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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
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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-ssdembly 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 worrdike crystallinecore micelles (wCCMs)ith 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

RS S TEAY ST G SN AR R L R A R

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. Thereforeonfinedcrystallization in preformed spherical micelles leads to the
final spherical crystallineore micelles (sCCMsj!!

13
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Good Solvent
(Toluene, THF)

Bad Solvent
(Dioxane, DMAC)

T> T, predominantly unimers T> T spherical micelles
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1 day remaining unimers

independent
crystallizationin
micellar cores
on nuclei

| KKK

wCCMs sCCMs

Figure 1-13. CDSA of SEM triblock terpolymers in good and bad solventsfePE core
(black: PE, blue: PS, red: PMMARMdaptedwith permission fom 81 Copyright(2017)
American Chemical Society

To verify the patchy morphology of theCCM corona, small angle neotr scattering
(SANS) experiments were conducted. In general, the SEM triblock terpolymers are able to
form two different corona morphologieghich is attributed to the immiscible corona blocks.
The first morphology is a Janus structwiich is charactéed by two equally sizeldemt
cylindersof the corona blocks. The patchy morphology, which was also observed by TEM
measurements, is the second possibility. To proof the patchy morphology, theoretical
calculations were compared to the SANS experimentsapported the TEM observations

of a patchy coronB?! The size of the corona patches can be tuned by cocrystallization of a
SEM and a P®-PEb-PS (SES) tribloclkcopolymer To this end, both BCPs are mixed
before crystallization, heated above the melting temperature and crystallized at room
temperature. With increasing amount of SES in this mixture, the size of the PMMA patches
decreases. The advantage of this methodasead the complex synthesis of SEM triblock
terpolymers with different compositions of the blocks, because @oenposition can be
tailor-made by blending of both, SES and SE.

The concept of living CDSA was also transferred to the SEM triblock terpolymer wCCMs.
Here, a precise length control of the patchy wCCMs witgngthdispersity down to 1.1 is
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realizable. The pahy corona is not influenced by the living character of this crystallization
method. The length of the resulting wCCMs ranges up ton&B@0Furthermore, the
preparation of block comicelles was observed by sequential addition of unimers to seed
micelles.If SES seed micelles are used, primarily ABA triblock comicelles were obtained,
whereas SEM seed micellsor the formation of AB diblock comicelles and only a small
fraction of ABA triblock comicelles were observe#igure 1-14).84 The living character

opens the way for creation of complex structures perted by Winnik and Manners et
al [54.85]

Figure 1-14. TEM micrographs ofABA triblock comicelles formed from SES seeds.(A)
AB diblock comicelles (B) and ABA triblock comicelles (C) formed fr&BM seedsThe
samples are selectivelyagted withRuQs. Adaptedwith permission fom 84 Copyright
(2017 American Chemical Society

The SEM wCCMs offer an excellent surface activitshich was tested by pendadhitop
measurements. The patchy corona compatibilizes the teluates interface as the PS patch

is hydrophobic and the PMMA patch shows an increased hydrophilicity in comparison with
PS. The surface activity measured in thipexment was similar to that obtained by Janus
particles. Here, an application as pickering emulsifier or compatibilizer in polymer blends is
possibld® To enhance the stability of the patchy micel®BSM triblock terpolymers were
noncovalently graftedonto the surface of CNTs by the use of ultrasonificatend
heteroepitaxial growthThe patchy corona was preserved on the CMhsch promises a

high surface activity and an application as blend compatiblfiZzeStudies for the
compatibilization P2 MMA blends(80/20 wt%) proofed the high surface activifffigure

1-15). With increasing amount gfatchy CNTsthe PMMA domains within the PS matrix
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decreased in size. As CNTs are known rfwgchanical enhancement of polymers, these

composite materials offer a high technical relevance in industrial &8ale.

(

patchy CNTs

PS

Figure 1-15. Concept of heteroepitaxial growth of SEM triblock terpolymers onto CNTs
(upper row)and application alslend compatibilizer (lower rowReprintedwith permission
from 88. Copyright(2017) American Chemical Society

1.1.2.30ther CrystallineCoil Block Copolymers

In addition to PFS and PEcontaining block copolymers, some other BCPs with
crystallizable blocks have been used in the past. As these BCPs and tressamriblyare
not investigated as detailed as PR#id PEcontaining BCPs, they arenly shortly

mentioned in this chapter.

Different groups used diblock copolymers of polgaprolactos)-blockpoly(ethylene
oxide) PCL-b-PEO) for selfassembly in water. The obt&d morphologies were dependent

on the composition of the diblock copolyri8rand the pH of the aqueous mediithThe
crystalline core of the micelles was formedR6GL and thevatersolublecorona was formed

by PEO. The morphologies ranged from sphéefi¢abnd cylindrical micelle®? to
plateletd?® The growth and the fragmentation of the cylindrical micelles was studied
intensively. Herethe affinity for hydrolytic degradation of the BQore in an aqueous
medium wagroven® However, these biodegradable micelles were used as drug delivery
agent fo an anticancer drug. The tests were done with mice and showed that the cylindrical
micelles exhibit an increased life time in blood circulation in comparison to spherical

micelles!®
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Thefragmentation of the cylindricd&CL-b-PEO micelles was also shown to be reversible

as hydrogen bond forming agents induced an elongation of the w€&Msrthermore,
studieson the growth ofPCL-b-PEO wCCMs under different conditiomsvealedtwo
different growing mechanisms: the first is a fast crystallization process, in which the micelles
grow by the addition of unimers; the second is a crystéihzgrocess, in which only the
short cylindrical micelles grow with each othdsy endto-end couplind® A
cocrystallization ofPCL diblock copolymers bearing different second blocks, B
homopolymer yielded in platelet like micell€%! PCL nanocylinders were formed by
PCL-b-PS diblock copolymers with photocleavable junctions. UV light exposure cleaved
the PS corona from the cytirical core and yields the before mentiof@l cylinders!*®

The PEO block was also used as crystalline cboehis end, PBr PS formed the corona
blocks. These BCPs enable the faltiama of platelets with microchannéf¥! and hybrid
materials with silica NP8%! Furthermore, a phase map for the sa$embly of PB-PEO
diblock copolymers resulting in different morphologies ranging from spheres, worms and

rods to platelets and dendrites was genef&téd.

Cylindrical micelles can be obtained by CDSA of pbHdctide) (PLLA) containing diblock
copolymerd!® These BCPs can be prepared by living CDSA or by stereocomplex
formation with polyD-lactide) (PDLA) In a mixtureof PLLA- and PDLAcontaining
cylindrical micelles, respectively, a reorganization of the crystalline cores leads to a
stereocomplexation of PLLA and PDL.Avhich yields spherical micelles with a mixed
PLLA/PDLA core (Figure 1-16).1%! The morphology control was alsacheved for
enantiomeric pure PLLAontaining diblock copolymers, so spherical andinclyical
micelles can be tailemade!®”l Using PLLA-b-PAA diblock cqolymers hollow tubes

were preparef®® The variation of the corona forming block (for example PEO) increased
the accessible repertoire of cylindrical micelf83.With the use of triblock terpolymers, the
applicability of these cylindrical micelles was increased as a functionalization of a segment
which is in close proximity to the crystalliredre leads to a successful incorporation of
hydrophobic drug&1®

17



1 Introduction

PLLA-b-PTHPA

W
—© y;ﬂ“]%

Figure 1-16. WCCMs of a PLLAcontaining diblock apolymer (a) and a PDA-containing
diblock copolymer (b). Stereocomplex formation of a mixture of both diblock copolymers
yields in spherical micelles (ckcale bars = 500m. Adapted from Ref. 1Q6open access
journal, no permission required.

Some tirther BCPs, which are less examineate able &r CDSA. These BCPs contain
crystallizable blocks ofpoly(3-hexylthiophene) (P3HT)11Y 113 noly(3-heptyl selene

phene)!!¥ polyacrylonitrile (PAN)5118l polyoxazoling!'” isotactic PS, syndiotactic
polypropylene(PP) or polyetheraming.[*'812% P3HT could find an application in solar

cells and using PAN as crysiak core, CNTs can be observed by thermal treatment.

1.2 Nanoparticles

Nanoparticles (NB) are of great interest for nowadays science. The versatile and unique
properties offer a wide range of applications, for example in photonics, catalysis or
medicinel}?¥'12% The highsurfaceto-volume ratio exhibits a remarkable enhancement for
catalytic reactionsas for example bulk gold shows no catalytic activity in contrast to
AuNPs.*?1 This enhanced reactivity of MPcaused by an increased surface energy, leads
to a melting point depression in comparison to the bulk mat&fiaf® Furthermore, NP

are prondo agglomeration and aggregation already at room tempenratich needs to be
preventecdby stalilizing ligands. These ligands possess different functional groupsh

are able to bind to the NP surface because of selective interactions. The syniigssist-of
stabilized NB is described in th&€haptersl.2.1 Syntheses of Bnoparticlesand 1.2.2
PolymerNanoparticleHybrid Materials
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Another special property is the Idz&d surface plasmon resonance (LSPR) of noble metal
NPs,which is based on light interaction with thesesNIthe model, which is used to describe

the plasmon resonance, assumes that the positively charged metal atoms are fixed in their
location whereade free valence electrons are able to move around these fixed metal atoms.
An electromagnetic field, which is caused by incidigitt, interacts with these valence
eletrons and induces an oscillatidnthe diameter of thenetal NPs is smaller than the
wavelength of the incident lighThis oscillation isalled plasmoft?” The describednhodel

is suitable forsurfaces othin metalfilms (surface plasmon resonancE)gurel-17 a) and

for metal NPsshowing a LSPRFigure 1-17 b).[*?8l |f the electric field is assumeit be
continuous, the static polarizabilityis given by271

with 'Y=radius of the sphere; = complex dielectric function of the metal and

- =dielectric constant of the surrounding medium. This leads to the conclusion that the
LSPR is dependent on thize of the metal NPs, the type of metal and the type of surrounding
medium. In addition, the shape of metal NPs influences the LSPR as the osafatien
electrons is noisotropic for norspherical NPdHere, a localization of the oscillation along

the edges, corners or principal axes can be obsEi/edhe LSPR of NBis used in

different applications like optoelectronics and sen8&¥$34

a b

Figure 1-17. Schematic surface plasmon resonance (a) and localized surface plasmon
resonance (bReprintedwith permission fom 130 Copyright(2017 American Chemical
Society

For magnetic materials, NP can exhibit superparamagnetic behavior. If $erd\Ngmaller

than a critical diameter, they are considered as an assembly of individual magnetic moments.
These individual magnetic meents are fluctuating at low thermal energies like room
temperature. If a magnetic field is applied to the NP, an orientation of the magnetic moments

is observable. If the magnetic field is released, the NP show a paramagnetic behavior. This
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switching of nagnetic behavior is faster than the detection Jimihich leads to a

magnetization curve without hysterepgl

1.2.1Syntheses of dhoparticles

For the synthesis of NP, a lot of different methods ranging from reduction of a metal salt,
seeded growth, liganeixchange, (reversed) micelles,-gel process, UV light reduction,
sonochemical or heat treatment to radiolysis and vapor deposition were established until
now[126129.133135] A this work focusses on AuNFhe most common synthetic routes for

thesynthesis of AUNP are described in this chapter.

A well-known method for the synthesis of citratabilized AuNP was reported by
Turkevich in 19513 Tetrachloroauric acidrihydrate (HAuCk-3 H20) is reduced in
boiling water with a 1% sodium citrate solution. The color change from yellow to colorless,
greyish blue and wine redsually proceedwithin the first 5min. These colors are
characteristic for the different reduction and nucleationssthin this synthesis. First,
Au®* (yellow color originating fromHAuUCls-3 H20) is reduced to Aui(colorlesswhichis
complexed bythe oxidation product of citrate, dicarboxy acetone specidsgure 1-18).
Further reduction leads to the formation of°Awiclei (greyish blue color) which grow to
the AuNP (wine red colof§3!
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Figure 1-18. Complex formed by gold) chloride (AuCl) and dicarboxy acetorieeprinted
with permission fom 137 Copyright(2017) American Chemical Society

Turkevich obtained AuN®with spherical shape and a rather narrow size distributias. Th
method was further optimizdxry Frenswho investigated systematically the influence of the

citrateto-gold ratiol*3® This led to spherical AuN®with controllable diameter. As citrate
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acts as reducing and stabilization agent, the nucleation is dependent on the amount of citrate.
The more citrate is added to a boiliH&uCls solution, the more nuclei are formed and the
diameter of the N®decreases. This synthesis route for AesMRs piked up by a lot of
scientists. Different variations in reaction time, temperature, reducing agent, pH and starting
concentration oHAUCls showed the versatility of this roufé¥ 145 Spherical AuNBin the

size range of A50nm were realized, but the dispersity of AuNiMth sizes above 20m

was comparably brodtf® In contrast, very small AuN®(~5nm) showed a small
dispersity. Therefore, these AublRvere used for seeded growth methods. There are
different approaches for seeded growth, but in géngead particles in the size range of
3.5-5 nm are formedirst by a strong reducing agent like sodium borohydride or tannic acid.
Then, sodium citrate is added for stabilization and in different cycles of addition, more
tetrachloroauric acid and a weakeducing agent is added. This leads to a homogeneous
growth of the AuNBand the dispersity is significantly redud&d.'*°! The seeded growth
method was also transferred to the synthesis of gold nan@figuse1-19). Here, a tenside,

like cetyltrimethylammonium bromide (CTAB), is used to ensure unidirectional growth of

the spherical seed particlé¥ 152

I. Synthesis of seed Gold nanoparticle seeds
2.5x% 10° M HAUCI, + {~ 4nm diameter)
2.5x 10™ M Na-citrate

0&6mLO1M
% + lee-cold ag NaBH. ‘:> ﬁ

Il. Stock solution i
Addition of R ugaon
Stock solution Ascorbic acid Au™ results
25x10° M HAUCL, = |:> in disappearance
+0.1MCTAB / of color
LR -/
II. Three step protocol for nanorod synthesis =] ”[;%_F’
Step C W\ %‘iﬁ’ \
——
4 stepa Step B i '\“\\ <

0 Add1mL = :}@é}% ‘1\%\“

of A = — .,

1 mL seed + 1TmL A+ E \‘I% I}H::—-'-:-:":
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; : 10mL B+
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Figure 1-19. Synthesis procedure for gold nanoredsording to a seedagtowth protocol.
Reprinted with permissiondm 151 Copyright(2017 American Chemical Society

With the use of other reducing agents than sodium citrateyebd forother ligands for
AuUNP stabilization arose. The first reports about tktabilized AuNRB were published in
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1993 by Giersig and Mulvanéy® They used alkanethiols with different alkyl chaindém

to produce a monolayer of AuNPn carborcoated copper grids. For preparation of the
alkanethiolstabilized AuNB, a onephase ligand exchange was applied. The ligand
exchange method was improved by Brust and Schiffsino used a twghase ligand
exdhange with tetraoctylammonium bromide (TOAB) as phase transfer @ggate 1-20
A).[*54 The purification step was simplified as the organic phase was easily separable from
the aqueous phase and could be prectegital he resulting powder wdgssolved in toluene
and he particle size ranged from3lnm. In 1995, the twqphasdigand exchangenethod
was improved to a oRghasein situ method in methandFigure 1-20 B).[*5% The AuNRP
were formed by direct deiction of HAuCIs-3 H2O with aqueous sodium borohydride
(NaBH) in presence of a thiol ligand. The Aublprepared by this method showed a rather
broadsize distribution ranging from 2.4 to /én. However, the use of TOAB was avoided

and any thiol soluble in the sarselvent like HAuC}-3 H>O was suitable for this synesis.

A B NaBH,

!

toluene
HAUCl,
water g sH methanol

Figure 1-20. Synthesis of thiektabilized AuNP(purple color)by a twephase ligand
exchange (A) and the situreduction of HAuCI-3 H20 (B).

TOAB
toluene

water

Both, the twephase ligand exchange and the-phasein situ method paved the way for
very different approaches of AuNP stabilizatias the limitations of an aqueous system
were eliminated. Furthermore, a variety of different ligands bearing different functional
groups including disulfidei$5 158! trithiolates*®® amined!6% 162 and carboxyld%3l were
investigated. In addition tdhese monomeric stabilizing ligands, a variety esfd
functionalized homopolymers an8CPs were employedo prevent agglomeration and

aggregation of AuN®very effectively which will be dicussed in detail in the next section
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1.2.2PolymerNanoparticleHybrid Materials

Polymers as stabilizers for NPs provide differadvantages in comparison iaonomeric
stabilizers. The higher molecular weight of polymers causes an increased steric repulsion
which effectively prevents agglomeration of the NPs in paiksolved and dry state.
Furthermore, the processibility of NPs is enhanced since they feature similar properties as
the polymeric stabilizer. Thus, the hydrophilicity, the elasticity and the biocompatibility can
be precisely tuned® 74 For exampleAgarwal et al. producedhermalastic elastomers

by physicaly crosslinkingof Ux¥-thiol-terminaed polyisoprene with AgNB® In another

work, highrmolecular weight thieterminated PS was grafted onto AgNP by ligand
exchange. The crucial parameter for successful stabilizagsrithe use of ultrasonificatipn
which enabled the formation of droplets. The Aghiabilizing thiotgroups were found at

the interface of these droplets, thus, resulting in a high accessibility for the XgNP.
Greiner et al. reported tteynthesisof tailor-made polymeric cages which can be used for
size-selective fishing of AUNP"® The cages were prepared by a graféimgund technique

which gives rise toprecise sizéuning of the cages. Different polymerization steps,
crosslinking and etching of the used templateNP led to the final stable cages bearing Au
coordinating thiol group&~igure 121). The cagesvere applied for the imm-up synthesis

of different metal NPs like AgNPs, PdNPs and PtNPs with a narrow size distribution.,

showing the versatility of these systeig!

hS X W, Y
~sf aAu "\ Ho N CN"on DIC
," S H,0 DMF
OO0
AuNP 1 My,
Y S HAUCI,-3H,0 .
'75'/,(/ + n 4
20 [ o 0 AIBN

N —S f— |

Cage-co-PMMA AuNP-co-PMMA

Figure 1-21. Synthesis route fahe preparation of polymeric cages for Aulstabilization.
Adapted from Ref. 173pen access journal, permission required.
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For stabilization of NPs, not only homopolymers but also BCPs are of great interest. The
combination of different material properties and the possibility for compartmentalized
structures provide a defined spatial control and thereémieanced stability against
aggregation and tailamade optical properties. The most common used polymers for
stabilization of different noble metal NPs in compartmentalized micelles are, P2/,

PAA and poly(methacrylic acid) (PMAA)Rs these polymensrovide an easy access via

controlled polymerization methods.

