungsreaktion für die Einführung von Amid- und 

Amingruppen gewählt. Die Morphologie der erhaltenen gepatchten wCCMs wurde im 

Detail analysiert, was eine präzise Kontrolle über die Patchgröße und ïform ermöglichte. 

Für höhere Funktionalisierungsgrade wurde jedoch eine schlechtere Löslichkeit der 

Amidpatches erhalten, was zur Bildung von undefinierten wCCMs führte. 

Daher wurde die Amidierung optimiert, was in der Bildung von definierten 

funktionalisierten wCCMs resultierte. Diese wurden selektiv mit verschiedenen Typen von 

NP, hier Edelmetall- und Übergangsmetalloxid-NP, beladen. Eine robuste und vielseitige 

Methode war hier die in situ-Reduktion der korrespondierenden Metallsalze zu den 

Edelmetall-NP wie Gold (Au), Silber oder Platin. Diese Methode konnte erfolgreich von 

einem Batch-Prozess zu einer kontinuierlichen Beladung via Mikrofluidik ausgebaut 
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werden. Die durchschnittliche Größe der erhaltenen NP war zwischen 2 und 5 nm, was 

vergleichsweise klein und daher interessant für die Katalyse ist. Allerdings wurde hier eine 

relativ breite Verteilung der NP-Größe erhalten. Daher wurde die Ligandenaustausch-

methode verwendet, um vorgeformte Acetat-stabilisierte Zinkoxid- (ZnO) und Kupferoxid-

NP mit einer engen Größenverteilung einzulagern. Um die gepatchten wCCMs gleichzeitig 

mit zwei NP-Sorten zu beladen, wurde die Ligandenaustauschmethode zur Beladung der 

funktionalisierten Polymethylmethacrylat-Patches kombiniert mit der Beladung der 

Polystyrol-Patches mit Polystyrol-stabilisierten AuNP durch lösungsmittelselektive 

Wechselwirkungen. Alle hier gezeigten Methoden führten zur erfolgreichen Einlagerung der 

NP in die gepatchte Korona ohne einen Hinweis auf Agglomeration oder Aggregation. 

Um die exzellente NP-Stabilisierung der wCCMs für die heterogene Katalyse zugänglich zu 

machen, wurden die wCCMs über koaxiales Elektrospinnen auf die Oberfläche von 

Polystyrol-Nanofasern aufgebracht. Dies resultierte in Faservliesen mit einer patch-artigen 

Oberfläche. Eine einfache Eintauch-Prozedur, die auf einem Ligandenaustausch basiert, 

erlaubt die Einlagerung von vorgeformten Zitrat-stabilisierten AuNP. Diese zeigen eine 

homogene Verteilung über das gesamte Faservlies ohne Agglomeration oder Aggregation. 

Das Hybrid-Faservlies zeigte eine exzellente katalytische Aktivität in der Alkoholyse von 

Dimethylphenylsilan unter milden Reaktionsbedingungen. Es konnte einfach aus der 

Reaktionslösung entfernt werden und auch nach zehn Katalysezyklen konnte kein Verlust 

der Aktivität festgestellt werden. Dies wurde auf das Fehlen von sogenannten Leaching-

Effekten zurückgeführt. 

Das zweite Konzept für die Herstellung von mesostrukturierten Hybridmaterialien basiert 

auf der Verwendung von zylindrischen Polymerbürsten (engl. cylindrical polymer brushes, 

CPBs), die aus einem vernetzten Polybutadien-Kern und einer quaternisierten Poly-2-

vinylpyridin-Korona bestehen. Die Quaternisierung resultierte in einer stabilen positiven 

Ladung, was die Einlagerung von Acetat-stabilisierten ZnONP ermöglichte. Die Pyrolyse 

des Polymertemplats führte zu einer kontrollierten Aggregation der ZnONP und damit zur 

Bildung von hochporösen Nanoröhren. Diese Nanoröhren zeigten eine höhere katalytische 

Aktivität für den photokatalytischen Abbau von Ciprofloxacin, einem bekannten 

Antibiotikum, das sich in Krankenhausabwässern befindet, als Degussa P25, ein 

kommerziell erhältlicher Titandioxid-Katalysator. 

