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But the reason I call myself by my childhood name is to remind myself that a

scientist must also be absolutely like a child. If he sees a thing, he must say

that he sees it, whether it was what he thought he was going to see or not.

See first, think later, then test. But always see first. Otherwise you will only

see what you were expecting. Most scientists forget that.

Wonko the sane

in "So long, and thanks for all the fish" by Douglas Adams.
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Abstract

The presented thesis reflects on methods of science and aims to dis-
criminate between the occupation science vs. engineering. As both oc-
cupations are strongly linked and most often depend on each other, it
is crucial to define the two precisely since the goal is always one or the
other but the path a completely different one. Engineering is strictly
goal orientated whereas the generation of new knowledge is the only
valid outcome of scientific endeavour. This discrimination between sci-
ence and engineering is further illustrated in the present thesis by giving
examples for nano science and nano technology.

Self-assembly and self-organisation are fundamental processes struc-
turing the physical world we live in and are of key interest for nano
science and nano engineering. Polymers, generally known as plastics,
are used in a wide range of everyday life products and are of key in-
terest for many technological advances. A special form of polymer is
amphiphilic block copolymers where blocks with different physical and
chemical properties are covalently linked together. Owing to their orthog-
onal properties, these blocks are not mixable and tend to segregate and
thereby enable the self-assembly of three-dimensional nano-scale objects
relevant for drug-design, nanoreactor development or molecular systems
engineering.

A library of amphiphilic block copolymers was synthesised by cationic
ring opening polymerisation of 2-methyl-2-oxazoline (MOXA) on com-
mercial poly(dimethylsiloxane) (PDMS) macroinitiators. This specific
synthesis is affected by the formation of side products that negatively af-
fect the self-assembly of the final PMOXA-b-PDMS-b-PMOXA triblock
copolymers. In the course of this thesis a novel cosolvent fractionation
method was developed that enables the separation of the desired tri-
blocks from the side products. The obtained triblock copolymers were
shown to self-assemble into polymersomes and enabled a fundamental
study of membrane fluidity. The cosolvent fraction was further success-
ful in obtaining narrowly dispersed macroinitiator fractions from broadly
dispersed commercial PDMS products enabling the synthesis of narrowly
dispersed triblock copolymers consecutively.

Mechanical stability and molecular retention are key features of mem-
branes self-assembled from PMOXA-b-PDMS-b-PMOXA. To improve
these properties a pentablock copolymer was synthesised where the PDMS
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block is flanked by a few 2-phenyl-2-oxazoline (PhOXA) units, forming an
additional aromatic barrier. The self-assembly of the pentablock did not
yield the desired polymersomes but polymer-beads with internal nano-
scale structuring.

The self-assembly of polymersomes is achieved by many methods
all with their unique disadvantages and advantages. The challenge of
developing a more universal method was undertaken and resulted in
a novel method for the self-assembly of PMOXA-b-PDMS-b-PMOXA
-based polymersomes. The encapsulation of a model compound was
shown to be reproducible, the method allows for large-scale polymersome
assembly, yields complete rehydration of the polymer and the precursor
is stable for at least a year under ambient conditions.

The top fractions yielded by the cosolvent fractionation were found
to be of a multiblock copolymer composition. Their bulk self-assembly
was studied and compared with that of triblocks, revealing distinctly
different nano-scale organisations. While the triblocks exhibited ran-
dom organisation, the multiblocks were found to assemble in a ball-like
manner with hexagonal symmetries. A model for the path of their self-
assembly along with a reflection about the possible driving forces is pro-
vided. Electro-spray deposition gave access to films of ca. one cm2 which
were populated with pillar-like structures. Light diffraction on these soft
nano-scale structures was observed under their diffuse illumination.
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Aim & Motivation

The underlining overall and personal motivation for this PhD thesis was to

practise science, the process of an accurate description of the observed entan-

gled with the quest to formulate an explanation thereof. Additionally scientific

teaching and laboratory management come with great pleasure - Educationally

and methodologically the aim was to learn the synthesis of amphiphilic block

copolymers along with the subsequent self-assembly of polymeric structures

and their characterisation, as well as to understand the process of self-assembly

and its different driving forces. The development of a fractionation method

for amphiphilic block copolymers, finding novel routes for polymersome self-

assembly and the insertion of membrane proteins into these assemblies are the

engineering challenges tackled in this PhD. The understanding and formula-

tion of a hypothesis explaining the self-assembly of a multiblock copolymer

became the scientific one.

Workup of Amphiphilic Block Copolymers

At first, it should be stated, that the term polymer is slightly misleading the

reader to think of molecules that conform to the International Union of Pure

and Applied Chemistry (IUPAC) definition of a polymer. According to this

definition the addition or removal of several repeating units would not affect

the overall properties of the macromolecule. This does not hold true for the

discussed amphiphilic macromolecules since the addition or removal of sev-

eral repeating units would affect its self-assembly behaviour. It would there-

fore be more appropriate to refer to the synthesised molecules as oligomers as

their molecular weight is rather low and they are composed of less than 100

xiii
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monomers in total. It is a both a necessity and a challenge to yield assembled

structures composed of thin enough membranes host bacterial membrane pro-

teins. For the sake of consistency with the terminology used in the research

group and the respective literature, the term polymer is used throughout this

thesis despite the discrepancy with the precise definition of the expression.