P2VP was used by Pochan et al. in esinelkcorona micelles prepared from BSP2VRb-
PEO’® They succeeded in selectively loading AlsNiR the P2VPshell by in situ
reduction of HAuUCls with sodium borohydriden presence of the micelles. Lee et al.
prepared hybrid materials of hollow flowkke micelles from a P2V#-poly(2-(4-
vinylphenyl)pyridine) in which AuNPs were synthesized within the cavity of the
micellesl’’”! The stabilization was attributed to the P2VP moieties forming the cavity.
Additional reduction of glatinum (Pt) salt resulted in dendritic PtNP growing from the
AuNP surface. Cylindrical hybrid micelles were obtaifgdWalter and Mdiller et glwho
selfassembled miktoarm star polymers with &,PSPB and a P2VRarm in bulk and
crosslinked the PB aiety/!”® Dissolution by ultrasonification yielded in cylindrical
micelles with a PB core and a corona with PS and P2VP compartments. The P2VP moieties
were selectively loaded with AuUNPAgNPsand cadmium selenide NRCdSe NB), which

wasproven by a tilt series using TEM measurements

Zhang et al. used a polymerization induced-asfembly process to form PS particlas
which poly(chloromethylstyrenejraft-P4VP chains are bodd’® Thes chains collapse
onto the PS particlespon addition of water. Nevertheless, Aubllean be selectively
incorporated in the P4VP domains ihysitu reduction of HAuC) with NaBHs. Depending
on the size of the PS patrticles, the grafting density of the ddy@methylstyreneyraft-
P4VP can be controlled. This influences the loading density of AoNPhe surface of the
PS particles. Kim and Hawker et al. presented diffestmdies onhybrid materials of
multicompartment micelles arRiSstabilizedAuNPs usng PSb-P2VPandPShb-P4VP for
coordination of the AuN$!'%18l The hybrid micelles were prepared an oikin-water
emulsion of the BCPs and AuN waterby inducing the selassembly via evaporation of
the organic solvent phas€&he presence of the AuNed to different multicompartment
structures like raspberries, striped ellipsoidal particles or convex lens shaped particles

(Figurel1-22). All these particles showed a highly precise arrangement of the Fwiiin

24



1 Introduction

the P2VP oP4VPsegments. Zhu and Jiang et al. used a similar method for preparing clover
like micelles and ellipsoids through emulsification of-B$4VP diblock copolymerd®?l

They incorporated RStabilized AuNR selectively in the PS domains of the particles and
P4VRstabilized AuNP in the P4VP domains. They succeeded in preparing Janus particles
with one AuNP domairwhich were coopetaely selfassembled to clovdike micelles.

o
0(&: {‘ PS brush
E

Aun
core

Crosslinked
polymer shell

S0nm : 10" £hmm 30°

Figure 1-22. Striped ellipsoidal micelles formed layPSb-P2VP diblock copolymer. The
micelles were decorated with R&bilized AuNP.Reprinted with permissiofrom 181
Copyright(2017 American Chemical Society

PAA and PMAA were used in different approaches for the preparation of mefzblyiRer
hybrid materials. Pochan et al. showed the selective incorporation of AuNRe PAA
domairs of multicompartment micelles composetiPAA-b-poly(meth acrylatep-PS[*84
They created a homogeneous alternating distribution of Alol&ed segments and pure
polymer segments over a micrometer length scale. In 20&Y, published a different
protocol fortheincorporation of AUNBin PS domains of blend particles of PAAPS and
PAA-b-PB'®I Blending of the two diblock copolymers yields in spherical micelles with a
compartmentalized core of PS and &1l a homogeneous PAA corona. The composition of
the core was controlled by the diblock copolymer ratio. The Auhgte stabilized by PS
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and mixed with the diblock copolymers before addition of a selective spivieich ensures
the incorporation of the UNPsin the PS domains.

Another kind of NPpolymer hybrid materials is based on the formation of
interpolyelectrolyte complexes (IPECs). Schacher and Miiller et al. reported two different
morphologies of the IPECB which they incorporated AUNPPtNFs and PANR to study
the selectivity of NP incorporation. The first system consisted of-slue#shellcorona
micelles built by PBb-P2VR-b-PMAA and P2VR-b-PEOM®! In both BCPs, the P2VP
block was quaternize(P2VR;) to obtain a pHndependent positive chargat high pH
values, theoure PB-b-P2VR-b-PMAA triblock copolymer formed dynamic MCMs with

PB core, an IPEC shealf P2VR, andparts of the PMAA chains, andcaronaconsisting of
excess PMAA Addition of P2VR-b-PEO resulted in a second IPEThe micelleswere
loaded with AuNB before and afteiormationof the second IPEGhowing that in the pure
PB-b-P2VR-b-PMAA micelles the AuNB are found in the coronavhereas in the IPEC
with additional P2VRb-PEQ the AuNPs are located within the PMAA and P2YPhase
(Figure 1-23). The second system was saffsembled from polybutadieddockpoly(2-
vinyl pyridine-block-poly(tert-butyl methacrylate) (BVT) in bulk®” Crosslinking of the
PB block, quaternization of the P2VP block and hydrolysis of the teolutyl
methacrylate) block ledo compartmentalized cylinders, which weused for IPEC
formation. AuNR, PtNFs and PdNB were loaded into the micelleshowing a selective
loading of the PdN®within the intramicellar IPEC domains whereas AsNind PtNRB
were loaded in both, the intramicellalBE domains and the PMAA corana

7
1. HAuCI, (10%) ~
pH10/24 h \'\i /)’
2. UV 30 min iﬁi; _ “—/ :
/' _/ /

B rB AUN
B IPEC PMAA/P2VPq v s
B PMAA

1. HAuCI, (10%)
pH10/24h
2. UV 30 min

. IPEC PMAA/P2VPq
M new IPEC PMAA/P2VPq | Z = 0.2
M PEO

Figure 1-23. Incorporation of AUNBin PB-b-P2VR-b-PMAA micelles (ipper scheme, A)
and inIPEGs formed byaddition of P2VRg-b-PEO (lower scheme, B). The WVis spectra
prove thepresence of AuN®in both micellar species (C). The grey scale analysis of the
black rectanglen B clearly shows AuNP formation around the core of the IPEC (D).
Reprinted with permissiondm 186 Copyright (2017) American Chemical Society.
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Moffitt et al. used P®-PAA-b-PMMA stabilized cadmium sulfide NP(CASNR) as
building blocks for the selissembly of supermicell€§8 Here, the PAA block binds to the
CdSNP surface and crosslinking of this block generated stable micelles. Hydrolysis of the
PMMA corona block ¢ads to PMAA. Depending on the solvent quality for both corona
blocks, the micelles were aggregated to form spherical or sikemsupermicelles
containing the CASN§Ain different compartmentdn another approach, AulSRand two
different diblock copolymerwere assembled simultaneou$¥!. The AuUNP were stabilized

by 11-mercaptel-undecanol. In presence of a-BHAA diblock copolymer, the solvent
quality was changed and stable polymersomes were obtained. The same behavior was
observed in presenad a PEGb-PLA diblock copolymer. By changing the conditions of

the selfassembly process even multicompartment polymersomes were obtained.

Except the different examples for Blgtabilized by P2VP, P4VP, PAA and PMAA blocks,
there are some other carbongr nitrogencontaining polymerswhich were used for
formation of compartmentalized micelles. #iblock terpolymer with a lipoic acid
functionalized middle blockas selfasserbled to form spherical micelles, rods and vesicles
with AuNPs in the interfaces of the micellar structuf€8l Davis and Boyer used a
poly(dimethylaminoethyl methacrylate) (PDMAEMA) containing triblock terpolymer to
form wormlike micelles and vesicles containing Aud\iR the PDMAEMA segment&34
Polyvinyl formal, poly(dodecyl methacrylatand titanium dioxid€TiO2) NPs were sel
assembled to tricompartment submicron particles in which the N8 were selectively
found at the interface of both polymers or in the poly(dodecyl methacrylate) compartment
depending on the pF°? Priestley et al. c@assembled PI, amiserminated PS and citrate
stabilized AuNBR to prepare Janus structures with one half of the particles decorated with
AuNPs.[1%

Using amorphous micelleso incorporate metal NP gives rise to a vast amount of
morphologies. In contrast, there are limited reports about hybrid materials efrgstailine
compartmentalized micelles with metal 8iRlanners and Winnik et al. used RB®2VP
seed micelles and quaternized the P2VP block to incorporate differenamtaktal oxide
NPs. Caocrystallization with norguaternized PF8-P2VP leads to cylindrical crystalline
core micelles with a functionalized middle part. AuN&d PbS quantum dots were
selectively loaded into this functionalized paftAnother possibility is the incorporation of
dextranmagnetite NB or of TiO, NPs by a solgelprocess!® The PFSb-P2VP seed

micelles can also be crystallizedtothe surface of silica (Spparticles by hydrogen bonds
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with the P2VP block. Further CDSA with PIESP2VP unimers leads to a sunflowse
morphology>! Using PFSb-PlI wCCMs, the PI corona was crosslinked and the PFS block
itself is able to reduce silver ions (Ago form AgNR.**! Here, the AgNB are located
closely to the crystalline PF&ore (Figure 1-24). The loadingdensity of AgNR can be
controlled by the amount of silver salt. Additionally to AgINRgINPs can be prepared by
addition of iodine @). The AgNPs were shown to serve aged for further growth of

AgINPs, so the size of the NPs can be precisely tuned.

50 nm 50 nm

50 nm 50 nm
— —

Figure 1-24. PFSb-PI wCCMs loaded with different amounts of AghiR2.5% (A), 25%
(B), 50% (C) and 75% (D) with reference to the PFS uRigRrintedwith permission fom
195. Copyright (2017) American Chemical Society.

1.2.3Catalysis with noparticles

The unique properties of noble metal NPs enable them for a variety of appli€&fiéis.
One emerging field of applications is catalysis. The high sutfagelume ratio leads to a
high activity. In particular for Au, thieulk material is inert, but the NPs show a high catalytic
activity in different reactions, for example CO oxidation or propylene epoxidatibn.
However the NPshave a strong tendency fagglomeration because of this high surface
to-volume ratio. Therefore, stabilization of the NP#idispensablewhich is discussed in

the precedingwo chapters. Polymestabilized NPs exhibit different advantagesaregng

the solubility andtherefore, the activity of the NPs as the stabilizing ligand can be tailored
to meet the demands of the catalytic reaction. For AuUNPs, one of the most famous catalytic
application is the reduction of-witrophenol (4NiP) with sodium borohydridé®! This
reaction proceeds in aqueous mediwamich limits the stabilizing polymer ligands to

hydrophilic polymersThe reaction can beasilyfollowed in situ by UV-Vis spectroscopy
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(Figure 1-25). The characteristi@absorption maximumat / =400nm derives from the
nitrophenolate ions and decreases wiitle. Simultaneously, amaller pealat/ = 300nm,

which is asribed to thormedaminophenqlis increasing with tira.
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Figure 1-25. Typical UV-Vis spectra of NiP (peak at 40@m) reduction with NaBH
Adaptedwith permission fom 198 Copyright (2017) American Chemical Society.

Thereduction of 4NiP was tested with different AuN&abilizing polymers, for example
PEOb-PAA, PVP or polyethyleneimine (PE#P® The disadvantage of these catalysts is the
limited reusabilityof the catalyst material. To overcome this disadvantage ,es@@chable
polymer, poly(diethylaminoethyinethacrylate) (PDEAMA) was grafted onto the AuNP
surface??? In a CQ saturated aqueous medium, the AsNRe dissolved and catalytically
active whereas in ad\$aturated aqueous medium, the PDEAMA collapses and the AuNP
are insoluble. This leads to an easier separation of the catayestiahfrom the reaction

medium.

Supported NP catalysts shasimilar advantageas the catalyst is insoluble in the reaction
medium and can be easily separated by filtration. To this end, Ballauff et al. used spherical
polyelectrolyte brushes with a #blPS core to incorporate AuNFn the poly[(2
aminoethyl) methacrylate hydrochloride] cordffd. The hybrid materials showed high
activity in the reduction of NiP, but less stability against agglomeration than alloys of
AuNP and PtNP or PdNB220% Other approaches cover the use of AuNP dispersed on
inorganic supports aralso show a high catalytic activi§p* 206!
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Beneath the catalysis in aqueous medium, for which the reductiosNd? & the most
common model reaction, there are several important catalytic reactions in organi€¥edia.

One example is the albolysis of dimethylphenylsilane witltbutanol(Figurel-26).

v HO QP
\ NN -Ha Si/o\/\/
/\

Figure 1-26. Alcoholysis of dimethylphenylsilane witltbutanolwith an AuNP catalyst

First reports showed that small Audli3-5nm) dispersed on aluminum oxide need harsh
conditions (100C, 3h) for the conversion of the silad®! With ultrasmall AuNPs
(d<1nm) supported on Si) the temperature to yield quantitative conversion was
decreased to 5TC, but the reaction time increased tb.31owever, the alcoholysis was
conducted in THF as solverwhich could have an impact on the reaction tifffé.3 nm-
AuNP were supported on nanosized hydroxyapatite and showed a superior catalytic activity
for small amounts of educts @mol dimethylphenylsilane). The alaallysis was conducted

at room temperature and quantitative yield was observed aft@in20Jpscaling of the
silane amount to 56mol demands for harsh reaction conditions (I@Pand an increased
reaction time of 1%.21°% The alcoholysis of dimethylphenylsilane withbutanol was
further examined by seldssembled monolayer capped AuNP.e3én AuNP were
immobilized on Audcoated substrates and yield a convergib82.8% after 1h at room
temperaturé! All of these examples cov¢he use of AuNP fixed on inorganic supports.
Thefirst example of polymesupported AuNP were reported by Greiner et al. who used a
nonwoven of polyg-xylylene) tubes to immobilize AuNP at the inner wall of these ti58s.
This catalyst was used in a teabikg manner, which means, the nonwoven was dipped into
the reaction medium and after full conversitims nonwoven could be simply removed
without the need of filtration or other purification steps. The peysupported AuNP
catalyst showed quantitative conversion of dimethylphenylsilanemlitiitanol after 2

at room temperature and wasised in 1&ycles of catalysis without loss of activity.

AuNPs are not only able to catalyze organic reactions, they are also able to enhance the

catalytic activity of transition metal oxides, for example F@ zinc oxide (ZnO¥?1% 2]
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These hybrid catalyst materials can be applied in phtdbgic advanced oxidation
processes (AOPs). The photocatalytic AOPs are based on the formation of highly reactive
hydroxyl radicalswhich are able to oxidize organic pollutants from wastewater. The role of
the AuNRsin the hybrid catalyst materials i3 €énhance the light absorption range from UV

to visible light. Therefore, only the solar spectrum and the hybrid catalysts are needed for
purification of wastewateHybrid catalysts of AuN®and TiQ were tested in the oxidation

of thiocyanated'® and tphenylethand’l as well aghe degradation of-dhlorophendf*8],

oxalic acid?*® and formic acif*® and showed higher activity than the pure To@talysts.
However, the enhaement of photocatalytic activity is not restricted to Je@talysts. Also

hybrid material®f AUNP and ZnO were successfully used for the photocatalytic degradation
of metyl blud??® and methyl orangg® Another example describes AuNP doped silica
and zirconium oxide. Both materials showed a clearly enhancafiteatactivity in the

degradation of sulforhodaméB in comparison taéhe pure transition metal oxid&s

1.3 Objective of the Thesis

In general, the activity of the catalyst in homogeneous catalysis is higher than for
heterogeneous catalysts. Haxee a complex purification of the products and the expensive
regeneration of the catalyst limit the applicability of homogeneous catalysts. Hence, there is
a demand for heterogenous catalysts featuring an easy reusability in combination with a high
activity. Mesostructured catalysts combine both advantages, as they exhibit a high active
surface area while providing easy reusability through the mesostructure. Micellar polymeric
templates are promising candidates for the construction of mesostructurestsatayhey

offer the possibility for efficient stabilization of nanoparticles (NPs) without losing the active
surface area. Until now, different orgammorganic hybrid materials bearing one or even
two types of NPs have been described. However, the-setective incorporation of these

NPs in specific compartments of micelles is still challenging. A synthetic route for the
production of weHdefined hybrid materials, decorated with two different types of NPs in
specific regions of the polymeric temmat would offer the opportunity to observe
synergistic effects for an application in catalysis. Therefore, the main objective of this thesis

was the synthesis of such binary regalectively loaded mesostructured catalysts, which
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provide high activity aneasy reusability in catalysis. To achieve this aim, two concepts

were considered.

The first conceptdeals with worrdike crystallinecore micelles (WCCMs) with a
microphaseseparated corona made of alternating polystyrene and poly(methyl
methacrylate) patches which offer structural advantages with regard to the production of
mesostructured catalysts.former studies, these patchy wCCMs were successfully obtained
by crystallizatiordriven selfassembly (CDSA) in solution. The alternating nanomsitazd
patches are ideal templates for the reggtective incorporation of different catalytically
active netal and metal oxide NPs. However, the corona patches do not bear suitable anchor
groups for the stabilization of NPs. Therefore, the first challenge of this thesis was to
introduce such anchor groups in the patchy corona of the wCCMs and to devela@ndiffer
strategies for hybrid material formation with the NPs. For an application of the hybrid
wCCMs as mesostructured catalysts, a key question was to develop a strategy to support the
hybrid wCCMs on a polymeric support, which should guarantee easy réysafithout

loss of activity. Finally, a route for binary loading of the patchy wCCMs with two types of

NPs was a major aspect.

The second concept aims in the development of highly poroussuggibrted transition

metal oxide catalysts for the photocatelypurification of clinical wastewater, which is
highly contaminated with antibiotics, like ciprofloxacin. To enhance the water solubility of
these antibiotics, carboxylate groups are generated, i.e. a catalyst with a positive surface
charge favors eledastatically adsorption of the antibiotiddere, zinc oxide is a promising
candidate. A major issue of this thesis was to develop a synthetic strategy using cylindrical
polymer brushes (CPBs) with a polyelectrolyte corona and a crosslinked core to iatrpor
zinc oxide NPs by electrostatic interactions. The CPBs offer the advantage of an increased
temperature stability and a higher aspect ratio than the patchy wCCMs. This is inevitable for
the pyrolytic template removal and the formation of stablesgiforting mesostructured
catalysts. The combination of zinc oxide with noble metal NPs, which show a localized
surface plasmon resonance, promises an increase in catalytic activity as the absorption of
light is shifted to the visible spectrum. This concdyatidd result in catalysts with improved
catalytic activity and reusability in comparison to commercially available catalysts like
Degussa P25, a titanium dioxide catalyst.

32



1 Introduction

1.4 References

[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]

[10]
[11]
[12]

[13]
[14]

[15]

[16]
[17]
[18]

[19]

[20]

[21]
[22]
[23]

[24]
[25]

A. H. Groschel, AH. E. Muller,Nanoscal€2015 7, 11841 11876.

J . Du, R. Chém. S&oRe#011140, 3402 2416.