Die Leistung der ZnO-Nanoröhren konnte durch die Kombination mit AuNP noch gesteigert 

werden. Dies ist auf synergistische Effekte zurückzuführen. Ein Vergleich verschiedener 
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ZnO/Au-Zusammensetzungen ergab eine optimale Zusammensetzung von 12 gew-% Au 

und 88 gew-% ZnO. Dieses Material zeigte zusätzlich zur hohen Aktivität beim 

photokatalytischen Abbau von Ciprofloxacin auch eine hohe Aktivität beim Abbau eines 

zweiten bekannten Antibiotikums, Levofloxacin. Dies untermauert die Vielseitigkeit des 

Katalysators. 

Zusammenfassend zeigt diese Dissertation die ausgezeichnete Leistung von meso-

strukturierten Materialien für die heterogene Katalyse. Ein maßgeschneiderter 

Polymerträger bietet eine effiziente Stabilisierung und garantiert eine präzise Anordnung 

von NP. Sowohl mit als auch ohne Pyrolyse des Polymertemplats konnten hocheffiziente, 

wiederverwendbare heterogene Katalysatoren für die organische Synthese und die 

Krankenhausabwasserreinigung entwickelt werden. 
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1 Introduction  

1.1 Self-Assembly of Block Copolymers 

1.1.1 Amorphous Block Copolymers 

An important issue in polymer science is to mimick natural nano- and mesostructures, which 

gives access to different applications for example in medicine, nanooptics or 

nanoelectronics.[1,2] One of the most common methods to reach this aim is the self-assembly 

of block copolymers (BCPs). The microphase separation of BCPs is based on long range 

repulsive (incompatibility of the blocks) and short range attractive (covalent bond between 

the blocks) forces.[3] The covalent bond between the blocks excludes a macrophase 

separation. 

The self-assembly of BCPs offers a variety of accessible structures in bulk as well as in 

solution. Here, the number, miscibility (given by the Flory-Huggins parameter ɢ) and volume 

fraction of the blocks as well as the overall degree of polymerization of the BCPs play a vital 

role.[4,5] For the self-assembly of diblock copolymers (AB-type) in bulk, phase diagrams are 

reported.[6] These phase diagrams describe the evolution of the formed bulk morphologies 

in dependence of the composition of the block copolymer. For AB diblock copolymers, 

where B is the major fraction, A forms spheres in a matrix of B (Figure 1-1, S).[7] With 

increasing volume fraction of A, hexagonally packed cylinders (C), gyroids (G) and finally 

lamellea (L) are formed. If the fraction of A is further increased, the corresponding inverse 

morphologies of the diblock copolymer result. 

 

Figure 1-1. Morphologies of a diblock copolymer in bulk (block A: blue, block B: red) in 

dependence of the volume fraction of block A (fA). Reproduced from Ref. 7 with permission 

of The Royal Society of Chemistry. 

 

In case of ABC triblock terpolymers even more complex morphologies result.[8] 

However, an application of self-assembled structures in the medical sector (in particular drug 

release or imaging) or as surfactants demands self-assembled structures in solution.[5,9ï14] 

Here, diblock and triblock copolymers with an amphiphilic character are used. The simplest 
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morphology of a micelle, formed in a selective solvent for one of the blocks, is a spherical 

micelle and consists of an insoluble core (collapsed block of the BCP) and a soluble corona. 

Two types of these spherical micelles can be distinguished: star-like micelles, for which the 

corona shows a larger size than the core, and crew-cut micelles showing a large core and a 

small corona.[15] A variation of the BCP composition and the solvent quality can lead to the 

formation of cylindrical micelles or vesicles. This was already reported by Eisenberg et al. 

who synthesized polystyrene-block-poly(acrylic acid) (PS-b-PAA) diblock copolymers and 

observed crew-cut micelles, cylindrical micelles and vesicles in dioxane dependent on the 

fraction of PAA present in the diblock copolymer.[16] However, regarding the cylindrical 

micelles no length control was achieved, which led to a broad length distribution. 

One possibility to overcome a broad length distribution is the formation of cylindrical 

polymer brushes (CPBs), which was the focus of different studies since the late 1980ôs.[17] 

In contrast to the cylindrical micelles of self-assembled diblock copolymers, these CPBs 

exhibit a ñfrozenò backbone, i.e. the core is either formed by a linear polymer backbone on 

which corona-forming side chains are grafted or by a core-crosslinked self-assembled linear 

BCP. The CPBs can be used as template for the formation of hybrid materials or as 

nanocarriers[17,18] and are accessible by four different approaches: grafting-to, grafting-from, 

grafting-through and selective crosslinking of BCPs in bulk or in micelles.[18,19] The first 

three methods can be realized by a combination of different controlled polymerization 

techniques like anionic polymerization and atom transfer radical polymerization (ATRP).[20] 

Müller et al. showed the formation of CPBs with poly(t-butyl acrylate)-b-poly(n-butyl 

acrylate) side chains.[21ï23] Hydrolysis of the poly(t-butyl acrylate) block resulted in PAA, 

which is accessible for further chemical modification or for the stabilization of nanoparticles 

(NPs). The amphiphilic CPBs showed a length of 180 nm and a narrow length distribution. 