S. Forster, T. Plantenber§ngew.Chem. Int. Ed. EngR002 41, 689 714.
J-F. Gohy,Adv. Polym. Sc005 190, 65 136.

T. H. Epps, |Chem. ScR016 K1674068Rei | | vy,
Y. Mai, A. EisenbergChem. Sodrev.2012 41, 5969 5985.

M. D. Ward, M. J. HornerCrystEngComn2004 6, 401 407.

F. S. BatesMRS Bull.2005 30, 525 532.

F. H. Schacher, P. A. Rupar, I. Manngkagew. Chem. Int. E@012 51, 7898
7921.

M. Antonietti, S. ForsterAdv. Mater.2003 15, 1323 1333.
K. Kataoka, A. Harada, Y. Nagasakilv. Drug DelivRev.2001, 47, 113 131.

G. Gaucher, M. H. Dufresne, V. P. Sant, N. Kang, D. Maysinger, J. C. Lekoux,
Control. Releas€005 109 169 188.

R. K. OO6Reilly, C. Clem. SbcaRe®066G 35 1088 108B..

A. Blanazs, S. P. Armes, A. J. Ryastacromol.Rapid Commur2009 30, 267
277.

J. RodrigueHernandez, F. Chécot, Y. Gnanou, S. Lecommanderog. Polym.
Sci.2005 30, 691 724.

Y. Yu, L. Zhang, A. Eisenberdgdacromolecule4998 31, 1144 1154.
M. Millner, A. H. E. Muller,Polymer2016 98, 389 401.

M. Zhang, A. H. E. Mller]. Polym.Sci. Part A Polym. Cher@005 43, 3461
3481.

S. S. Sheiko, B. S. Sumerlin, K. Matyjaszews$kipg. Polym. Sci2008 33, 759
785.

M. Mdllner, J. Yuan, S. Weiss, A. Walther, M. Fortsch, M. Drechsler, A. H. E.
Mdaller, J. Am. Chem. So201Q 132 16587 16592.

M. Zhang, T. Breiner, H. Mori, A. H. E. MilleRolymer2003 44, 1449 1458.
M. Zhang, M. Drechsler, A. H. E. Mille€hem. Mater2004 16, 537 543.

J. Yuan, M. Drechsler, Y. Xu, M. Zhang, A. H. E. MullEglymer2008 49, 1547
1554,

G. Liu, L. Qiao, A. GuoMacromolecule4996 29, 5508 5510.

Y. Ruan, L. Gao, D. Yao, K. Zhang, B. Zhang, Y. Chen, C. Y. AlDS Macro Lett.

20154, 10671071.

33

Wo o |



1 Introduction

[26] A. O. Moughton, M. A. Hillmyer, T. P. Lodg&Jacromolecule2012 45, 2 19.

[27] A. H. Groschel, A. Walther, T. I. Lébling, F. H. Schacher, H. Schmalz, A. H. E.
Muller, Nature2013 503 247 251.

[28] B. Fang, A. Walther, A. Wolf, Y. Xu, J. Yuan, A. H. E. Millémgew. Chem. Int.
Ed. 2009 48, 2871 2880.

[29] A. H. Groschel, A. Walthe T. I. Lébling, J. Schmelz, A. Hanisch, H. Schmalz, A.
H. E. Mdller,J. Am. Chem. So2012 134, 13850 13860.

[30] A. Walther, A. H. E. MullerChem. Rev2013 113 5194 5261.

[31] T. I Loébling, O. Borisov, J. S. Haataja, O. Ikkala, A. H. GréscheH Az. Miiller,
Nat. Commun2016 7, 12097 12106.

[32] T. I Lobling, O. Ikkala, A. H. Grdschel, A. H. E. MullekCS Macro Lett2016 5,
1044 1048.

[33] T. Vilgis, A. Halperin,Macromoleculed4991, 24, 2090 2095.

[34] J. Massey, K. N. Power, I. Manners, M. A. WinnlkAm. Chem. So&998 120,
9533 9540.

[35] L. Cao, I. Manners, M. A. Winnikylacromolecule2002 35, 8258 8260.

[36] X.Wang, G. Guerin, H. Wang, Y. Wang, I. Manners, M. A. Winfigience2007,
317, 644 647.

[37] H.Wang, W. Lin, K. P. Fritz, G. D. Scholes, M. A. Winnik, I. ManngtsAm.
Chem. So2007, 129, 12924 12925.

[38] Z. M. Hudson, J. Qian, C. E. Boott, M. A. Winnik, I. Mann&&S Macro Lett.
2015 4, 187 191.

[39] A. Nazemi, C. E. Boott, D. J. Lunn, J. Gwyther, D. W. Hayward, R. M. Richardson,
M. A. Winnik, I. Manners,J. Am. Chem. So2016 138 4484 4493.

[40] F.He, T. Gdt, I. Manners, M. A. WinnikJ. Am. Chem. So2011, 133 9095
9103.

[41] Z. M. Hudson, DJ. Lunn, M. A. Winnik, I. Mannergyat. Commun2014 5, 3372
3379.

[42] P.A.Rupar, L. Chabanne, M. A. Winnik, I. Manne3sjence2012 337, 559 562.

[43] J.R.Finnegan, D. J. Lunn, O. E. C. Gould, Z. M. Hudson, G. R. Whittell, M. A.
Winnik, I. Manners,). Am.Chem. Soc2014 136, 1383% 13844.

[44] H. Schmalz, J. Schmelz, M. Drechsler, J. Yuan, A. Walther, K. Schweimer, A. M.
Mihut, Macromolecule2008 41, 3235 3242.

[45] R. Resendes, J. A. Massey, K. Temple, L. Cao, K. N. R&mard, M. A. Winnik,
[. MannersChem- A Eur. J.2001, 7, 2414 2424.

[46] T. Gadt, N. S. leong, G. Cambridge, M. A. Winnik, I. Mannbiat. Mater.2009 8,
144 150.

[47] G. Cambridge, M. J. Gonzalddvarez, G. Guerin, I. Manners, M. A. Winnik,

34



1 Introduction

Macromolecule2015 48, 707 716.

[48] H. Qiu, G. Cambridge, M. A. Winnik, I. Mannetk,Am. Chem. So2013 135
12180 12183.

[49] Z. M. Hudson, C. E. Boott, M. E. Robinson, P.Rupar, M. A. Winnik, I. Manners,
Nat. Chem2014 6, 893 898.

[50] L.Jia, L. Tong, Y. Liang, A. Petretic, G. Guerin, |. Manners, M. A. Windikam.
Chem. So2014 136, 16676 16682.

[51] L. Jia, G. Zhao, W. Shi, N. Coombs, I. Gourevich, G. C. WalkeGuerin, I.
Manners, M. A. WinnikNat. Commun2014 5, 3882 3889.

[52] Y. Gao, H. Qiu, H. Zhou, X. Li, R. Harniman, M. A. Winnik, I. MannelrsAm.
Chem. So2015 137, 2203 2206.

[53] H.Qiu, Y. Gao, V. A. Du, R. Harniman, M. A. Winnik, I. Manne}sAm.Chem.
Soc.2015 137, 2375 2385.

[54] H. Qiu, Z. M. Hudson, M. A. Winnik, I. MannerScience2015 347, 1329 1332.

[55] O.E.C. Gould, H. Qiu, D. J. Lunn, J. Rowden, R. L. Harniman, Z. M. Hudson, M.
A. Winnik, M. J. Miles, I. Mannerd\at. Commun2015 6, 10009 10015.

[56] H.Qiu, Y. Gao, C. E. Boott, O. E. C. Gould, R. L. Harniman, M. J. Miles, S. E. D.
Webb, M. A. Winnik, . MannersScience2016 352, 697 701.

[57] D.J. Lunn, O. E. C. Gould, G. R. Whittell, D. P. Armstrong, K. P. Minéar A.
Winnik, R. J. Spontak, P. G. Pringle, I. Manné&taf. Commun2016 7, 12371
12380.

[58] L. Jia, A. Petretic, G. Molev, G. Guerin, I. Manners, M. A. Win#K;S Nano
20159, 10673 10685.

[59] X.Li, Y. Gao, C. E. Boott, D. W. Hayward, R. Harnimas. R. Whittell, R. M.
Richardson, M. A. Winnik, I. Mannerd, Am. Chem. So2016 138 4087 4095.

[60] X.Li, Y. Gao, C. E. Boott, M. A. Winnik, I. Mannerblat. Commun2015 6,
8127 8134.

[61] X.Li, Y. Gao, R. Harniman, M. Winnik, I. Manners,Am. Chem. So2016 138
12907 12912.

[62] E. K. Lin, A. P. GastMacromolecule4996 29, 4432 4441.

[63] D. Richter, D. Schneiders, M. Monkenbusch, L. Willner, L. J. Fetters, J. S. Huang,
M. Lin, K. Mortensen, B. Faragdlacromolecule4997 30, 1053 1068.

[64] A. Ramzi, M. Prager, D. Richter, V. Efstratiadis, N. Hadijichristidis, R. N. Young, J.
B. Allgaier, Macromolecule4997 30, 7171 7182.

[65] M. Monkenbusch, D. Schneiders, D. Richter, L. Willner, W. Leube, L. J. Fetters, J.
S. Huang, M. LinPhys.B Condens. Matte200Q 276 278 941 943.

[66] D. Schwahn, D. Richter, P. J. Wright, C. Symon, L. J. Fetters, M. Lin,
Macromolecule2002 35, 861 870.

35



1 Introduction

[67] J.Wang, J. H. Horton, G. Liu,-S. Lee, K. J. She&olymer2007, 48, 4123 4129.

[68] T. Rudolph, M. Von Der Liihe, M. Hartlieb, S. Norsic, U. S. Schubert, C. Boisson,
F. D6 Agost o, AGS.Nank015 § t008s t0R98.r |,

[69] T.Li, W.J.Wang, R. Liu, W. H. Liang, G. F. Zhao, Z. Li, Q. Wu, F. M. Zhu,
Macromoleculef009 42, 3804 3810.

[70] W. Wang, R. Liu, Z. Li, C. Meng, Q. Wu, F. ZhMacromol.Chem. Phys201Q
211, 1452 1459.

[71] L.Yin, M. A. Hillmyer, Macromolecule2011, 44, 3021 3028.

[72] Y. Zhao, X. Shi, H. Gao, L. Zhang, F. Zhu, Q. WuMater. Chem2012 22, 57371
5745.

[73] R.Liu, Z. Y. Li, W.J. Wang, D. Yuan, C. F. Meng, Q. Wu, F. M. ZhuAppl.
Polym. Sci2013 129, 2216 2223.

[74] N. Alkayal, G. Zapsas, P. Bilal N. HadjichristidisPolymer2016 107, 415 421.
[75] H. Gao, G. Li, Z. Hu, Z. Xiao, G. Liang, Q. WBplymer2014 55, 4593 4600.

[76] H. Gao, Y. Tan, Q. Guan, T. Cai, G. Liang, Q. RSEC Adv2015 5, 49376
49384.

[77] H.Wang, C. Wu, G. Xia, Z. Ma, G. Mo, R. Soi@pft Matter2015 11, 1778 1787.

[78] Z.Li, R. Liu, B. Mai, W. Wang, Q. Wu, G. Liang, H. Gao, F. ZRoJymer2013
54, 1663 1670.

[79] L.Yin, T. P. Lodge, M. A. HillmyerMacromolecule2012 45, 9460 9467.

[80] B. Fan, L. Liu, J}H. Li, X.-X. Ke, J:T. Xu, B-Y. Du, Z-Q. Fan,Soft Matter2016
12, 67 76.

[81] J. Schmelz, M. Karg, T. Hellweg, H. SchmadS Nan®011, 5, 9523 9534.

[82] S. Rosenfeldt, F. Ludel, C. Schulreich, T. Hellweg, A. Radulescehinélz, H.
Schmalz, L. HarnalRhys. Chem. Chem. Phy€112 14, 12750 12756.

[83] J. Schmelz, H. SchmalPplymer2012 53, 4333 4337.

[84] J. Schmelz, A. E. Schedl, C. Steinlein, I. Manners, H. Schihafan. Chem. Soc.
2012 134, 14217 14225.

[85] J. Schmelz, F. H. Schacher, H. Schm8iaft Matter2013 9, 2101 2107.

[86] J. Schmelz, D. Pirner, M. Krekhova, T. M. Ruhland, H. Schn&d#, Matter2013
9,1117311177.

[87] T. Gegenhuber, A. H. Groschel, T. I. Lobling, M. Drechsler, S. Ehlert, StéfgH.
SchmalzMacromolecule®015 48, 1761 1776.

[88] T. Gegenhuber, M. Krekhova, J. Schobel, A. H. Groschel, H. SchA@a& Macro
Lett.2016 5, 306 310.

[89] Z.-X. Du, J:T. Xu, Z-Q. FanMacromolecule2007, 40, 7633 7637.

36



1 Introduction

[90] W.-N. He, J:T. Xu, B-Y. Du, Z-Q. Fan, FL. Sun,Macromol. Chem. Phy2012
213 952 964.

[91] B. Mai, Z. Li, R. Liu, S. Feng, Q. Wu, G. Liang, H. Gao, F. ZhiRolym. Res.
2013 20, 299 236.

[92] G. Rizis, T. G. M. van de Ven, A. Eisenbegnft Mater 2014 10, 2825 2835.

[93] G. Rizis, T. G. M. van de Ven, A. Eisenbefgngew. Chem. Int. E@014 53,
9000 9003.

[94] Y. Geng, D. E. Disched. Am. Chem. So2005 127, 12780 12781.

[95] Y. Geng, P. Dalhaimer, S. Cai, R. Tsai, M. Tewari, T. Minko, D. E. Disd\er,
Nanotechnol2007, 2, 249 255.

[96] J-X.Yang, B. Fan, JH. Li, J-T. Xu, B-Y. Du, Z-Q. FanMacromolecule2016
49, 367 372.

[97] W.-N. He, B. Zhou, JT. Xu, B-Y. Du, Z.-Q. FanMacromolecule2012 45,
9768 9778.

[98] G. Rizis, T. G. M. van de Ven, A. Eisenbefd;S Nan®015 9, 36271 3640.
[99] J.Wang, W. Zhu, B. Peng, Y. Chdtglymer2013 54, 6760 6767.

[100] S. Nakagawa, K. Kadena, T. Ishizone, S. Nojima, T. Shimizu, K. Yamaguchi, S.
NakahamalMacromolecule2012 45, 1892 1900.

[101] W. Y. Chen, C. Y. Li, J. X. Zheng, P. Huang, L. Zhu, Q. Ge, R. P. Quirk, B. Lotz,
L. Deng, C. Wu, et alMacromolecule2004 37, 5293 5299.

[102] A. M. Mihut, J. J. Crassous-B. Dechézelles, S. Lages, A. Menzel, H. Dietsch, P.
SchurtenbergeRolymer2013 54, 3874 3881.

[103] A. M. Mihut, J. J. Crassous, H. Schmalz, M. Drechsler, M. Ball&dft Matter
2012 8, 3163 3173.

[104] N. Petzetakis, A. Cliem SE291,e,955R60. K. OO6 Rei | |

[105] D. Portinha, F. Boué, L. Bouteiller, G. Carrot, C. Chassenieux, S. Pensec, G. Reiter,
Macromolecule®007 40, 40371 4042.

[106] L. Sun, A. PitteBarry, N. Kirby, T. L. ScHler, A. M. Sanchez, M. A. Dyson, J.
Sl oan, N. R. Wi | son, NaR Comkun20045R5&461 |y, A.
5754.

[107] N.. Petzetaki s, D. Wal k ®oft Mattex2012 B, 740D o v e , R.
7414.

[108] N. Petzetakis, M. P. Robin, J. P. Pedta, E. G. Kelley, P. Cotanda, P. H. H.
Bomans, N. A. J. M. Sommer di j k ACA. P. Do
Nano2013 7, 1120 1128.

[109] A.PitoBarry, N. Kirby, A Polyfm ChéB0ids 14H. K. O
1436.

[110] L. Sun, A. PitteBarry, A. W. Thomas, M. Inam, K. Doncom, A. P. Dove, R. K.

37



1 Introduction

06 R e Pdlym.yChem2016 7, 2337 2341.

[111] S. K. Patra, R. Ahmed, G. R. Whittell, D. J. Lunn, E. L. Dunphy, M. A. Winnik, 1.
MannersJ. Am. Chem. So2011 133 8842 8845.

[112] J. Qian, X. Li, D. J. Lunn, J. Gwyther, Z. M. Hudson, E. Kynaston, P. A. Rupar, M.
A. Winnik, I. Manners,J. Am. Chem. So2014 136, 4121 4124.

[113] J. Li, X. Li, D. Ni, J. Wang, G. Tu, J. Zhd, Appl. Polym. ScR014 131, 41186
41196.

[114] E. L. Kynaston, O. E. C. Gould, J. Gwyther, G. R. Whittell, M. A. Winnik, .
MannersMacromol. Chem. Phy2015 216, 685 695.

[115] M. Lazzari, D. Scalarone, C. E. Hoppe, C. VazguWazquez, M. A. Lopez
Quintela,Chem. Mater2007, 19, 5818 5820.

[116] M. Lazzari, D. Scalarone, C. Vazqu¥azquez, M. A. LépeRuintela,Macromol.
Rapid Commur2008 29, 352 357.

[117] C. Legros, M:C. De PauwGillet, K. C. Tam, D. Taton, S. Lecommando&®qft
Matter 2015 11, 3354 3359.

[118] Z. Li, R. Liu, B. Mai, S. Feng, Q. Wu, G. Liang, H. Gao, F. ZRhalym.Chem.
2013 4, 954 960.

[119] R. Liu, Z-Y. Li, B.-Y. Mai, Q. Wu, G:D. Liang, H:Y. Gao, F-M. Zhu, J. Polym.
Res.2013 20, 64i 74.

[120] B. Yu, X. Jiang, J. YinMacromolecule®014 47, 4761 4768.

[121] Y. Xia, Y. Xiong, B. Lim, S. E. Skrabalalyngew.Chemie- Int. Ed.2009 48, 60/
103.

[122] D. A. Giljohann, D. S. Seferos, W. L. Daniel, M. D. Massich, P. C. Patel, C. A.
Mirkin, Angew. Chemielnt. Ed.201Q 49, 3280 3294.

[123] T. K. Sau, A. L. Rogach, F. Jackel, T. A. Klar, J. Feldm&av, Mater.201Q 22,
1805 1825.

[124] M. Haruta,Chem. Re2003 3, 75 87.
[125] A. Cao, R. Lu, G. VeseRhys. Chem. Chem. Phy11Q 12, 13499 13510.

[126] C. Burda, X. Chen, R. Narayanan, M. A:&yedChem. Rev2005 105 1025
1102.

[127] S. Lal, S. Link, N. J. Halagyat. Photonic007, 1, 641 648.
[128] K. A. Willets, R. P. Van Duynéinnu. Rev. Phys. Che@007, 58, 267 297.

[129] M. Rycenga, C. M. @bley, J. Zeng, W. Li, C. H. Moran, Q. Zhang, D. Qin, Y. Xia,
Chem. Rev2011, 111, 3669 3712.

[130] K. M. Mayer, J. H. HafneiChem. Rev2011 111, 3828 3857.

[131] N. J. Halas, S. Lal, W. S. Chang, S. Link, P. Nordlan@deem.Rev.2011, 111,
3913 3961.

38



1 Introduction

[132] A. H. Lu, E. L. Salabas, F. Schithngew. Chemielnt. Ed.2007, 46, 1222 1244.
[133] A. Chen, P. HolHindle,Chem. Rev201Q 110, 37671 3804.

[134] S. Kango, S. Kalia, A. Celli, J. Njuguna, Y. Habibi, R. Kunkngg. Polym. Sci.
2013 38,1232 1261.

[135] M. C. M. Daniel, D. AstrucChem. Re\v2004 104, 293 346.

[136] J. Turkevich, P. C. Stevenson, J. HilliBiscuss. Faraday So&951, 11, 55 75.
[137] S. Kumar, K. S. Gandhi, R. Kumand. Eng. Chem. Re2007, 46, 3128 3136.
[138] G. FrensNat.Phys. Sci1973 241, 20/ 22.

[139] P. Zhao, N. Li, D. Astrudgzoord.Chem. Re\v2013 257, 638 665.

[140] B. V. Enistln, J. Turkevicld, Am.Chem. Socl963 85, 3317 3328.

[141] J. Kimling, M. Maier, B. Okenve, V. Kotaidis, H. Ballot, A. PledhPhys. Chem. B
2006 110 15700 15707.

[142] C. Li, D. Li, G. Wan, J. Xu, W. HolNanoscale Res. Le22011, 6, 440 449.

[143 I. OjeaJim@ez, N. G. Badst, V. Puntes). PhysChem. 2011, 115 15752
15757.

[144] F. Schulz, T. Homolka, N. G. Bastus, V. Puntes, H. Weller, T. Vossmeyer,
Langmuir2014 30, 10779 10784.

[145] H. Xia, S. Bai, J. Hartmann, D. Wargangmuir201Q 26, 3585 3589.

[146] T. K. Sau, A. Pal, N. R. Jana, Z. L. Wang, T. BaNanoparticle Re001, 3, 257
261.

[147] N. G. Bas¥s, J. Comenge, V. Puntégngmuir2011, 27,11098 11105
[148 C. Ziegler, A. Eychngller, J. PhysChem. 2011, 115 4502 4506
[149] J. Piella, N. G. Bastus, V. Punt€&hem. Mater2016 28, 1066 1075.
[150] B. Nikoobakht, M. A. EISayed Chem. Mater2003 15, 1957 1962.

[151] C. J. Murphy, T. K. Sau, A. M. Gole, C. J. Orendorff, J. Gao, L. Gou, S. E.
Hunyadi, T. Li,J. Phys. Chem. B005 109, 13857 13870.

[152] N. R. Jana, L. Gearheart, C. J. MurphyPhys. Chem. B001, 105 4065 4067.
[153] M. Giersig, P. Mulvaney,.angmuir1993 9, 3408 3413.

[154] M. Brust, M. Walker, D. Bethell, D. J. Schiffrin, R. WhymanChem. Soc., Chem.
Commun1994 0, 801 802.

[155] M. Brust, J. Fink, D. Bethell, D. J. Schiffrin, C. KielJ,, Chem. Soc. Chem.
Communl1995 0, 1655 1656.

[156] J. R. G. Navarro, M. Plugge, M. Loumaigne, A. SaneBenzalez, B. Mennucci,
A. Débarre, A. M. Brouwer, M. H. Werts,PhotochemPhotobiol. Sci201Q 9,
1042 1054.

39



1 Introduction

[157] A. Manna, P-L. Chen, H. Akiyama, FX. Wei, K. Tamada, W. KnollChem.
Mater.2003 15, 20/ 28.

[158] Z. Tang, B. Xu, B. Wu, M. W. Germann, G. WadgAm. Chem. So201Q 132
3367 3374.

[159] K. Wojczykowski, D. Meif3ner, P. Jutzi, I. Ennen, A. Hitten, M. Fricke, D.
Volkmer,Chem.Commun2006 0, 3693 3695.

[160] A. Kumar, S. Mandal, P. R. Selvakannan, R. Pasricha, A. B. Mandale, M. Sastry,
Langmuir2003 19, 6271 6282.

[161] N. Wangoo, K. K. Bhasin, R. Boro, C. R. Suknal. Chim. Act2008 610, 142
148.

[162] D. I. Gittins, F. Caruscdngew. Chem. Int. E@001, 40, 3001 3004.

[163] G. Li, D. Li, L. Zhang, J. Zhai, E. WanGhem.- A Eur. J.2009 15, 9868 9873.
[164] M. K. Corbierre, N. S. Cameron, R. B. Lennbangmuir2004 20, 2861 2873.
[165] Y. Kang, T. A. TatonAngew. Chem. Int. EQ005 44, 409 412.

[166] Y. Lu, Y. Mei, M. Drechsler, M. BallauffAngew.Chem. Int. Ed2006 45, 813
816.

[167] T. Niidome, M. Yamagata, Y. Okamoto, Y. Akiyama, H. Takahashi, T. Kawano, Y.
Katayama, Y. Niidome]. Control.Releas€006 114, 343 347.

[168] S. Bokern, J. Getze, S. Agarwal, A. Greirfgolymer2011, 52, 912 920.

[169] S. Bokern, Z. Fan, C. Mattheis, A. Greiner, S. AgarMacromolecule2011, 44,
5036 5042.

[170] K. Gries, M. El Helou, G. Witte, S. Agarwal, A. GreinBglymer2012 53, 1633
1639.

[171] F. Mitschang, H. Schmalz, S. Agarwal, A. Greirengew. Chenint. Ed.2014 53,
4972 4975.

[172] H. Pletsch, L. Peng, F. Mitschang, A. Schaper, M. Hellwig, D. Nette, A. Seubert, A.
Greiner, S. Agarwalsmall2014 10, 201 208.

[173] Z. Fan, M. K. Serrano, A. Schaper, S. Agarwal, A. Greiadk,. Mater.2015 27,
3888 3893.

[174] M. S. Kbhn Serrano, T. A. F. Konig, J. S. Haataja, T. I. Lobling, H. Schmalz, S.
Agarwal, A. Fery, A. Greinetacromol. Rapid Commu016 37, 215 220.

[175] Z. Fan, X. Chen, M. Kohn Serrano, H. Schmalz, S. Rosenfeldt, S. Forster, S.
Agarwal, A. GreinerAngew.Chem. Int. Ed2015 54, 14539 14544.

[176] J. Gohy, N. Willet, S. Varshney, J. Zhang, R. Jéroamgiew.Chemie2001, 113
3314 3316.

[177] M. Changez, NG. Kang, D. W. Kim, 3S. LeeNanoscal€2013 5, 11554 11560.
[178] A. Walther, J. Yuan, V. Abetz, A. H. E. Mlllédano Lett2009 9, 2026 2030.

40



1 Introduction

[179] P. Shi, C. Gao, X. He, P. Sun, W. Zhakt@cromolecule2015 48, 1380 1389.

[180] K. H. Ku, J. M. Shin, M. P. Kim, C. H. Lee, M. K. Seo, G. R. Yi, S. G. Jang, B. J.
Kim, J. Am. Chem. So2014 136, 9982 9989.

[181] S. G. Jang, D. J. Audus, D. Klinger, D. V. Krogstad, B. J. Kim, A. Cameron, S. W.
Kim, K. T. Delaney, S. M. Hur, K. L. Killops, et all, Am. Chem. So2013 135
6649 6657.

[182] M. P. Kim, K. H. Ku, H. J. kim, S. G. Jang, G. R. Yi, B. J. Kifthem Mater.
2013 25, 4416 4422.

[183] N. Yan, H. Liu, Y. Zhu, W. Jiang, Z. DonlylJacromolecule2015 48, 5980 5987.

[184] H. Cui, Z. Chen, S. Zhong, K. L. Wooley, D. J. Poclttaeience2007, 317, 647
650.

[185] D. J. Pochan, J. Zhu, K. Zhang, K. L. Wooley, C. Miesch, T. Em8ok, Matter
2011, 7, 2500 2506.

[186] F. Schacher, E. Betthausen, A. Walther, H. Schmalz, D. V. Pergushov, A. H. E.
Muller, ACS Nan®009 3, 2095 2102.

[187] F. H. Schacher, T. Rudolph,.Ndrechsler, A. H. E. MullefNanoscale€011, 3,
288 297.

[188] Y. Guo, S. HarirchiatBaei, C. M. S. Izumi, M. G. MoffitACS Nan®011, 5,
3309 3318.

[189] R. J. Hickey, Q. Luo, S. J. PakCS Macro Lett2013 2, 805 808.
[190] J. Hu, T. Wu, G. Zhang, S. Lid, Am.Chem. So2012 134, 7624 7627.

[191] R. Bleach, B. Karagoz, S. M. Prakash, T. P. Davis, C. B&@8 Macro Lett.
2014 3, 591 596.

[192] L.-P. Lv, Y. Zhao, HX. Zhou, K. Landfester, D. Crespyplymer2014 55, 715i

720.
[193] V. E. Lee, C. Sosa, R. L i uLangruir20K, 33, Pr ud o h
3444 3449.

[194] H. Wang, A. J. Patil, K. Liu, S. Petrov, S. Mann, M. A. Winnik, |. MannAdy.
Mater.2009 21, 1805 1808.

[195] H. Wang, X. Wang, M. A. Winnik, I. Manner§, Am.Chem. Soc2008 130,
12921 12930.

[196] C. Sanchez, P. Belleville, M. Popall, L. Nico@iem. Soc. Re2011, 40, 696 753.

[197] E. C. Dreaden, A. M. Alkilany, X. Huang, C. J. Murphy, M. A:&dyed Chan.
Soc. Rev2012 41, 2740 2779.

[198] P. Hervés, M. Pérelzorenzo, L. M. LizMarzan, J. Dzubiella, Y. Lu, M. Ballauff,
Chem. Soc. Re2012 41, 5577 5587.

[199] P. Zhao, X. Feng, D. Huang, G. Yang, D. Astr@oprd.Chem. Re\2015 287,
114 136.

41



1 Introduction

[200] J. Zhang, D. Han, H. Zhang, M. Chaker, Y. Zhao, D. ®lagm. Commur2012 48,
11510'11512.

[201] S. Wunder, F. Polzer, Y. Lu, Y. Mei, M. Ballauff, Phys. Chem. €01Q 114,
8814 8820.

[202] Y. Lu, A. Wittemann, M. BallauffMacromol. Rapid Commu2009 30, 806 815.

[203] S. Gu, Y. Lu, J. Kaiser, M. Albrecht, M. BallauRhys. Chem. Chem. Phy€15
17, 28137 28143.

[204] Z. Zhang, C. Shao, P. Zou, P. Zhang, M. Zhang, J. Mu, Z. Guo, X. Li, C. Wang, Y.
Liu, Chem. Commur2011, 47, 3906 3908.

[205] X. Huang, X. Liao, B. ShiGreen Chem2011, 13, 2801 2805.

[206] J. Zhang, G. Chen, M. Chaker, F. Rosei, D. Map!. Catal. B Environ2013 132
133 107 115.

[207] Y. Zhang, X. Cui, F. Shi, Y. Den@hem. Rev2012 112 24671 2505.

[208] P. Raffa, C. Evangelisti, G. Vitulli, P. Salvaddretrahedron Lett2008 49, 3221
3224.

[209] C. Wang, X. Lin, Y. Ge, Z. H. Shah, R. Lu, S. ZhaR§C Adv2016 6, 102102
102108.

[210] T. Mitsudome, Y. Yamamoto, A. Noujima, T. Mizugaki, K. Jitsukawa, K. Kaneda,
Chem.- A Eur. J.2013 19, 14398 14402.

[211] T. Taguchi, K. Isozaki, K. MikiAdv.Mater.2012 24, 6462 6467.

[212] V. Subramanian, E. E. Wolf, P. V. Kamat,Am.Chem. So2004 126, 4943
4950.

[213] A. Primo, A. Corma, H. Garci®&hys. Chem. Chem. Phy€11, 13, 886 910.

[214] L. Sun, D. Zhao, Z. Song, C. Shan, Z. Zhang, B. Li, D. She@plloid Interface
Sci.2011, 363 175 181.

[215] F. Xiao, F. Wang, X. Fu, Y. Zhengd, Mater. Chem2012 22, 2868 2877.
[216] A. Dawson, P. V. Kamatl. PhysChem. B2001 105, 960 966.

[217] D. Tsukamoto, Y. Shiraishi, Y. Sugano, S. Ichikawa, S. Tanaka, T. Bliram.
Chem. So2012 134, 6309 6315.

[218] A. Orlov, D. A. Jefferson, N. Macleod, R. M. LambeZgtal. Letter2004 92, 41i
47.

[219] V. lliev, D. Tomova, L. Bilyarska, G. TyulieJ. Mol. Catal. A Chen2007, 263
32 38.

[220] L. Sun, D. Zhao, Z. Song, C. Shan, Z. Zhang, B. Li, D. She@pllod Interface
Sci.2011, 363 175 181.

[221] H. Zhu, X. Chen, Z. Zheng, X. Ke, E. Jaatinen, J. Zhao, C. Guo, T. Xie, D. Wang,
Chem.Commun2009 7524 7526.

42



2 Thesis Overview

2 Thesis Overview

This thesis focusesn the development of highly active mesostructuredysttalTherefore,

two different concepts were established. The first deals with viikercrystallinecore
micelles (wCCMs) exhibiting a corona with alternating patches as template materials for the
incorporation of metal and metal oxide nanopatrticles (NPs). The second concept is based on
the controlled aggregation of NPs yielding highly porous catalysts.

Polystyreneblockpolyethyleneblockpoly(methyl methacrylate)(SEM) triblock ter
polymers are ableo undergo crystallizatiedriven selfassembly(CDSA). This results in
wCCMs with a corona showing alternating nanomsieed patches of polystyrene (PS) and
poly(methyl metkacrylate) (PMMA) As both corona patches exhibit no functional groups
for stalilization of NPs,Chapter 3 deals with the pogpolymerization modification of the
PMMA block. Therefore, different,N-dialkylethylenediaminesvere used for amidation.

The effect of the amidation on the solubility of the resulting modified PMMA, the patch
morphology and the CDSA was studied. The solubility of the amidated patches was found
to be a crucial parameter feuccessful wCCM formation limiting this method to low

degrees of amidation. However, a first test for stabilization of gold NPs was ocexduct

As the amidation of Chapter 3 showed disadvantages regardinmgat&gon conditions
Chapter 4 starts with the optimization of this reaction by activation of g\
dialkylethylenedamine before amidation. CDSA resulted defined wCCMs showing
highly functionalized patches without limitations in solubility. Different approaches for the
formation of hybrid materials with noble metal and transition metal oxide NPs were
investigated allowindor selective loading of both, the amidatpatch and the PS patch.
Combination of two loading techniquesabledbinary loading of the wCCMs with two

types of NPs.

Foranapplication of the hybrid materials of Chapter 3 and 4 in catalysis, a support for the
wCCMs was neededChapter 5 deals withthe coating of WCCMs on a PS nonwoven by
coaxial electrospinning. The patchy nonwovens observed by this technique were loaded with
preformed citratestabilized gold NPs by a simple dipping process based on a ligand
exchange.No agglomeration or aggregatioof the NPs was observedhe hybrid
nonwovens showed high activity in the alcoholysis of dimethylphenylsilane at room
temperature and were tested for reusability. In ten subsequent cycles of catalysis, no loss of

activity was detectedvhich is attributedo the absence of leaching effects.
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In cooperation with the department of inorganic chemistry of the University of Bayreuth, a
second concept for the formation of mesostructured catalysts was developed. To this end,
cylindrical polymer brushes (CPBs), abied by crosslinking of the cylindrical bulk
morphology of a polybutadieAgockpoly(2-vinylpyridine) (BV) diblock copolymer, were

used as template materials. The aim was to simultaneously load these CPBs with zinc oxide
(Zn0O) and gold (Au) NPs.

To reachthis aim, first, the loading of the CPBs with ZnONP was investig&tbditer 6).

To this end, the corona of the CPBs was quaternized to observe a stable positive charge.
Acetatestabilized ZnONPs were incorporated by electrostatic interactions. In steext

the polymeric template was @jyzed to obtain a controlled aggregation of the ZnONP. This
yielded in highly porous mesostructured catalystisich were successfully tested for the
photocatalytic degradation of ciprofloxacin, a common antibioticndoun hospital
wastewater, under irradiation of visible light. This was attributed to the positive charge of
ZnO at a typical pH: 8 of hospital wastewatewhich supports the adsorption of the

negatively charged ciprofloxacin.

Chapter 7 concentrates on ¢henhancement of the catalyst material of Chapter 6 by
synergistic effects. Therefore, the CBPs were simultaneously loaded with ZnONPs and
AuNPs. Pyrolysis again resulted in the mesostructured catalyst. To determine the effect of
Au concentration on the plocatalytic degradation of ciprofloxacin, different compositions

for the hybrid catalysts were synthesized and resulted in an optimum ratiovo8&ZnO

and 12wt-% Au. Furthermore, the degradation of a second common antibiotic, levofloxacin,

was testedo show the versatility of this catalyst.