The use of linear BCPs requires the fourth method for CPB formation. The selective 

crosslinking of a diblock copolymer consisting of PS and poly(2-cinnamoylethyl 

methacrylate) in bulk resulted in such CPBs.[24] These CPBs showed a core width of 25 nm 

and a length in the micrometer range. Another study uses diblock copolymers of poly(3-

(triethoxysilyl)propyl methacrylate) and PS.[25] By self-assembly and crosslinking of the 

poly(3-(triethoxysilyl)propyl methacrylate) block in bulk, sheets, cylinders and spheres were 

obtained. To form cylinders, the morphology in bulk was tuned by addition of oligo-styrene. 

Further addition of oligo-3-(triethoxysilyl)propyl methacrylate yielded in the formation of 
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cylinders with varying core diameter. Dissolution of the crosslinked bulk morphology 

resulted in CPBs with controllable core diameter. 

More complex morphologies than spheres, cylinders or sheets can be achieved by the step-

wise self-assembly of triblock terpolymers or mixtures of diblock copolymers in solution. 

Here, a compartmentalization of the core and the corona are possible (Figure 1-2).[1,2,4,26,27] 

Two morphologies of a compartmentalized core are observable: Janus micelles (Figure 1-2, 

no. 2, 3 and 5) and multicompartment micelles (Figure 1-2, no. 4, 6 and 7). Janus micelles 

exhibit a core, which is divided in two hemispheres with different chemistry and/or physical 

properties. Multicompartment micelles (MCMs) possess at least two components forming a 

multiple segmented core. Both types of core-segmented micelles can be observed with 

different corona morphologies: a Janus-corona (Figure 1-2, no. 1-4) and a patchy corona 

(Figure 1-2, no. 5, 7 and 8), in which more than two segments are formed in an alternating 

or random fashion. 

 

Figure 1-2. Schematic representation of Janus, patchy and multicompartment micelles. 

Reproduced from Ref. 2 with permission from The Royal Society of Chemistry. 

 

Müller et al. described the formation of Janus particles, patchy particles and MCMs, using 

different triblock terpolymers.[28ï30] The self-assembly of Polystyrene-block-polybutadiene-

block-poly(methyl methacrylate) (SBM) yields in MCMs with different morphologies, for 

example ñhamburgerò, ñcloverò or ñfootballò-like structures. Crosslinking of the 

polybutadiene (PB) middle block results in Janus particles with a controllable Janus balance 

depending on the block length ratio of the corona-forming blocks.[29] A systematic study of 
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the influence of the block lengths and the solvent conditions opened the way to cylinders 

and vesicles with a tailor-made multicompartment structure.[31,32] A controlled co-assembly 

of patchy and Janus particles creates hierarchical multicompartment cylinders with a size in 

the micrometer range (Figure 1-3).[27] 

 

Figure 1-3. Hierarchical co-assembly of MCMs results in cylindrical superstructures. The 

different copolymer blocks are selectively stained with OsO4 to provide contrast. Reprinted 

by permission from Macmillan Publishers Ltd: Nature (Ref. 27), copyright (2017). 

 

In summary, the self-assembly of amorphous BCPs provides numerous different 

morphologies, but regarding cylindrical micelles, a length control is hardly accessible and 

demands a complex preparation procedure. The use of BCPs bearing a crystalline block 

facilitates the production of cylindrical micelles with a well-defined length distribution. 

 

1.1.2 Crystalline Block Copolymers 

In contrast to the self-assembly processes of amorphous BCPs, the self-assembly of 

crystalline BCPs is less discussed in literature. The mechanism for self-assembly of 

crystalline BCPs is more complex because of the additional parameters for structure 

formation, which is not limited to microphase separation and solvent quality but also 

includes crystallization processes. The first theoretical model for the crystallization of 

diblock copolymers was described by Vilgis and Halperin in 1991.[33] The model is based 

on the assumption that the crystalline block is insoluble in the used solvent 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 folded, to form a polymer crystal. The folding of chains results in two surface 

tensions, one in the fold plane and one in the lateral plane. The amorphous blocks of the 

diblock copolymer are grafted to the fold surface of the crystals, while the grafting density 

of the amorphous blocks is influenced by the number of chain folds in the crystalline core 

(Figure 1-4). 