In the following, an overview of the main results presented in this thesis is given.
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2.1 PatchyWorm-Like Micelles with Tailored Functionality by Crystallization -Driven
SelfAssembly: A Versatile Platform for Mesostructured Hybrid Materials

SEM triblock terpolyners exhibit a wornike morphology with a crystalline corend a

patchy corona after CDSiA solution. To utilize this mique structure for Nihcorporation,

we developed a synthetic strategy for selechivectionalization of the®MMA block of a
SuoE21M 36t %@ triblock terpolymer where subscripts correspond to the mass fraction of the
blocks in wt % and the superscript denotes the overall molecular weightnmolkg An
amidationreaction (Fig 2.1-1 A) with different N,N-dialkylethylenediaminesreates the
required NPstabilizing amide and amine groups within the corona patches, which was
proven by the increasing amide | and Il vibrati¢h866cn, 1526cm?) and the decreasing

C=0 ester(1728cm?) vibration in the corresponding AR spectra Fig. 2.+1 B). The

desired degree of functionalization can be easily adjusted by the employed reaction time, as

exemplarily showin Fig. 2.1 Cfor a SEM amidation witiN,N-dimethylethylenediamine.
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Figure 2.1-1. Amidation of the PMMA block with differentN,N-dialkylethylenediamines
(A). FT-IR spectrum of a 7% amidated SEM triblock terpolymer Rmethyl) (B) and
kinetics of the amidation of SEM with, N-dimethylethylenediamingC).
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During the amidation, a side reaction causes imide formation of abe®® % (depending

on the alkyl substituent R, Fig. 211A) with respect to the converted ester units. This imide
formation observable in the IR spectrum by a vibration at 166, impactsthe polarity,

the solubility and in turn the CDSA of the functionalized triblock terpolymers in organic
solventsWith increasing polarity of the triblock terpolymer, the amidated block is insoluble
in THF even above the melting temperaturig) ©f the PEcore. This led to the formation of
micelles which caused nucleation of the PE at higher temperatures. CDSA resulted in a
highly irregular structure and usized aggregates were observEderefore, the CDSA of
triblock terpolymers bearing different alkgubstituents R (= methyl, ethyso-propyl) in

the amidated block was investigated. Depending on the polarity of the used alkyl
substituents, the maximum possible degree of amidatilmich is suitable for the formian

of well-defined patchy wCCMswvasincreased of up to 6% (iso-propyl substituents). The
morphology of the amidated corona patch was found to change with increasing solubility in
organic solvents. Polar patches, bearing R = methyl substituents, showed a collapsed
spherical shape located ¢tose proximity to the polyethylene (PE) core, whereas nonpolar
patches, bearing R so-propyl groups, showed a rectangular morphology and span from

the PE core to the outer rim of the corona (Fig-2).1

oo s
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Figure 2.1-2. TEM micrographs of (A)a 17% amidated SEM triblock terpolymer
(R = methyl) and (B) a 580 amidated SEM triblock terpolymer iso-propyl). The scale
bars in the insets are Bon. The polystyrene patches were selectively stained withh.RuO

The functionalized wCCMs were tested foretlstabilization of AUNPs Therefore,

tetrachloroauric (Ill) acid trihydrate was reducedsitu by Superhydride. The resulting
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AuNPs (d=8.2%+3.1nm) were selectively loaded into the functionalized patches as
revealed by transmission electron microscopy (TEM) (Fig-32.IThe hybrid material
showed a narrowocalized surface plasmon resonance (LSPR) atn&33which is

characteristic for AUNP and hintstae absence of agglomeration or aggregation.

A =533 nm
e
A7\

Absorbance
>

—
005 ul I I 400 500 600 700 800

Al nm

Figure 2.1-3. TEM micrograph and U\+Vis absorbance spectrum of AuNdaded
functionalized wCCMs. The scale bar in the inset ia®0 Polystyrene is selectively stained
with RuQu.

2.2 Strategies for theSelective Loading of Patchy WorraLike Micelles with Functional

Nanopatrticles

WCCMs with a patchy functional corona provide the possibility for a selective and
controlled incorporation of different types of NPs within the corona patches. However, until
now, only AuNPs were selectively incorporated into the functional corona patches (see
Chapter 3). The morphology of the hybrid wCCMs shows limitations with regard to the
AuNP distribution and loading capacityurthermore, for the CDSA of defined wCCMs,
only low degrees of functionalization were possible because a side reaction, the imide

formation, caused insolubility aheamidated patches.

In this publications, we developed a synthetic strategghtoproduction of defined wCCMs
with high degrees of funanalization. he versatility of theewCCMs as NP template is
shown by the incorporation of different types of NPs as webimaary loading with two

types of NPs.
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To overcome the limétions in loading capacity, theoS21Mz9'% triblock terpolymer was
functionalized by an optimized amidation reaction (Fig.-DB,2 leading to 9%6
functionalization of the PMM/Alockwithout imide formationThe resulting funtionalized
triblock terpolymer wascompletely soluble in organic solvents like THHie crucial
parameter for obtaining these high degrees of functionalization was the activation of the used
amine byn-BuLi. TEM micrographs of the functionalized wCCMs showell-defined

amidated patches (Fig. 213, which are comparable in size with the PS patches.
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Figure 2.2-1. Amidation of the PMMA bloclof an SoE21M 34! triblock terpolymerwith
N,N-dimethylethylenediamine with prior activation of the aminerbBuLi (A). TEM
micrographof the amidated SEM wCCM8). The sample is selectively stained with RuO

The highly amidated PMMA patches provide functional groups for the incorporation of
metal and metal oxide NPs. In a ligand exchange process, we loaded preformed acetate
stabilized zinc oxide (ZnO) and copper oxide (CuO) NPs irathiglated patches (Fig.2

2 A-D). The wCCMs are still well dispersed and the NPs are incorporated selectively into
the functionalized patchgshich are observable without staining of the sample. As the size

of the NPs was 2.¥ 0.4nm and 3.8 0.6nm for ZnO and CuO, respeatly, more than

one NP were incorporated per patch (width7 + 5 nm). Thekey advantage of this loading

method is the controllable size and size distribution of the preformed NPs.

In addition to the ligand exchange, we investigatedritstu reduction for the loading of
wCCMs with metal NPs. Therefore, tetrachloroauric acid trihydrate, silver trifluoroacetate
and hexachloroplatinic acid hydrate were reduced in the presence of the amidated wCCMs
with a strong reduction agent. The fast reducpioocess leads to the formation of small NPs,
which was confirmed by TEM (Fig. 22 A, E-G). The obtained NPs showed an average
diameter below Bim for all three noble metafghich promises a high active surface area for

an application in catalysisFor a high loading capacity with AuNP, the patches are
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observable without staining of the sample. In contrast, lower loading capacities (Ag and Pt)
lead to hardly observable patch®ge were furthermore able to transfer theitureduction

to a continuouand controllabldoading process via microfluidics. The results are similar to
the batch processvhich exhibits a high potential for easy upscalisgreening of reaction

parameterand tailormade hybrid materials

Path A: S
ligand exchange

Path B: in situ
reduction

@ metal NP
' — metal oxide NP
PathC: 7% e
selective solvent '*’ PS @ metal NP

Figure 2.2-2. Strategies for NP incorpation in wCCMs (A)Hybrid wCCMs wit different
types of NPs: ZnO (B, C), CuO (D), Au (E), Ag (F) and Px. (G

For binaryloading of the wCCMs with two different types of NPs, a third method for NP
incorporation in the PS patches is needed. To this engrenipitation, which is based on
selective polymepolymer and polymesolvent interactions, is used. Btbilized AUNB

were first synthesized and then mixed with the wCCMs. Successive addition of acetone until
a volume fraction of 90 vé leads to a collapse of the PS patch which incorporates the PS
stabilized AuNPs Kig. 2.22 A, Fig. 2.23 A). If ZnO NP are added bef the ce
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precipitation procesginaryloaded hybrid wCCMs can be obsern&tg 2.22 A, Fig. 2.2

3 B). These hybrid wCCMs possess a high potential for photocatalytic applications as
synergistic effects of ZnO and AuNP are known to enhance the catalyityasee Chapter

7).

100 nm o 100 nm

Figure 2.2-3. Stained hybrid wCCM obtained by-qowecipitation with PSstabilized AuUNP
(A) andbinaryloaded hybrid wCCM (B). Thkinaryloaded hybrid wCCM is shown without
staining to observe both, the ZnO NP (light grey spasl)the AuNP (black spots).

2.3 BottomUp Meets TopDown: Patchy Hybrid Nonwovens as an Efficient Catalysis

Platform

Based on the successful functionalization of the patchy wCCMs for incorporation of NPs,
these materials should find an applicatiocatslyst. Here, éterogeneous catalysis provides
several advantages with respect to the purification of the reaction products and the reusability
of the catalyst material. The major drawback of heterogeneous catalysts is their decreased
activity comparedd homogenous catalysts. To provide a sustainable catalyst, all these

criteria must be taken into account.

The highly loaded hybrid wCCMs of the first two publications promised a great potential as
heterogeneous catalyst. But as these hybrid materials esggliansolution had to be found

for fixation of the wCCMs on a polymeric supparhich guaranteeslagh surface aretor
preservation of the good accessibilityherefore, we designed an efficient and reusable
catalyst material by the combination of c@dxelectrospinning, which is a technically
relevant processing method, and CDBAthe formation of functional patchy wCCMBSor
coaxial electrospinning high molecular weight polystyrene (PS) was used as core material
to enable the electrospinning proses low voltages (20kV) (Fig. 2.31 A). This low

voltage was the crucial parameter for the successful coating of the supporting PS nonwoven
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with thepatchy wCCMs. The amino groups on the surface of the resulting patchy nonwoven
are ableto stabilize AINP, which were loaded into the patches by digptheminto an

aqueous dispersion oitratestabilized AuNPs for 24 (Fig. 2.31 B).

A

c
o
Ly ? Loading of patchy non-
g woven with AUNP
3 functional ™ il .2 =
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o =
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o

VA’ s
= ' .' ,
é PS fibers coated
with wCCMs

Figure 2.3-1. Schematic preparatigorocess of patchy hybrid nonwovens through coaxial
electrospinning (A) and loading of the resulting nonwovens with AuUNP by digBing

The obtained purple hybrid nonwovens were analyzed by scanning electron microscopy
employing a backscattered electr@®SE) detector (Fig. S2-3 A), reflective U\ Vis
measurements and small anglgay scattering to prove the homogeneous loading ef th
nonwoven with welldispersed\uNPs. No agglomeration occurred after washing and drying

of the hybrid nonwovens. The maxim loading capacity of a 1xctr® nonwoven was 4[ig

of gold as revealed by inductively coupled plasma optical emission spectromet@ASP

The hybrid nonwoven was used as catalyst for the alcoholysis of dimethylphenylsilane with
n-butanol at room tengyature and showed a high catalytic activity. In comparison to
literature, the reaction temperature and the time were decreased dramatically. Furthermore,
the hybrid nonwovensed in this publicatioshowed a stable performance in ten subsequent
cycles ofalcoholysis without loss of activity. IGBES proves the absence of leaching,
which promises a high relevance in heterogeneous catafysishown in Chapter 4heé
amidated patches on the surface of the nonwoven provide an efficient stabilization for

difer ent types of NPO&6s. This opens the way f.
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Figure 2.3-2. SEM micrograph of the hybrid nonwoven obtained by using a backscattered
electron (BSE) detector (A) and conversion of dimethylphenylsilanemaliiitanol in the
first (black) and the tenth cycle (red) using the hybrid nonwoven as catalyst (B).

2.4 Clinical WastewaterTreatment: Photochemical Removal of an Anionic Antibiotic

(Ciprofloxacin) by Mesostructured High Aspect Ratio ZnO Nanotubes

In addition to patchy wCCMs, which are the focus of the Chapté&rsabso cylindrical
polymer brushes (CPBs) formed by amorphous diblock copolymer8CEs) are
interesting template materials. Following the second concept of this thesis for synthesis of
mepstructured catalysts, these CPBs provide different advantages. As the concept includes
the pyrolytic removal of the polymeric template, a temphatech shows a higher thermal
stability than the wCCMs was needed. Furthermore, the CPBs provide a lealgttofsc
several pymwhich enhances the stability of the formed inorganic catalgstise a catalyst

like this for the photocatalytic degradation of antibigtie® choseZnONPs as inorganic
componentThese NPs provide a point of zero charge (PZ®)3{vhich leads to a positive
charge at a typical pH of 8 for clinical wastewater. Most antibiotics like ciprofloxacin bear

a negative charge at this pH. Consequently, an electrostatically favored adsorption of the

antibiotic on the ZnO surface is expected.

For CPB formation di-BCPs of polybutadienblockpoly(2-vinylpyridine) (PBb-P2VP)
were usedQuaternization of the RZP corona with methyl iodide ¢eto a stable solvent
independent charge (Fig. 214A). In this positively charged corona, phase pacsate
stabilized ZnMIPs with a size of 3.@m were loaded to obtain hybrid cylinders (Fig.-2.4

B, C). Subsequent pyrolys these hybrid cylinders resulted in a mesostructured ZnO

nonwoven (Fig. 2.4 D).
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Figure 2.4-1. Scheme of the preparation of &sostructured ZnO nonwoven. Cylindrical
polymer brushes of a PB-P2VP diblock copolymer with quaternized corona (A) are loaded
with ZnO NP5 (B) and calcinated at 49 (C) to obtain the final mesostructumreahwoven

(D).

SEM and TEM analysis of the Znkybrid material showed high loading densities of the
polymeric corona due to electrostatic interactions between the positively chargedatwrona
the negatively charged ZiNPs (Fig. 2.42 A, B). The coreshell structure of the hybrid
cylinders is observablby a grey scale analysis (Fig. -24nset in B).Pyrolysisof the
polymeric template at 498C ledto Ostwald ripeningf the ZnONPs. However, the powder
X-ray diffraction (PXRD) pattern confirmedtiat the nanoparticulate structure was preserved
and ZnOcrystals in the size range of 125nm were obtained. The Ostwald ripeniofg

the ZnONPs simultaneously teto sintering of the particleghich stabilizes the cylindrical
structure. SEM and TEM revesl that the mesostructure was preserved after tHerma
treatment (Fig2.4-2. C, D) and the grey scad@aalysis of a single pyrolyzeylindershowed

the formation of nanotube@-ig. 2.42 inset in D).The surface area was analyzed by

Brunauer Emmett Teller measurements to yield a value of’g1.

Figure 2.4-2. SEM and TEM micrographs of the ZnO hybrid material (A, B) and the
pyrolyzed ZnO nanotubes (C, D). The insets show the grey scale analysis of both.
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The pyrolyzedZnO cylinders were tested in the photocatalytic degradation of ciprofloxacin,
which is a common antibiotic in clinical wastewater. Here, the mesostructured ZnO catalyst
showed a superior performance in comparison with Degussa P25, a commaafaigst

(2.9 times better degradationand in the abence of any catalys{33 times faster
degradation)This is attributed to thabove mentioned positive charge of the ZnO at a pH

of 8 which favors electrostatic adsorption of the ciprofloxacin. In contrast [e@rs a

negative charge at the sag@ndition,as the PZC is 6.9.
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Figure 2.4-3. Kinetic plot of the photocatalytic degradation of ciprofloxacirthwihe
pyrolyzed ZnO nanotube nonwoverDegussa P25 (a common TbiCatalyst) andn the
absence of angatalyst.

2.5 MesostructuredZnO/Au Nanoparticle Composites with Enhanced Photocatgtic

Activity

The optimization of catalyst performance is a major issue in heterogeneous catalysis. The
ZnO catalyst material reported in Chapter 6 already showed an enhanced performance in the
photocatalytic degradation of ciprofloxacin with respect tgudsa P25, a common used

TiO> catalyst. However, the ZnO catalyst still offers a potential increase in activity by the
use of synergistic effectgith noble metals like AUNP. Here, the absorbance of visible light,
which is used for the photocatalytic degraalatof antibiotics, is enhanced by the LSPR of

Au. The method reported in Chapter 6 for preparation of the catalyst material was slightly
modified by addition ofin situsynthesized AuNP to thenD hybrid cylinders. Pyrolysisf

the ZnO/Au hybrid materials resulted in ZnO/Au nanowires (Figl12.5
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Figure 2.51. SEM micrographs of ZnO/Au nanoparticle composite nanowires with 8
(A), 12% (B),15% (C) and 26% (D) Au. HAADFSTEM image (E), EDX mapping (inset
in E) and HRTEM micrograph (F) of the composite nanowires wittPAAu. The inset in
F shows the fast fourier transfolifaFT) of the Au NP.

The ZnO/Au nanowires were prepared with ancddmtent of 86, 12%, 15% and 26%.

The SEM micrographs prove the preservation of the mesostructure after pyrolytic template
removal. According to the PXRD pattern, the ZnO NP were grown frehm@ before
thermal treatment to 125nm after thermal treatent. The AuNP tend to a more distinct
growth from 45 nm to 1824 nm. The HAADFSTEM image shows a clear difference in
contrast of the ZnO and Au NP. The EDX mapping of the nanowire wi#h A2 content
confirmes that the Au NPs are distributed statilifiaver the composite hanowires and the
high resolution TEM micrograph clearly proves the presence of ZnO NP and Au NP within

the composite nanowires.
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For catalytic studies, the photocatalytic degradation of ciprofloxacin with the ZnO/Au
compositenanowires was compared to the neat ZnO nanowires from Chapter 6. Only the
ZnO/Au composite material with 12 Au content showed an increased actiyityl times
faster degradationfompared to the neat ZnO nonwoveAs. the ZnO/Au composite
material showea smaller surfacarea (25 rfgt) than the pure ZnO nanotubes (33gH),

an effect of the surface area can be exclahebthe enhancement in activity is attributed to
synergistic effectd-or a lower amount of Au, the synergistic effect is too wealbsewe

an enhancement of degradation. Higher amounts of Au result in ekbcimonombinations,
which lower the activity of the catalyst material. The catalytic photodegradation was also
tested with another antibiotic, levofloxacin, which degrades iméasi process. Here, the
same results were obtainedhich is again attributed to the electrostatically favored
adsorption of levofloxacin on ZnO and the synergistic effect of ks promises a broad
applicability of the ZnO/Au composite catalyst alsooither photocatalytic degradation
processesvhich will be the focus of future studies.
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Figure 2.5-2. Kinetic plots of the photocatalytic degradation of ciprofloxacin with the
ZnO/Au composite nanowires in comparison to pure ZnO nanowires.
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2.6Individual Contributions to Joint Publications

The publications included in this thesis are a collaborative work of several researchers. The

individual contributions of all (cQauthors are specified in this section.

Chapter 3 is published Macromolecugs 2016 49, 2761 under the title

Patchy Worm-Like Micelles with Tailored Functionality by Crystallization -Driven

SeltAssembly: A Versatile Platform for Mesostructured Hybrid Materials

by Judith SchébelMatthias Karg, Dominic Rosenbach, Gert Kradssjreas Greiner, and

Holger Schmalz

| designed and conducted all experiments, did the main part of the analytics and wrote the
manuscript except the part of dynamic light scattering. Matthias Karg conducted the dynamic
light scattering experiments and wedhe corresporidg sectionof the manuscripDominic
Rosenbach and Gert Krauss were partly involved in the functionalization of PMMA and the
synthesis of the gold nanoparticles and did these experiments under my supervision. Andreas
Greiner cesupervisedhe project. Holger Schmalz supervised the projecjesigned the

experiments and corrected the manuscript.