 

Figure 1-4. Chain folding of a crystalline-coil block copolymer with H: thickness of corona, 

l: thickness of the crystalline core, a: monomer size and D: dimension of the folded chain. 

Reprinted with permission from Ref. 33. Copyright (2017) American Chemical Society. 

 

The final morphology of the polymer crystal is therefore affected by three competing factors: 

the number of chain folds, the grafting density and the surface energy of the polymer crystal. 

To lower the total free energy, the formation of anisotropic morphologies, i.e. lamellae or 

cylinders, was predicted. 

 

1.1.2.1 PFS-Containing Block Copolymers 

In 1998, first reports of Manners and Winnik et al. showed the formation of crystalline-core 

micelles (CCMs) with a cylindrical shape.[34] They used diblock copolymers of 

poly(ferrocenyl dimethylsilane)-block-polydimethylsiloxane (PFS-b-PDMS) for inducing a 

crystallization-driven self-assembly (CDSA) in a hot hexane solution. The PFS block forms 

the core of the cylindrical micelles and the corona is formed by the PDMS block (Figure 1-

5). The cylindrical micelles showed an average length up to 440 nm and a width of 20 nm. 
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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 permission from Ref. 34. 

Copyright (2017) American Chemical Society. 

 

The fabrication of diblock copolymers with a crystalline PFS core and a polyisoprene (PI) 

corona opened the way for tailoring the width of the crystalline core by varying the block 

length ratio in the BCP. For long PI blocks, cylindrical micelles were formed whereas short 

PI blocks result in the formation of tape-like micelles.[35] 

The development of a seeded-growth process paved the way to cylindrical micelles with 

defined length and narrow length distribution.[36] The seeded growth is based on a defined 

amount of seeds, prepared by ultrasonification of existing cylindrical micelles (stub 

micelles), on which unimers (molecularly dissolved BCP chains) add in a controlled manner 

(Figure 1-6 A-D). This guarantees a slow and homogeneous growth. The length of the 

cylindrical micelles increases linear with the unimer/seed ratio (Figure 1-6 E), which is 

similar to living anionic polymerization, showing a linear increase in molecular weight with 

increasing conversion. The 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 the formation of block comicelles (analogous to BCPs) with PFS 

containing diblock copolymers.[36,37] 
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Figure 1-6. TEM micrographs of the PFS-b-PI stub micelles (A) and after addition of 

different amounts of PFS-b-PI unimers (B-D). The number-average length Ln shows a nearly 

linear increase with increasing unimer concentration. The concentration of seed micelles was 

kept constant. From Ref. 36. Adapted with permission from AAAS. 

 

The living CDSA is a simple but precise way for the formation of cylindrical CCMs with a 

defined length and morphology control. This is an important advantage with respect to 

amorphous cylindrical micelles because the length control is still a remaining problem. 

The seeded growth of cylindrical micelles is not limited to PFS-b-PI diblock copolymers. 

Further investigations show that the corona-forming block can be changed with preservation 

of the living CDSA character. One example are diblock copolymers of PFS and a fluorescent 

block which were self-assembled in fluorinated solvents.[38] For the preparation of these 

micelles, a self-seeding protocol was applied. The self-seeding procedure is based on the 

rather broad melting point ranges of polymer crystals, which are caused by different degrees 

of crystallinity within the polymer crystals. If the polymer chains with lower degree of 

crystallinity are dissolved, unimers are formed, which can grow to the remaining seed 

crystals with higher crystallinity. This results in cylindrical micelles with a narrow length 

distribution. The additional fact of a color-tunable 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 morphologies. With the use of diblock copolymers 

bearing hydrophilic corona forming blocks consisting of poly(ethylene oxide)-graft-

triethylene glycol (PEO-g-TEG) and quaternized poly(2-vinylpyridine) (P2VP), the block 
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comicelles were transferred to an aqueous medium, which is of great importance for 

medicinal applications (Figure 1-7).[39] 

 

Figure 1-7. Schematic preparation of block comicelles starting from PFS-b-(PEO-g-TEG) 

seed micelles. Reprinted with permission from 39. Copyright (2017) American Chemical 

Society. 