Chapter 4to be submittedo Nanoscalaunder the title

Strategies for the Selective Loading of Patchy Wornabike Micelles with Functional

Nanoparticles

by Judith SchébelAnne Weckwerth, Mathias Schlenk, Carina Bojer, Josef Breu, Stephan
Forster, Andreas Greiner, Matthias Karg, and Holger Schmalz

| designed and conducted the main part of the experiments, including the functionalization
of the triblock terpolymers, the sedlssembly and the synthesis of hybrid materials. | did the
analytical part forall experimens. Furthermore, | was involved in the microfluidic
experimers, the ceprecipitation method and wrote the manuscript. Anne Weckwezrt
designed and conducted the main part of the experiments for-{eapitation method.
Mathias Schlenk coesigned and conducted the microfluidic experimdnirthermore, he
wrote a part of the manuscri@arina Bojer synthesized the metal oxide nanoparticles. Josef

Breu supervised the synthesis of metal oxide nanoparticles. Stephan Forster supervised the
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microfluidic experimerg Andreas Greiner esupervised the project. Matthias Karg
supervised the eprecipitation experiments and corrected the manuscript. Holger Schmalz

co-designed the experiments, supervised the project and corrected the manuscript.

Chapter 5 is publisheds a very important paper Angewandte Chemig International
Edition, 2017, 56, 405 and inAngewandte Chemie€2017, 129 416 This paper was
highlighted by Manners et al. Angewandte Chemielnternational Edition 2017, 56, 2842
and inAngewandte Chemi2017, 129, 2886. The paper was published under the title

Bottom-Up Meets Top-Down: Patchy Hybrid Nonwovens as an Efficient Catalysis

Platform

by Judith SchébelMatthias BurgardChristian Hils, Roland Dersch, Martin Dulle, Kirsten

Volk, Matthias Karg, Andreas Greiner, and Holger Schmalz

Matthias Burgard and | contributed edyaio this publication. We both designed and
conducted the experiments. Both of us were involved in the analytical part. | wrote the
manuscript except the SAXS part. Matthias Burgard designed the figures for the manuscript
and corrected the manuscript. Wkere both involved in the German translation of the
manuscript. Christian Hils conducted a main part of the experiments under supervision of
Matthias Burgard and me. Roland Dersch was involved in scientific discussions. Martin
Dulle conducted the SAXS expaments and wrote the corresponding section of the
manuscript. Kirsten Volk conducted the WXis reflectance measurements. Matthias Karg
supervised the UWis reflectance measurements and was involved in the correction of the
manuscript. Andreas Greiner -sapervised the project and was involved in scientific
discussions. Holger Schmalz-designed the experiments, supervised the project, corrected

the manuscript and was involved in the German translation of the manuscript.
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Chapter 6 is published Applied Catalysis B2017, 204, 561 under the title

Clinical Wastewater Treatment: Photochemical Removal of an Anionic Antibiotic
(Ciprofloxacin) by Mesostructured High Aspect Ratio ZnO Nanotubes

by Carina Bojer Judith SchébelThomas Martin, Michael EftHolger Schmalz, and Josef

Breu

This publication is a joint project of the departments Inorganic Chemistry | and
Macromolecular Chemistry 1l of the University of Bayreuth in the frame of the Collaborative
Research Center SFB840, project A2.

| co-authoredhis publication and synthesized the diblock copolymer. | was involviégein
design of the experimentsgientific discussions and wrote a part of the manuscript. Carina
Bojer designed and conducted all experiments and wrote the main part of the manuscrip
Thomas Martin conducted the PXRD measurements and the Rietveld refinements. Michael
Ertl designed and constructed the continuous flow reactor. H8tdenalzwas involved in
scientific discussions and corrected a part of the manuscript. Josef Breuisagpdne

project and corrected the manuscript.

Chapter 73 published ifPolymer 2017, 128 65under the title

Mesostructured ZnO/Au Nanoparticle Composites with Enhanced Photocalgtic
Activity

by Carina Bojer Judith SchébelThomas Martin, Thomdsunkenbein, Daniel R. Wagner,

Andreas Greiner, Josef Breu, and Holger Schmalz

This publication is a joint project of the departments Inorganic Chemistry | and
Macromolecular Chemistry Il of the University of Bayreuth in the frame of the Collaborative
Reseach Center SFB840, project A2.

Carina Bojer and | contributed equally to this publication. Both of us designed and conducted
the experiments and wrote the manuscript. Thomas Martin conducted the PXRD
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Abstract

Onedimensional patchy nanostructures are interesting materials due to their excellent
interfacial activity and their potential use as carrier for functioaabparticles. Up to now

only wormtlike crystallinecore micelles (WCCMs) with a nefmnctional patchy PS/PMMA
corona were accessible using crystallizatiibiven selfassembly (CDSA) of polystyrene
blockpolyethyleneblockpoly(methyl methacrylate) (SEMjiblock terpolymers. Here, we
present a facile approach toward functional, patchy wCCMs, bearing tertiary amino groups
in one of the surface patches. The corona forming PMMA block of a SEM triblock
terpolymer was functionalized by amidation with diffetrdl,N-dialkylethylenediamines in

a polymer analogous fashion. The CDSA of the functionalized triblock terpolymers in THF
was found to strongly depend on the polarity/solubility of the amidated PMMA block. The
lower the polarity of the amidated PMMA bloglcreased solubility) the higher is the
accessible degree of functionalization upon which defined,-disgdersed wCCMs are
formed. Interestingly, also the structure of the patchy corona can be tuned by the
composition/chemistry of the functional patchyigg rise to spherical patches for R =
methyl, ethyl and rectangular patches for Repropyl. Patchy wCCMs were successfully
used as template for the selective incorporation of Au nanoparticles within the amidated
corona patches, showing their potentss versatile platform for the construction of

functional, mesostructured hybrid materials.
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3.1Introduction

The selfassembly of amorphous block copolymers (BCPs) is aagtdiblished route for

the production of tailemade micellar nanoand microstructures. From simple micellar
coreshell systems to more complex multicompartment micelles (MCMs) there is a wide
range of accessible morphologies in solution, for example sphtticglindrical,'2>°
helicaf'? and lamella® structures. Tase morphologies are prepared by-asembly in
selective solventé® or by applying different external stimuli like temperatiré and
pH2% A broad variety of applications is accessible using especially MCMs, e.g., in drug
delivery?2¥2® as tenplate for the formation of hybrid materials with metal

nanoparticles®?425%n optoelectronic devicé$?*?%or in paints and cosmetiés?

In recent years, the crystallizatiginiven selfassembly (CDSA) of senarystalline BCPs

has attracted increag interes£’® While cylindrical micelles, selassembled by
amorphous BCPs, are known to show a broad length distribution, CDSA facilitates the
production of defined cylindrical micelles with a seenystalline core and a high aspect
ratio° This field was pioneered by the work BfANNERS andWINNIK et al. on the CDSA

of diblock copolymers with a serarystalline polyferrocengdimethyisilane (PFS) block.

The key advantage of CDSA over saffisembly of amorphous block copolymers is that
CDSA can beconducted in a living manner, i.e. in analogy to the living polymerization of
vinyl monomers, which allows to precisely control the length and length distribution of
cylindrical micelles’>3* Moreover, this excellent control over sasembly opens acee®

more complex micellar architectures, like blockroaelles?3>3%(the micellar analogues to
block copolymers), noeentrosymmetric block emicelles’, patchy block camicelles?,
branched micelléd 2D lenticular platelet micelle® and scarshgped micelle¥,
hierarchical setassembligd*? and hybrid structuré$*. Living CDSA has also been
reported for block copolymers with polyethyléh&’, “-conjugated poly(3
hexylthiophené, poly(ecaprolactonéf and stereoregular polylactitfeblocks.

Recently, we have shown that patchy weike micelles can be produced by the CDSA of
polystyreneblock-polyethyleneblock-poly(methyl  methacrylate) (SEM)  triblock
terpolymers with a sendrystalline polyethylene (PE) middle blot¢kDepending orthe
solvent quality for the PE block, spherical (sCCMs) or wdika (wWCCMSs) crystallinecore
micelles with a patclike microphaseseparatedoolystyrene/poly(methyl methacrylate)
(PS/PMMA) corona were obtainé. Smallangle neutron scattering on a SENblck
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terpolymer with a deuterated PS block clearly showed the presence of the patchy corona in
solution, i.e., microphasgeparation of the corona blocks occurs simultaneously with
crystallization of the PE block upon coolifgTaking advantage of thelsent dependence

of selfassembly, SCCMswhich were prepared by sedssembly in dioxanewere used as

seeds for the livin@DSA of triblock ce and terpolymers with a serarystalline PE middle

block and the formation of PE based blackmicelles?’ Patchy wCCMs show excellent
interfacial activities comparable to that of Janus cylinders, making them promising
candidates for highly active surfactants and compatibilizepslymer blends? It is noted

that spherical and cylindrical micelles as wellvesicles with a patehke microphase
separated corona structure were also observed for amorphous block cop&ffffers.

So far, only wCCMs with a nefunctional patchy PS/PMMA corona were accessible. The
lack of suitable functional groups limits thepdipability of these patchy micelles, e.g., as
carriers for the incorporation of pfermed nanoparticles or as nanoreactors for the selective
in-situsynthesis of nanoparticles within one type of corona patch. There are some limitations
arising from theriblock terpolymer synthesis, which complicate the preparation of such
functional patchy micelles. The SEM triblock terpolymers are produced by catalytic
hydrogenation of the corresponding poly(budtadiene) containing triblock terpolymer,
synthesized bgequential anionic polymerizatiGh.Consequently, functional groups like
amino groups cannot be introduced prior to hydrogenation, as this results in a poisoning of
the hydrogenation catalyst and hydrogenation fails. Thus, we decided to introduce &inction
groups after the hydrogenation step postpolymerization modification of the PMMA
block in SEM triblock terpolymers. PMMA is reported to show low reactivity toward post
polymerization modifications. Frequently, a high excess of reactants is indibpeifier
hydrolysis® transesterificatio¥ or amidatio®. THEATO et al. showed that the use of
organeactivating agents in the amidation of PMMA can dramatically increase conversions
up to 70% within 48h reaction tinft However, an excess of amine and orgaativator is
required, making additional purification steps necessary to remove residual -organo

activator.

Here, we report on the preparation of wCCMs with a functional patchy corona, bearing
tertiary aminogroups inone of the surface patches, utilizing crystallizatisiven self
assembly. To this end, the PMMA block of a SEM triblock terpolymer was functionalized
by amidation with differentN,N-dialkyethylenediamines. First, the pgmilymerization

modification wasoptimized on a PMMA homopolymer and then transferred to the SEM
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triblock terpolymer. The influence of the degree of amidation and the polarity of the
amidated PMMA block on CDSA of the functionalized triblock terpolymers is investigated
by micro differenial scanning calorimetry gDSC), static (SLS) and dynamic (DLS) light
scattering and transmission electron microscopy (TEM). It is shown that the solubility of the
amidated PMMA block needs to be adjusted properly in order to getlefalied wCCMs

with tailored patch functionality, which can be further used as templates for the selective

incorporation of gold nanopatrticles.

3.2 Experimental

Materials.  N,N-Dimethylethylenediamine (DMEDA), N,N-diethylethylenediamine
(DEEDA) and N,N-diisopropylethylenediamme (DPEDA) were purchased from Acros
Organics and were purified by distillation prior to use. Dimethyl sulfoxide (DMSO) and
tetrahydrofuran (THF) were used as received (Sigdaich, p.a. grade). PMMA granulate
with  M,=35000g mot! was purchased from SigmaAldrich. Hydrogen
tetrachloroaurate(lll) trinydrate (Alfa Aesar, 99.99%) and Superhydiid&tsBH, 1M

solution in THF, SigmaAldrich) were used as received.

Synthesis of the SEM triblock terpolymer. The polystyrenélockpolyethyleneblock
poly(methyl methacrylate) (SEM) triblock terpolymer was synthesized by a combination of
living anionic polymerization and catalytic hydrogenation, as reported elsetiférst, the
corresponding  polystyrerAdockpoly(1,4butadieneblockpoly(methyl mehacrylate)
(SBM) precursor was synthesized by sequential anionic polymerization in toluene. The
obtained SBM triblock terpolymer was extracted with cyclohexane, a selective solvent for
polystyrene and polybutadiene, in order to remove small traces oireghaolystyrene
homopolymer and polystyreAsockpoly(1,4butadiene) diblock copolymer, originating
from termination (Figure $1). The molecular weight and the composition of the SBM
triblock terpolymer were determined by a combination of MAIIMF MS
(BrukerReflexIll) and *H-NMR and resulted in 8B21M3¢*®” (Bm = 1.03, THFSEC
calibrated with PS standards), where the subscripts correspond to the mass fraction of the
blocks in wt % and the superscript denotes the overall molecular weight in kg@atalytic
hydrogenation of the poly(1;dutadiene) middle block using Wilkinson catalyst resulted in
the corresponding polystyrefidock-polyethyleneblock-poly(methyl  methacrylate)
(S40E21M 39'%9) triblock terpolymer.
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Amidation of PMMA and SEM. In a typica synthesis, 0.5 PMMA (1 eq with respect to

MMA units) was dissolved in 5L DMSO ( = 10 g L'}) at room temperature. The solution

and the amine were degassed with argon fonB0in separate vessels. 89 of amine were
added to the PMMA solution arbated to 130C under argon. Detailed information on the
applied reaction times can be found in Besults and Discussisection. The amidated
PMMA was purified by dialysis against water (Spectrapor 4 dialysis tubes from regenerated
cellulose with MWCO of 1214 kDa), followed by freezelrying yielding a white powder.

For the SoE21M34'® triblock terpolymer, 0.5 SioE21M39t% (1 eq with respect to MMA
units) was dispersed in DMS©# 10g L) at 130°C for 4h. After cooling down to room
temperature, the dispersion and the amine were degassed with argomiariB&eparate
vessels. 3@g of amine were added to the puobr dispersion and heated to &8 under

argon (details on applied reaction timesRiesults and Discussiaection). The amidated

triblock terpolymer was purified by dialysis against water and subsequent-the@zg.

Sample Preparation.The amidated tiolock terpolymers were dissolved at 85 in THF
(c=10 g L) for 30min and quenched to the crystallization temperature of the PE middle
block, which was determined by[PSC measurements. Crystallization was conducted for
1din a thermo shaker (HLC MR:13, Ditabis) at 20@0pm.

In situ synthesis of gold nanoparticlesA 10 g L™ dispersion 0BssE20DEA42*%-31in THF

was heated to 68C for 30min and subsequently quenched to°€8for 1d for
crystallization. The dispersion was diluted tg 1t and sirred for 1h. Then, 15.L of a

0.1M solution ofhydrogen tetrachloroaurate(lll) trinydrate THF (2.3eq) was added to

2 ml of theSssE20DEA42'4-31 dispersion (1 g L, 1 eq with respect to tertiary amigooups

in the amidated PMMA block) and stirréat 1 h. 7.5uL of a 1M solution of Superhydride

in THF (4.3eq) was added to reduce thalrogen tetrachloroaurate(lll) trinydrafiehe color
changed immediately to violet. The solution was stirred for 1 h before preparation for TEM

analysis.

Instruments. The amidated PMMA homopolymers were characterized'tByNMR
spectroscopy (Bruker Ultrashield 300 spectrometer) using deuterated DMSOweithol
of trifluoroacetic acid as solvent. The signal assignment was supported by simulations with

the NMR-softwae MestReNova
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FT-IR spectroscopy was conducted on a Digilab Excalibur Series FTS with a MIRacle ATR
unit of Pike Technologies. The ester conversion was determined from the peak absorbances

of the remaining ester vibration at 171724cm! and the amide Vibration at 166&m™.

The thermal properties of the amidated SEM triblock terpolymers in solution (10irg L
THF) were studied by micro differential scanning calorimetry (SETARAM rAREE I11).
For the measurements closed batch cells and a scamténgfr0.5K/min were employed.

Pure THF was used as reference.

The morphology of the patchy wCCMs was investigated by elastic Hrahthtransmission
electron microscopy (TEM) using a ZEISS 922 Omega EFTEM (Zeiss NTS GmbH,
Oberkochen, Germany) electranicroscope operated at an acceleration voltage ok200
Zero-loss filtered images were registered digitally on a bottom mounted CCD camera system
(Ultrascan 1000, Gatan) and processed with a digital imaging processing system (Gatan
Digital Micrograph 3.9or GMS 1.4). The samples were diluted to .0 and 10 pL were
drop-coated onto a carbecpated copper grid lying on a filter paper. After drying in a
vacuum oven at room temperature and a pressureraba6, the samples were stained with
RuQs vapor,which is known to selectively stain PS. For determination of the average length
of the micelles, at least 100 wCCMs were measured. For the average size of the gold
nanoparticles at least 1p@rticles were analyzed with the softwaregeJ

The hybrid material 0fS3sE20DEA421%*31 wCCMs and gold nanoparticles in THF was
analyzed by UWis spectroscopy (V638pectrophotometer from JASCO). The
measurement was conducted in a fused silica cuvke#t® (L cm) at room temperature.

Dynamic and static light scattering were measured on a 3D LS spectrometer (LS Instruments
AG, Fribourg, Switzerland) in 2D operation. A continugusve HeNe laser emitting At=

632.8 nm (max. output power of 35 mW) was used as a light source. All nreasisevere
performed in an angular range frapx 30°- 150° yielding an accessibtgrange of 0.007

i 0.027 nmt. The sample temperature was adjusted by a heat controlled decalin bath and
controlled by a PT100 thermoelement that was placed in the vioinike sample. Prior to

the measurements each sample was filtered using PTFE membranes (hydrophobic) with 5
mm pore size (Rotilabo). For static light scattering (SLS) the-tinezage scattered light
intensity was measured in angular steps of 5° with 4&gsiisition time (3 runs each) and
normalized by the laser intensity as monitored by a monitor diode. The scattered light was

recorded by two APD detectors allowing for crassrelation in dynamic light scattering
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(DLS). DLS was performed in steps of Wfth 60 s acquisition time sufficiently long to
reach convergence of the intercept and relaxation Gés analyzed by secomdder

cumulant analysis. Hydrodynammadii, R,, were calculated using the Stolesstein

: k., T .
equationR, = 6pB/D , With kg, the Boltzmann constarni, the absolute temperatuit, the
T

viscosity of the solvent aridr, the translational diffusion coefficient.

3.3Results and Discussion

We aimed on the preparation of watike crystallinecore micelles (wWCCMs) with a
functional patchy corona, bearing tertiary amino groups in one of the surface patches that
can be utilized as templates for the selective incorporation of Au nanopartichdgs €nd,

a SEM triblock terpolymer was functionalized by amidation of the corona forming PMMA
block with differentN,N-dialkylethyleneliamines (Schem&-1).

G i

N.
30eq HzN/\/ R

z 130°C, DMSO
o

R = methyl, ethyl, iso-propyl

Scheme3-1. A) Amidation of PMMA withN,N-dialkylethylenediamines. The reaction leads
to a random copolymer with imide, amide and remaining ester units. B) Seliecsita
formation of Au nanoparticles within the amidated patches of functional wCCMs (TEM
images correspond tadE21DEA43'4-31 WCCMs).
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It is not possible to directly characterize the functionalized triblock terpolymérs RiR.

For NMR studies all blocks need to be soluble in the employed solvent. Bhelitaited
solubility of the PE middle block in organic solvents andablarity of the amidated PMMA
block only THF at elevated temperature, i.e. above the melting point of the PE block (ca.
50°C), can be useddowever, & THF shows a residual signal at 3g8n, which overlaps

with the remaining ester units of PMMA at 3p@m (Figure S-2), the conversion of ester
units is not quantifiable bYH-NMR spectroscopy and can only be determined by means of
FT-IR spectroscopy. Hence, we first studied the amidation of a PMMA homopolymer to
provide a correlation between conversiooni 'H-NMR and FFIR spectroscopywhich is
transferrable to the SEM triblock terpolymers in order to get quantitative results froi FT

spectroscopy.

Amidation of PMMA. PMMA (M, = 35,000g mol') was amidated in the presence of
excess amine (3€q with respect to MMA units) at 13C€ in DMSO. The amines used in

this study wereN,N-dimethylethylenediamine (DMEDA)N,N-diethylethylenediamine
(DEEDA) and N,N-diisopropykethylenediamine (IPEDA) (Sclkeme 3-1). Successful
amidation was proven by FIR and 'H-NMR spectra, as shown for a representative
DMEDA-functionalized PMMA in Figure S3. Besides characteristic amide | and amide |l
bands at 1666m™* and 1526m?, respectively, a shift of the C=0 dtrking vibration of

the pendant methyl ester units, which is typically found at th28 for PMMA, to
1716cmt was observed. This indicates imide formation as a side reaction, which was also
observed byTHEATO et al® H-NMR spectroscopy confirms thissignment as there are
typical proton signals for amide and imide units in the amidated PMMA (Figa3Bp

Thus, the obtained amidated PMMA is a random copolymer composed of amide, imide, and
residual MMA units (Schem8&-1A). Size exclusion chromatograpiSEC) shows that
amidation proceeds without side reactions as the molecular weight distribution of the
amidated PMMA is still monomodal and shifted to higher molecular weights compared to
the neat PMMA homopolymer (Figur&8).

Figure 31A shows the conversiors. time plot for the amidation with DMEDA as obtained
from *H-NMR. A conversion of 200% is already observed after B0and almost full
conversion is reached after 100 h. This shows that even in the absence of afactigatar
a complete conversion of PMMA ester units can be achieved for the emphbyéd

dimethylethylenediamine. From the integral of the specific imide and amide proton signals
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(5Nand5 in Figure S3B, respectively), the fraction of imide units can be calculated to
50+ 6% and hardly depends on the conversion of PMMA ester dngarg 31A).
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Figure 3-1. A) Kinetics of the amidation of PMMA with DMEDA (squares) and fraction of
imide units in dependence on reaction time as determined #bNMR (triangles). B)
Correlation of degree of functionalization, i.e. the fraction of consumed PMMA ester units,
determined fromH-NMR and FFIR (dashed line corresponds to ideal correlation with
identical results from both methods). C)-FR spectrum of SE10DMA 451873, where the
amide | band is observable at 166862. D) Kinetics of the amidation of SEM with DMEDA.

Figure 31B shows the correlation between the degree of functionalizd)ioine( fraction

of consumed ester units, determined quantitatively fldiNMR with that extracted from

the FTFIR spectra (qualitative results by comparing the intensity of ester ¢iitpand

amide | bands (1666m1)). This correlation shows comparable results fistfNMR and

FT-IR at low degrees of functionalization, but devsatat higher conversions with
determined fromtH-NMR being systematically larger compared to that fromIRTThis

can be attributed to the presence of imide groups, whose absorption is overlaid with that of
residual ester units and, thus, the degreemdtfonality is underestimated from HR data

especially at higher conversions (weaker absorption of remaining ester units).
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Synthesis and selbssembly of DMEDAamidated SEM triblock terpolymers
(SEDMA). The selective amidation of the PMMA block withiretSEM triblock terpolymer
(S40E21M39'%8, subscripts denote weight fractions of the blocks and superscripthdivies

kg moft) with DMEDA was conducted in a similar way as for the PMMA homopolymer. In
DMSO, the PS and the PMMA blocks are dissolved at°C3Mut the molten PE block
(Tm(bulk SEM)a  8C89) is insoluble. Therefore, micelle formation was observed by a
characteristic blue color of the dispersion (Tyndall effect) during the reaction. Nevertheless,
FT-IR spectroscopy confirms successful fuantlization of the SEM triblock terpolymer
after amidation for 46 (Figure 31C). The amide | and amide Il bands are located at
1666cmt and 1527%cm?, respectively, and the shift of the C=0 vibration of the remaining
PMMA ester units from 1728m?* to 1724cmt indicates the presence of imide units in the
amidated SEM triblock terpolymer. This is consistent with the results obtained for the
DMEDA-amidated PMMA homopolymer (Figur&8SA). For the reaction kinetic&igure
3-1D), the degree of functm@lization (conversion of MMA ester units) was determined
applying thetH-NMR/FT-IR correlation shown ifrigure 31B. For almost full conversion

of the PMMA ester units, a slightly longer reaction time of b2 required in comparison
with the amidatiorof the PMMA homopolymer (100 h for full conversion). This can be
attributed to the limited accessibility of the MMA units in the micellar corona slowing down

the reaction.

Selfassembly studies on the neat SEM triblock terpolymers have shown that thee@rese
of unimers prior to crystallization of the PE middle block is decisive for the formation of
wCCMs in a good solvent for PE like THEThus, the important question is whether we
still get welldefined patchy wCCMs via CDSA after selective amidationhef PMMA

block, which might influence the solubility of the triblock terpolyntégure 32A shows a

TEM image of the structures obtained by CDSAI(dt 25 °Cc = 10 gLtin THF) of the
amidated SEM triblock with a degree of functionalizatiof ©17% (SssE21DMA 4011%-17).
Well-dispersed wCCMs with a bright appearing, continuous PE core and a patchy corona
are formed. Due to the selective staining with Ru®e PS domains in the corona appear
dark, whereas the bright patches correspond to the amiBadtA (PDMA) block. In
contrast to wCCMs formed by the neat SEM triblock terpolymesE68Vst%) in THF,

which show an alternating arrangement of equally sized PS and PMMA domains, the
SsoF21DMA 40t1%-17 wCCMs exhibit significantly smaller spherical PDMémains. This is

at a first glance unexpected, as both the PS and PDMA blocks have similar length and
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accordingly should form patches of similar size. One possible explanation for the reduced
PDMA patch size might be the limited solubility of the PDMA blacKTHF, as deduced

from solubility studies on the corresponding amidated PMMA homopolymers (Taldlg S

A similar reduction in patch size was observed for the CDSA of SEM triblock terpolymers
in toluene, which is a slightly better solvent for PS comp&wedMMA. As a result, the
PMMA patches were significantly smaller compared to the PS patches, despite the equal
length of both corona blocks.

Figure 3-2. TEM micrographs of ABsoE21DMA 40'1%17 and B) SeE1sdDMA 45118-73, the PS
domains were selectivetained with Ru@and appear dark. Scale bars in the insets are
50nm.
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Increasing the degree of functionalization to 73%HESDMA 45'18-73) results in a drastic
change in micelle morphology Figure 32B) and dispersion stability. The
SseE19DMA 4511873 wQCMs form large agglomerates with a discontinuousjéfined PE

core. The corona exhibits a rather undefined structure, with slightly larger PDMA patches
compared to that in s8E21DMA4'%17 wWCCMs. Moreover, the s8E1sDMA4518-73
wCCMs are significantlghorter [ = 360+ 190nm) with respect to 5E21DMA 4011%-17 ( =
670+390nm) and SEM I( = 520+ 140nm)* wCCMs, formed at identical polymer
concentrationd= 10 g Lt in THF).

The comparably strong aggregation edE5sDMA 4511873 WCCMs is also evide from light
scattering experiments. The tirageraged scattering intensity measured by static light
scattering shows a clear difference between wCCMs formed by the SEM triblock terpolymer
precursor and the amidateghS0DMA 4511873 (Figure 33A). The sattering profile of the

SEM wCCMs shows only a weak angular dependence with a slight, continuous decrease of
the scattering intensity with increasiggNo clear features are visible which is related to the
rather high length dispersity and relatively sihtdhinensions of the welllispersed SEM
WCCMs. In contrast, the s8&E19DMA 45873 wCCMs show a much stronger angular
dependence of the scattered light intensity with a strong increase gtvalwes. This is
indicative of much larger structures, i.e. tlenfiation of aggregates, as compared to the
SEM triblock terpolymer. Dynamic light scattering supports this conclusion, as a strong shift
of the autocorrelation function to longer decay times is observedsdBroBMA 451873,
despite of the decreased awgdength of the SE10DMA 4511873 wCCMs compared to that

of SEM wCCMs (Figure $5). Moreover, theapparenthydrodynamic radius for
Ss6E1aDMA 4511873 Rn, app= 700 nm), as determined from angular dependent [Fighe

3-3B), is significantly highecompared to that of SEMR{, app= 120 nm).

This undefined morphology and the observed strong aggregation of the highly functionalized
triblock terpolymer is attributed to the insolubility of the PDMA block in THF at high
degrees of functionalization (Tab&3-1). The polarity of the PDMA block increases with

the degree of functionalization, which leads to an insolubility in THF even at temperatures
well above the melting point of the PE middle blotk& 5 0 A CaEaDMA4Ht A3 S
triblock terpolymer Consequently, micelles with the insoluble PDMA block in the core are
formed prior to PE crystallization. This is supported by DLS, revealing the presence of
spherical micelles with a hydrodynamic radiu®Ret 60 nm at 65 °CKigure 33B, S35B).

Accordngly, a significant drop in scattering intensity by more than one order of magnitude
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and a weak angular dependence is observed byBg&é 33A). The presence of micelles

prior to PE crystallization obviously hinders the formation of wellined and dpersed
wCCMs. In addition, the observed decrease in wCCM length can be attributed to the higher
segment density of the still molten PE block in the micellar corona in comparison to
unimolecularly dissolved triblock terpolymer chains. Thus, nucleatienhsinced, i.e. the
number of active nuclei increases, leading to shorter wCCMs.

We have further studied the sesembly of the DMEDAunctionalized triblock
terpolymers (SEDMAx, where x denotes the degree of functionalization)-B8SC in order

to get acloser insight into the influence of patch solubility on CDSA. This method allows to
study melting and crystallization of the PE middle block directly in solution and has proven
to be a versatile method for studying crystallizaditsiven processes.Figure 33C shows

a comparison of the-@SC heating and cooling traces for the neat SEM and the DMEDA
functionalized SsE20DMA 42'13-38 triblock terpolymer, both in THF at a concentratiom of
=10 g L. Again, for SsE20DMA 4511338 strong aggregation wabserved by TEM (Figure
S3-6A). Whereas the melting point is not influenced by amidation, the crystallization
temperature T¢) shows a pronounced shift to higher temperatures for the amidated
SssE20DMA 45113-38 triblock terpolymer. This supports our assupmptdrawn from TEM
(Figure 32) and light scattering that the solubility of the PDMA corona block in THF
strongly influences the sedfssembly behavior and in turn the crystallization of the PE
middle block.
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Figure 3-3. A) Scattering intensity from SLSf SaE1DMA 45873 (filled circles) and

SEM (filled squareswCCMsmeasured at 25 °C and fofa5:1DMA 4511873 at 65°C (open
circles). B) Results from second order cumulant analysis of the DLS data (sample code like
in A)). The linear dependence of the relaxation r@ten the square of the momentum
transferg? indicates translational diffusion. The solid lines aredirfids according toDr =

G/ o2, with Dt being the translational diffusion coefficie@) p-DSC heating and cooling
traces of SEM (black) ands&21DMA 44116-38 (red);c = 10 g L'* in THF. D) Peak melting

(Tm, filled circles) and crystallizationT¢, filled squares) temperatures degree of
functionalization for DMEDAamidated SEM. The open symbols correspond td thend

Tc values of the neat SEM triblock terpolymesdSiM39'%).

The dependence @i andT. on the degree of functionalizatios $shown inFigure 33D.

The melting point of the PE middle block stays almost constant, even for the highly
functionalized triblock terpolymers. In contrast, the crystallization temperature shows a
distinct increase with increasing degree of functionabmatThis can be explained by the
decreasing solubility of the PDMA block with increasing functionalization (TaBl&)S
leading to the formation of micelles with an insoluble PDMA block in the core prior to
crystallization as discussed above. The in@éaegment density of the molten PE block in

the micellar corona results in a more efficient nucleation and, thus, in the observed increase
in Tc. Interestingly, the dependenceTafonf seems to change fér 20%, as indicated by

the slope change of tlerresponding trend lines Figure 33D (dashed lines). As strong
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aggregation was observed starting with the triblock terpolymer with a degree of
functionalization off = 38% (SsE20DMA 421338, Tc = 30 °C, Figure S$-6A), a T below

30 °C might be takeas an indicator for the formation of dispersed and-defined wCCMs

with a functional patchy corona. These results clearly show that the solubility of the corona
forming blocks is an additional parameter, which strongly influences the CDSA of triblock
terpolymers with a semrystalline middle block.

Influence of patch polarity on the selfassembly of amidated SEM triblock terpolymers.

The CDSA of SEDMAX to welldefined and dispersed wCCMs was limited to low degrees
of functionalization { < 20%) due tahe poor solubility of the polar DMED/Aamidated
PMMA block in THF. However, for an application of functional, patchy wCCMs as
nanoreactor for thim-situ synthesis of nanoparticles, higher degrees of functionalization are
desirable. Hence, the polaritytble system has to be adjusted. Since it is not possible to use
more polar solvents for CDSA of the functionalized triblock terpolymers, as spherical
crystallinecore micelles instead of WCCMs are formtéthe polarity of the functionalized
PMMA block wasdecreased by employing,N-dialkylethylenediamines with longer alkyl
groups (R= ethyl (DEEDA),iso-propyl (DPEDA)) at the tertiary amine moiety.

The amidation of the SEM triblock terpolymer with DEEDA andPBDA was conducted

in a similar manner as fddMEDA. Again, the correlation between AR andH-NMR
results, which was obtained from amidation of a PMMA homopolymer with DEEDA (Figure
S3-7, 3-8) and DPEDA (Figure S$-10, S3-11), was used to determine the degree of
functionalization for the correspdimg amidated triblock terpolymers from HR
measurements. RepresentativelRTspectra of SEDEA8 and SELPA-58 are displayed

in Figure $-9 and Figure $12, respectively. The amidation of the SEM triblock
terpolymer with DEEDA and PEDA (Figure 34A) is slowed down with respect to the
kinetics of amidation with DMEDA Kigure 31D). After amidation for 12®, almost
complete conversion was observed for DMEDA, whereas only about 80% of the PMMA
ester units were consumed for DEEDA and 76% fdPHDA. Ths is attributed to the
increasing steric hindrance exerted byNXhi-dialkylethylenediamines upon increasing the

length of the alkyl chain at the tertiary amigi@up.

The thermal properties of SEDBA and SEDPA-x in dependence on the degree of

functioralization are shown iRigure 34B. For SEDEAX, the trend off¢ vs fis similar to
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SEDMA-x (Figure 33D). Again, the dependence seems to changd apfabout 30°C, as
indicated by the slope change of the respective trend lines drawn to the data. However, this
corresponds now to a slightly increased degree of functionalizatibrd of 4 0 %. Thi s
attributed to the decreased polarity and in turn irsgeéaolubility of the PDEA block (Table

S3-2) in comparison to that of the PDMA block in SEDMAConsequently, a higher degree

of functionalization is accessible for SEDEAbefore the solubility of the PDEA block in

THF becomes poor and, thus, influesitee CDSA of the triblock terpolymer (indicated by

T.> 30°C).
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Figure 3-4. A) Kinetics of the amidation of SEM with DEEDA (SEDEA squares) and
DIPEDA (SEDPA-x, circles). B) Crystallization temperaturé: of SEDEAX (squares)
and SEDPA-x (circles)in dependence on the degree of functionalizatipra¢ determined
by u-DSC on 10y L THF solutions. The open symbol corresponds toTgwalue of the
neat SEM triblock terpolymer 4§E21M39'%9).
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For SEDPA-x an even more distinct dependenceTefon f is observed Kigure 34B),
underlining our conclusion drawn from the results obtained for SEDMA and SEDEA. The
Tc for SEDPA-x is significantly below 30C for degrees of functionalization upftd 6 0 %,
whereas upon further increasihg steep inaase inlc is observed. This is again attributed

to the amidated PMMA block becoming insoluble in THF (Tal8e3pat high degrees of
functionalization {> 60%). For all three amidated triblock terpolymers, SEDK@&igure
3-3D), SEDEAX and SEDPA-x (Figure 34B), theT; converges to about 3%/ °C when

the amidated PMMA block becomes insoluble in THF. Thus, #ESE results strongly
indicate that upon decreasing the polarity of the amidated PMMA patch its solubility in THF
increases and, in turn, funatial patchy wCCMs with a higher degree of functionalization

might be prepared.

The TEM image irFigure 35A shows wCCMSs formed bysgE20DEA4!431 (CDSA at
Tc=28°C,c=10gLtin THF). Welkdefined and dispersed wCCMs with an average length
of | = 690+ 310nm are formed, despite the higher degree of functionalization with respect
to that for SEDMAX (defined wCCMs only fof < 20%). This fits nicely to the-pSC
results, which showed th#iis still below 30°C for SsE20DEA42'14-31, i.e. the PEA block

is soluble in THF even dt= 31% and the selissembly to wCCMs is not disturbed. The
morphology of the corona is similar to that observed gESDMA 40'%-17 (Figure 32A).
However, the spherical PDEA patches in theESDEA4,''“31 corona ppear slightly
larger than the PDMA patches ing51DMA 40'1%-17. This reflects the increased solubility

of the PDEA block in THF (more swollen PDEA patches) because of its decreased polarity

in comparison to the dimethyl derivative (PDMA).
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Figure 3-5. TEM micrographs ofSssE20DEA42'4-31 (A) and SssE1sDiPA4s'?%-58 (B)
wCCMs stained with Ruf Scale bar in inset: 5@m.