 

The concept of fluorescent cylindrical micelles was enhanced to the production of block 

comicelles through living CDSA. Here, fluorescent barcode micelles with alternating blocks 

of fluorescent PFS containing triblock copolymers and non-fluorescent PFS-b-P2VP diblock 

copolymers were formed.[40] In addition to the barcode micelles, color-tunable 

centrosymmetric multiblock comicelles were produced.[41] These micelles showed a distinct 

emission of up to three different wavelengths. Using seed micelles with only one end 

available for CDSA, a unidirectional growth of the fluorescent unimers to triblock 

comicelles with different emission wavelengths was achieved (Figure 1-8). 

 

Figure 1-8. TEM micrographs (a,b), confocal fluorescence micrographs (c,d) and schematic 

representation (e) of fluorescent triblock comicelles obtained by unidirectional living CDSA 

of different PFS-containing diblock copolymers. Adapted from Ref. 41, open access journal, 

no permission required. 

 

The unidirectional growth of seed micelles enabled the formation of non-centrosymmetric 

cylindrical micelles which represents a milestone for accessible structures by CDSA.[42] For 
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the non-centrosymmetric growth, seed micelles have to be prepared in a slightly more 

complex route than normal seed micelles. First, centrosymmetric triblock comicelles are 

prepared. The coronal chains of the outer two blocks have to be crosslinked to block the ends 

of the triblock comicelles. Dissolution of the middle block yields the ñdaughter micellesò, 

which can be 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 et al. lead to a gradient self-assembly of diblock copolymers 

with PFS core. Using different corona blocks, the gradient comicelles showed a patchy 

corona which was, at that time, only reported by Schmalz et al. for triblock terpolymers with 

a polyethylene (PE) core (see chapter 1.1.2.2 PE-Containing Block Copolymers).[43,44] The 

gradient self-assembly process was used for a cocrystallization of linear and brush-like BCPs 

in a living manner. The steric repulsion of the brush-like BCPs resulted in a gradual 

integration. Therefore, a patchy corona, formed by the brush-like BCPs, was observable 

(Figure 1-9). 

 

Figure 1-9. TEM micrographs (A, B), AFM height images (C, D) and schematic 

representation of cylindrical micelles with a patchy corona obtained by gradient self-

assembly of linear and brush-like BCPs. Adapted with permission from 43. Copyright (2017) 

American Chemical Society. 
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The CDSA is not limited to diblock copolymers. ABA triblock copolymers with two 

crystallizable PFS blocks were synthesized and self-assembled. The CDSA resulted in 

flower-like micelles, which were formed by the aggregation of single cylindrical micelles.[45] 

In following studies, the hierarchical self-assembly of cylindrical micelles was analyzed in 

detail. It was possible to use platelet-like micelles as nucleating seeds for living CDSA. Here, 

the cylindrical micelles cocrystallize on the ends of the platelets and scarf-like micelles were 

obtained (Figure 1-10). These scarf-like micelles were prepared by homo- as well as 

heteroepitaxial growth, which means that a BCP with a second crystallizable block is added 

to the PFS seed crystal. This second crystallizable block needs similar lattice parameters to 

enable the heteroepitaxial growth. For the growth on PFS crystals, one example is 

poly(ferrocenyl dimethylgermane). The heteroepitaxial growth was transferred to the 

formation of pentablock comicelles.[46] Similar structures were observed through blending 

of a PFS homopolymer with a PFS-containing diblock copolymer. Here, the platelet-like 

micelles were formed by both, the PFS homopolymer and the diblock copolymer.[47]  

 

Figure 1-10. TEM micrographs of the platelet-like seed micelles (A) and the scarf-shaped 

micelles after epitaxial growth of a second PFS containing diblock copolymer on the seed 

micelles (B). Schematic representation of the epitaxial growth (C). Adapted by permission 

from Macmillan Publishers Ltd: Nature Materials (Ref. 46), copyright (2017). 

 

The development of the hierarchical self-assembly gave rise to numerous morphologies, also 

expanding the scope to two dimensional and three dimensional superstructures.[48ï59] As the 

focus of this thesis is laid on cylindrical micelles, these hierarchical superstructures are only 

highlighted by two examples. Both examples are based on selective interactions between 

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



1 Introduction 

11 
 

a hydrogen acceptor block. If these blocks are located at the block comicelle ends, 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 or cross micelles, are observed. The combination of hydrogen bonds and 

solvophobic interactions results in cross supermicelles, which are still accessible for CDSA. 

Further growth of unimers to the cross supermicelles forms windmill structures (Figure 1-

11). [60] 

 

Figure 1-11. Schematic representation (A, B) and TEM micrographs (C, D) of a cross 

supermicelle and a windmill supermicelle formed by hierarchical self-assembly through 

hydrogen bonds. Adapted from Ref. 60, open access journal, no permission required. 