For SEDPA-x, well-defined and dispersed wCCMs are formed for even higher degrees of
functionalization, as shown iRigure 35B for SssE1sDiPA4'%%-58 (CDSA atT. = 26 °C,
c=10gLtin THF,| = 460+ 290nm). This is again in line with the RSC results, showing

a Tc below 30 °C forf < 60% due to the increased solubility of theiP® block in THF
(Figure 34B). Interestingly, the &E1sDiPA15*?%-58 wCCMs exhibit a significantly different
corona structure, where the bright appearingF”Dpatches have a more rectangular shape
and span from the PE core in the middle to the outer rim of the corona. We attribute this
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change in patch shape the increased degree of functionalization and connected with that
the increased weight fraction of HEPA in the wCCM corona and the increased
incompatibility between PS and HPA. Similar to the phase diagram of diblock
copolymers® the morphology oftte wWCCM corona can be tuned by its composition and to
a certain extend by the incompatibility of the corona blocks. It is noted that for both
SEDEAXx and SEDPA-x lessdefined and aggregated wCCMs were observed $040%
(Figure 8-13A) andf > 60% (Figue S3-13B), respectively; i.e. under conditions where the
amidated PMMA block is insoluble in THF.

Having access to wetlefined wCCMs with a functional patchy corona, we explored their
potential as template for the-situ synthesis of gold nanoparticlddere, the aim was to
utilize acidbase interactions betwebgdrogen tetrachloroaurate(llnd the tertiary amino
groups in the amidated patches to selectively load the functional patches with
tetrachloroaurate anions. Subsequent reduction suplerhydride(LiEtsBH) should then

lead to the selective formation of Au nanoparticles within the functional patches of the
wCCMs (Schemé&-1B). As a proof of principle, thm-situ synthesis of Au nanoparticles
templated by SE20DEA4''“31 wCCMs was stidd. The TEM image of the loaded
wCCMs Figure 36) confirms the successful formation of Au nanoparticles
(d=8.2+3.1nm) and, importantly, the Au nanoparticles are selectively located within the
brightappearing amidated coropatches. In contrast, ing SEM wCCMs as template, the
formed Au nanoparticles are almost completely located outside of the wCCM corona,
proving the necessity of the functional, amidated PMMA patches for the-selgictive

incorporation of nanoparticles within the micellar cadqRrigure S-14).

The absorbance tifie Au nanoparticle loadefbsE20DEA4'1431 wCCMsrecorded by UV

Vis spectroscopy confirms the formation of defined Au nanoparticles, showing the
characteristic localized surface plasmon resonance (LSPR¥ &33 nm(inset inFigure

3-6). This resonance position is typical for small, spherical gold nanoparticles in organic
solvent (higher refractive index as compared to water). In addition, the spectrum shows a
clear signature of scattering from the wCCM templatese\adent by the increase in
absorbance toward lower wavelength. However, the patches are not homogeneously loaded,
as there are highly loaded wCCMs next to ones bearing only a few or no Au nanoparticles.
Thus, further studies will concentrate on improving kbading efficiency of the patches and

to transfer this approach to other metal nanoparticles.
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Figure3-6. TEM micrograph and UWis spectrum of SgeE21DEA43t%31 wCCMs
selectively loaded with Au nanoparticles. Scale bar in the inset isrh00

3.4 Conclusions

Within this work, we showed the successful preparation of wikencrystallinecore
micelles (WCCMs) with a functional, patchy corona. A polystyrbloekpolyethylene
blockpoly(methyl methacrylate) (SEM) triblock terpolymer was functiondlizg polymer
analogous reaction of the PMMA block with differéiN-dialkylethyleneliamines (alkyl

= methyl, ethyliso-propyl), introducing tertiary amine units with varying polarity in the
amidated PMMA block. Ouresults clearly show thathe crystalizationdriven self
assembly (CDSA) of amidated SEM triblock terpolymers strongly depends on the solubility
of the amidated corona block in THF. Wdkfined and dispersed wCCMs are formed only
for sufficiently soluble corona blocks with matched polaiigy, the lower the polarity of the
amidated corona block (higher solubility in THF) the higher is the degree of
functionalization up to which wetlefined wCCMs are accessible. It turned out that the
observed crystallization temperature can be taken aslamator, whether defined wCCMs

are formed or aggregation occurs.TA< 30°C lead to weHldefined wCCMs and &, >

30°C vyielded in ilkdefined and agglomerated wCCMs. Moreover, the structure of the
microphaseseparated corona can be tuned by the composition/compatibility of the corona
patches, resulting either in spherical patches of the amidated block embedhiled wiaitrix

of PS, or a highly regular corona structure with rectangular functional patches.
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Worm-like patchy micelles with a tailored functional corona are interesting templates for the
selective binding oin-situ synthesis of nanoparticles within therface compartments. The
regular structure of the patchy corona with naired dimensions offers the possibility for

a precise assembly of nanoparticles without the frequently encountered problem of
nanoparticle aggregation. An interesting applicatiothe$e structures could be the study of
confinement effects in nanoparticle catalysis, whereby the micellar template ensures long

term stability of the hybrid in solution.
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Characterization of SBM and SEM triblock terpolymers, furtdata on amidation of
PMMA homopolymer and SEM triblock terpolymer with differentN,N-
dialkylethylenediamines, includingd-NMR, FT-IR, DLS and TEM resultsThis material

is available free of charge via the Internet at http://pubs.acs.org.
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3.6 Supporting Information

Characterization of SBM and SEM Triblock Terpolymers

RI-signal / a.u.

23 24 25 26 27 28 29
Ve / mL

Figure S3-1. THF-SEC traces of £B2:M39!% before (black) and after (red) extraction with
cyclohexane.

2 THF,
3 1
2
AN L
8 7 6 5 4 3 2 1 0
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Figure S3-2. 'H-NMR spectrum of HE21M39'°® measured in §THF at 65°C. The THF
signal overlaps with the signal of the PMMA esiaits (3) at 3.5¢@pm.
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DMEDA -Functionalized PMMA (PDMA) and SEM Triblock Terpolymers (SEDMA)

The FTIR spectrum of a representative DMEB#énctionalized PMMA Figure S33A)
confirms the successful amidation by the presence of characteristic amidernatiel|l

bands at 1666m™* and 152&m?, respectively. The intensity of these bands depends on the
degree of functionalization. The C=0 stretching vibration of the pendant methyl ester units,
which is typically found at 1728m? for PMMA, is shifted tol1716cm?®. This indicates

imide formation as a side reaction, which was already observ&dero et al?

'H-NMR spectroscopy confirms this assignment as there are typical proton signals for amide
and imide units in the amidated PMM#Aigure S33B). The $rong signal at 2.8pm is
assigned to the dimethylamino grouf@s TYjof the amide and imide units. At 3ppm, the

signal for the methylene protons of th@H>-N(CHs)2 groups 6, @)jcan be found. In
contrast, the signals of th€ ONH-CH>- group are segrated for amide5( 3.3 ppm) and

imide units BNj3.76 and 3.98pm, sixmembered ringtructure of the imide). The signal

for remaining methyl ester units is observed at 3.52 p@¥CHs, 3) and is almost absent

due to the high degree of functionalizatiof this sample. Thus, the obtained amidated
PMMA is a random copolymer composed of amide, imide, and residual MMA units. The
conversion of PMMA ester groups was calculated using the integral of these remaining ester
units calibrated by the backbone prgd5H), yielding a conversion of about 99%.
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Figure S3-3. A) FT-IR and B)!H-NMR spectrum (¢sDMSO with 1 vol % TFA) of PMMA
amidated with DMEDA (degree of functionalizatiba 99%).
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RI-signal / a.u.

V /I mL
e

Figure S34. HFIP-SEC traces of PMMA (black) and a DMEBANnctionalized PMMA
(99% conversion, red dotted line).

Solubility tests were done by mixing-% mg of the DMEDAfunctionalized PMMA
homopolymer (PDMAX) with 2mL of theappropriate solvent. For DMSO, the dispersions
were stirred for d. For dichloromethane (CBIl2) and THF, the dispersions were heated
directly to 65°C for at least h under stirring. The solubility of PDM& depends strongly

on the degree of functionahtion (Table $-1). At room temperature, all samples were
soluble in DMSO. The solubility in organic solvents like £t and THF is limited. In
general, high temperatures (85) are needed for dissolution. However, the maximum ester

conversion possiblr dissolution in THF is about 25%.
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Table S3-1. Solubility of DMEDA-amidated PMMA (PDMAX, where x denotes the degree
of functionalization, i.e., fraction of consumed ester units) in different solvents

CH:Cl2(65°C) THF (65°C)  DMSO (RT)
PDMA-2 Vv Vv Vv
PDMA-5 Vv
PDMA-10 Vv
PDMA-25 (V)
PDMA-55
PDMA-76
PDMA-88
PDMA-94
PDMA-96
PDMA-97
PDMA-99

cCCccccccccc
<K<K LK LK KL KLK KL

cCcccccrc

V
V: soluble,U: not soluble

For all investigated sampleand conditionsthe intensitytime autocorrelation functions
determined by dynamic light scattering shownomodal decay@~igure S35). The fits
from cumulant analysis describe the correlation functions Wied.data for SEDMA/3 at

65 °C can be best described by theradant fit(PDI = 0.35) whereas some larger deviation
between fit and experimental data is found for the Sl = 0.47)and SEDMA73
(PDI=0.53) wCCMsmeasured at 25C. This difference might be explained by the larger
polydispersity as expressed byhé polydispersity inétes calculated from the second

cumulant
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Figure S3-5. Intensitytime autocorrelation functions measured by DS (60°) at 25 °C
for A) the SEM blacK and SEDMA73 (grey) wCCMs, and B) SEDMA73 at 65 °CThe
reddottedlines are fits from cumulant analysig'{@rder).

The TEM micrographs of SEDMA&8 and SEDMAS6 (Figure S36) show the change in
wCCM morphology with increasing degree of functionalization. SERBAendsa form

larger agglomerates than SEDM8S. The corona patches of SEDMB8 increase in size in
comparison with SEDMAL7 (Figure3-2), but the PE core of SEDMA8 shows a highly
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irregular structure. For SEDMAG, the discontinuous PE core is hardly observabtethe
amidated patches appear even larger than for SEI3®MA

Figure S3-6. TEM micrographs of A) SEDMA38 and B) SEDMAG6, the PS domains were
selectively stained with Ru{and appear dark. Scale bars in the insets ansrb0
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DEEDA-Functionalized PMMA (PDEA) and SEM Triblock Terpolymers (SEDEA)

For characterization of DEEDAmidated PMMA homopolymer (PDEA where x denotes
the degree of functionalization) AR and *H-NMR spectroscopy Higure S37) were
performed. The FIR spectrum Figure S37A) shows characteristic signals for the amide |
band (166&m?) and the amide Il band (1526&1), as already observed for PDMA
copolymers Figure S33A). Remaining ester units of PMMA are indicated by the presence
of the C=0 stretchig vibration at 1724m*, which shows a shift of ém* compared to neat

PMMA. This isagainattributed to the imide formation.

The 'H-NMR spectrum of PDEAI5 (Figure S37B) confirms successful ester conversion
by a decrease of the signal intensity ofttimaining PMMA ester units at 3gpm 3). The
proton signals for the amide units are assigned to the signalspgri.@), 3.0ppm 6) and
3.2ppm 6, 7). Imide formation was observed by the presence of two proton signals at 3.8
and 4.0ppm 6 Y5 The faction of consumed ester unitfs\Was calculated by the normalized
integral of the remaining esteAform(ester)), amide Anorm(amide)) and imide units
(Anorm(imide) ) (eq. 1). Here, the imide units count double, since two ester units are
converted to onenide unit.

o b _GGmRRD _wamee g,

o] Qi 0 Qo wa QQ@ Qa QQOQ

with:
0 Qi 0 Qi—— Qe
o
and
0 Qa QQQC— Qo 8

The signal of the amide protors) Everlaps with that of the imide protor& 7). Thus, the
contribution of the imide units has to be subtracted from the integral ofaunit¢eq. 4) to

get the normalized integral of amide units:

] v o i 0 oD .
0 waQQQ m Qi

The fraction of imide units was determined to bet& >0 for all DEEDA-amidated PMMA

samples.

95



3 Patchy WorrrLike Micelles with Tailored Functionality

A
0104 "l e
008{ © o
< ©
So06] N O -
1 s © e
0.08 g(m‘ : ot S
o) < 9
S} 0.021 (o]
< 0.06 4 -
.E 0.00 +
8 ] 1800 17'50 17'00 16'50 1(;00 15;50 1500
< 0.04 - nlem’
0.00 4 J
T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
nlcm™
B
RS @
o) N o)
(0]
\ 8
N—\7
DMSO 8 8
N VL
1 v 1 v 1 1 v
4 2 1 0
dl ppm

Figure S3-7. A) FT-IR spectrum and BH-NMR spectrum (¢DMSO with 1 vol % TFA)
of PDEA45.

The conversion of ester units with reaction time for the amidation of PMMA with DEEDA

(Figure S38) shows a similar trend as compared to the amidation with DMEDA (Figure

3-1A).
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Figure S3-8. A) Kinetics of the amidation of PMMA with DEEDA. B) Correlation of the

degree of functionalization, i.e., the fraction of reacted PMMA ester units, determined from
H-NMR and FFIR for the amidation of PMMA witiDEEDA.

However, the amidation with DEEDA proceeds slower than the amidation with DMEDA
due to the steric hindrance exerted by the more bulky ethyl groups at the amine moiety. For
amidation of PMMA with DMEDA a ester conversion of 90% was reached within, 70

whereas for DEEDA only 60% ester conversion was obtained. The correlatidriNdiIR
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and FFIR results for the amidation with DEEDA is shownRigure S38B and shows a
deviation from the ideal linear correlation with increasing degree of functionatizat
similar to that found for amidation with DMEDA (FigugelB).

Solubility tests were done following the procedure described for PDMA (see Section 2.).
The solubility of DEEDAamidated PMMA (PDEAX) in organic solvents is similar to that

of PDMA-x, with a slightly increased solubility in CEl, at low degrees of
functionalization (Table $2). The maximum degree of functionalization to be still soluble

in THF and CHCIz is about 20% at 65C. In SEDEAX triblock terpolymers, the solubility

in THF is slightly enhanced by the increase of hydrophobicity through the PS and PE block.

Table S3-2. Solubility of DEEDA-amidated PMMA (PDEA, where x denotes the degree
of functionalization, i.e., fraction of consumed ester units) in different solvents

CH2Cl2 (65°C)  THF (65 °C) DMSO
PDEA-8 Vv V Vv
PDEA-21 Vv Vv Vv
PDEA-34 U U Vv
PDEA-45 U U Vv
PDEA-53 U U Vv
PDEA-61 U U Vv

V1 soluble,U: not soluble

FT-IR spectroscopy of SEDEA triblock terpolymers confirms successful amidation by the
presence of the amidéand at 166&m* and the amide Il band at 15887 (Figure S39).

The remaining C=0 stretching vibration of PMMA ester units is observable atch724
The shift of 4cm? of this C=0 stretching vibration (originally 17281 for SEM) indicates
imide formation.
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Figure S3-9. FT-IR spectrum of SEDEAS.

DiPEDA-Functionalized PMMA (PDiPA) and SEM Triblock Terpolymers (SEDPA)

Similar to PDMAX and PDEAX, FT-IR spectroscopy confirms successful amidation by
characteristic amidé (1666cm™?) and amide Il (1518m?) bands Figure S310A). At
1720cm?, a shifted C=0 stretching vibration of the remaining PMMA ester units is
observable (original position in SEM: 17281%). The 8cm?® shift indicates imide

formation.

The correspoding *H-NMR spectrumFigure S310B) shows characteristic proton signals
of theiso-propyl groups {CHs, 8) at 1.3ppm, the-N-CH> methylene group at 2{8m @),
and the CONHCH> and the NCH(CHs). groups at 3.6ppm 6, 7). The fraction of
consumed estemits was determined according to eg31whereby the normalized integral

of the amide units was calculated using eq. 5.
0 0
0 ®wa QQ 'Qf Qo

The imide fraction determined frotdl-NMR spectroscopy was determined to 8et® %.
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Figure S3-10.A) FT-IR spectrum and BH-NMR spectrum (d@MSO with 1 vol % TFA)
of PDIPA-74.

The reaction kinetics of the amidation of PMMA withHEDA (Figure S311A) shows a
similar trend as already observed for the amidation reactions with DMEDA and DEEDA.
Analogousto the amidation with DEEDA, the reaction is slowed down by the sterical
hindrance of thaso-propyl groups on the amine moiety. The correlation of theres
conversion determined B#A-NMR and FFIR spectroscopy is displayed figure S311B.
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Figure S311. A) Kinetics of the amidation of PMMA with IPEDA. B) Correlation of

degree of functionalization, i.e. the fraction of reacted PMMA ester units, determined from
H-NMR and FFIR for the amidation of PMMA with IPEDA.

80

100

The solubility of PDPA-x in organic solvents is enhanced compared to PBdViand
PDEA-x (Table S33). At 65°C, a PDPA-58 is still soluble in THF and a RPPA-35 in
CH:Cl>. Thisis attributed to the increased hydrophobicity of thesdipropyl)amino groups
in comparison to the dimethyand diethylamino groups of PDMA and PDEAX.

101



3 Patchy WorrrLike Micelles with Tailored Functionality

Table S3-3. Solubility of DIPEDA-amidated PMMA (PLPA-x, where x denotes the degree
of functionalization, i.e., fraction of consumed ester units) in different solvents

CHCl2 (65°C)  THF (65 °C) DMSO
PDIiPA-15 Y, Vv V
PDIiPA-23 Vv Vv Vv
PDIiPA-35 Vv Vv Vv
PDiPA-50 U Vv Vv
PDiPA-58 U Vv Vv
PDIPA-68 U U Vv
PDIPA-74 U U Vv
PDIiPA-82 U U Vv

V1 soluble,U: not soluble

The FTFIR spectrum ofSzsE1sDiPA4s'?%-58 shows the characteristic amide | (16662)
band which confirms successful amidatiéiiglire S312). Thestretching vibration of the
remaining PMMA C=0 is observable at 17@8&*. This accords to the original SEM C=0
stretching vibration at 1728n. However, imides are formed in a side reaction as already
observed for SEDMA and SEDEAX, which was confirmeé by *H-NMR and FFIR
spectroscopy of PIPA-74 (Figure S310).
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Figure S3-12. FT-IR spectrum ofssE1eDiPA4g™?258.
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For highf (f >30% for SEDEAXx and f>60% for SEDPA-x) and al. %30 °C, agglomerated
wCCMs with patchy corona were observdedgure S313). The size of the PDEA and
PDiPA corona patches decreasedwhich is attributed to the decreased solubility in
organic solvents in comparisaa wCCMs with a lower degree of funionalization For
SEDEA49, the patches retain the spherical shape.iBEB4 wCCMs exhibit thin, but still
rectangular PDPA patches.

Figure S3-13. TEM micrographs of A) SEDE-49 and B) SEDIiPA7, the PS domains
were selectively stained witRuQ; and appear dark. Scale bars in the insets anerb0
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