 

The concept of hydrogen bonds was extended with the use of hydrogen acceptor seed 

micelles. These seed micelles were attached to the hydrogen acceptor blocks and formed a 

shish-kebab structure. Furthermore, the addition of hydrogen donor homopolymer to triblock 

comicelles with a hydrogen acceptor middle block resulted in three dimensional 

supermicelles.[61] 

The PFS containing polymers are the most investigated BCPs for CDSA. One example for 

other crystalline-core forming micelles are PE containing di- and triblock copolymers, which 

can also undergo CDSA and, depending on the corona blocks, are able to form a patchy 

corona. 
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1.1.2.2 PE-Containing Block Copolymers 

The PE containing BCPs are known for CDSA since 1996 when Gast et al. used a 

combination of theoretical calculations and experimental data to expand the theory of Vilgis 

and Halperin.[33] Gast et al. used diblock copolymers of PE and polyethylpropylene (PEP) 

and self-assembled these BCP in n-decane. They compared the thickness of the resulting 

platelet micelles (ca. 6 - 9 nm) with theoretical calculations and found that these calculations 

matched in a certain range well with the experimental observations.[62] 

A similar work of Richter et al. obtained a platelet thickness of 4-8 nm using the same 

diblock copolymer. In addition to the platelet structure of the micelles, needle-like 

aggregates of the diblock copolymer were found. These aggregates were attributed to the 

interactions of the amorphous corona blocks.[63] Instead of linear diblock copolymers with 

PE and PEP, also miktoarm star polymers were used for self-assembly. Here, the PE forms 

the core of the miktoarm star polymers and PEP forms the arms. After self-assembly of these 

BCPs, disk like micelles were observed. The size and width of these disks were dependent 

on the molecular weight of the PEP arms. A theoretical model for the calculation of the disk 

size was not applicable.[64] The miktoarm star polymers as well as the linear diblock 

copolymers of PE and PEP were used as nucleation agent for 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 filters.[65,66] 

Triblock terpolymers with two outer crystalline polyethylene blocks and an amorphous 

PDMS middle block were self-assembled to nanoplatelets. To this end, the block copolymer 

was dissolved in hot toluene and cooled down to room temperature, which induced the self-

assembly. The resulting nanoplatelets were analyzed and manipulated with AFM. The 

manipulation led to a donut structure.[67] 

Different PE-containing linear and star-shaped block copolymers were self-assembled in 

aqueous medium to obtain cylinders, platelets or disks. To guarantee the dispersion of these 

micelles in water, a hydrophilic second or third block was needed. Examples for these 

hydrophilic blocks are polyoxazoline, poly(ethylene glycol), poly(isopropyl acryalamide), 

poly(2-vinyl pyridine) and poly(dimethyl acrylamide).[68ï74] These hydrophilic BCPs can be 

used for targeted drug delivery in medicinal applications.[75,76] The self-assembly of 

amphiphilic PE-containing BCPs is not restricted to water. In organic solvents, for example 
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dimethylformamide (DMF) and trichlorobenzene, the self-assembly of the BCPs leads to 

rhombic, disk-like and spherical micelles.[77,78] Other cylindrical micelles were observed for 

diblock copolymers of PE and poly(dimethyl acrylamide) and poly(tert-butyl acrylate). 

However, the self-assembly of these BCPs was not studied in detail.[79,80] 

The first cylindrical or worm-like crystalline-core micelles (wCCMs) with PE core and a 

patch-like microphase-separated corona were reported by Schmalz et al. The wCCMs were 

self-assembled from PS-b-PE-b-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 TEM (Figure 1-12).[44] 

 

Figure 1-12. SEM wCCM with a patchy corona. The sample is selectively stained with 

RuO4. PS appears dark; PE and PMMA appear bright. 

 

The self-assembly of the PE containing triblock terpolymers was studied in detail in 

dependence of the 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 

(Figure 1-13). In a good solvent for the PE core (THF, toluene), the unimers are molecularly 

dissolved above the melting temperature of the PE core. Cooling to room temperature 

induces homogeneous nucleation and the unimers further grow onto the formed nuclei 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 to the insolubility of the PE core even in the 

hot solvent. Therefore, confined crystallization in preformed spherical micelles leads to the 

final spherical crystalline-core micelles (sCCMs).[81] 






























































































































































































































































































































































































