The challenge of synthesising amphiphilic block copolymers for the self-

assembly of polymersomes is one of multiple facets. In the first chapter, the

development of a method to yield pure triblock copolymers that are com-

posed of poly(2-methyl-2-oxazoline) (PMOXA) and PDMS is reported. Those

triblock copolymers represent the major building blocks for any PMOXA-b-

PDMS-b-PMOXA based self-assemblies. Their self-assembly strongly depends

on the uniformity and purity of the block copolymer. A vast amount of ex-

periments and research in the group depends on the availability of these block

copolymers with distinct block ratios. As later outlined and discussed, the

respective synthesis is not only yielding the desired triblock copolymers but

also multiblocks in significant amounts. As theses side products are intrinsic

to the cationic ring opening polymerisation (CROP) of 2-oxazolines, particu-

larly 2-methyl-2-oxazolines, the aim was to engineer a method that enables a

reliable separation of the desired triblocks from the undesired side products on

a gram scale. Additionally, triblock copolymers composed of less than a total

of 30 repeating were desired for an ongoing study [1] and made accessible only

through the newly develop cosolvent fractionation method.

A Pentablock Copolymer

The aim of the research discussed in this chapter was to understand if the

triblock copolymer properties, specifically the self-assembly of polymersomes

could be extended to a pentablock copolymer. The underlying hypothesis was

that the introduction of a few aromatic monomers between the PDMS and

PMOXA blocks would create a more stable and robust membrane without

significantly increasing the thickness. CROP is living in character and thereby

enables the sequential polymerisation of different monomers and this was put

to test. The difference in reactivity between the utilised monomers, specifically,

the much higher reactivity of MOXA compared with that of PhOXA was ideal
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to test their sequential polymerisation without copolymerisation to form the

desired pentablock copolymer. The polymers where successfully synthesised,

but the assembly of polymersomes was not demonstrated.

Direct Polymersome Assembly

The established method for the self-assembly of polymersomes is film rehydra-

tion - a method, where the block copolymer is dissolved in a good solvent e.g.

ethanol (EtOH) in a round-bottom flask (RBF). The solution is then evapo-

rated on a rotary evaporator to form a thin film on the glass wall of the RBF.

Subsequent rehydration of the film yields self-assembled polymersomes. This

method is limited by several factors: I The amount of block copolymer that can

be assembled in one run around 10 mg. II The assembly is never complete: a

small, undefined but non-negligible amount of the block copolymer will crum-

ble into aggregates and flakes, sticking to the glass wall or being suspended

in solution. III The time of rehydration is long (� 12 hours) and requires

extension depending on the flask, additives, stirring speed and so forth. IV

If a molecule is encapsulated, the encapsulation efficiency varies significantly

from batch to batch and is hardly reproducible.

This chapter is motivated by the engineering challenge of developing a

method to overcome these limitations. The working idea was to transition from

a two dimensional film on the wall of a RBF to a three dimensional dispersion

of the block copolymer in a given volume and freeze this state. A precursor

for the self-assembly of polymersomes was successfully formulated and the

resulting assemblies were characterised and compared with those prepared by

established film rehydration.

Furthermore, the incorporation of membrane proteins into polymersomes

is mostly achieved by mixing the protein into a block copolymer solution used

to form the film on the RBF. This is easily understood to be compatible with

a few membrane proteins that are stable enough to withstand the ethanol

and drying process e.g. outer membrane protein F (OmpF). However, more

evolved and fragile membrane proteins lose their structure upon exposure to

EtOH or drying and do not refold upon contact with a membrane. The instant

polymersome formation is envisioned and outlined as a platform for direct
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ribosomal insertion of membrane proteins into the polymeric membrane to

finalise this chapter.

Light Diffracting Polymeric Quasicrystals ?

The cosolvent fractionation of the synthesised block copolymers yielded multi-

block copolymers to approximately 40 weight %. Scientific spirit along with

the amount and cleanness (narrow size distribution and clean NMR spectra)

of the obtained multiblocks provided sufficient motivation to investigate and

compare their self-assembly with the one of the corresponding triblocks. The

assembly was mostly achieved by solvent evaporation of drops on a surface

suitable for the respective characterisation methods such as transmission elec-

tron microscopy (TEM), atomic force microscopy (AFM) or small angle X-ray

scattering (SAXS). Understanding and wanting to explain the observed differ-

ences in these self-assemblies represented a wonderful scientific journey where

the accurate description of the observed was developed into a hypothesis of

how the multiblocks assemble and what the underlying driving force might be.
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Part I

Introduction

1





T he PhD thesis in hand is motivated by the author’s fascination for the process of
achieving organisation and complexity out of chaos in a universe striving towards the
latter. T he second chapter introduces the reader to the concept of two processes, self-
assembly and self-organisation, both leading to higher ordered and complex structuring
of the material world around and within us. Self-evidently, these processes depend on
the availabi lity of bui lding blocks with suitable molecular properties and compositions
to yield three-dimensionally structured objects, materials with potentially emergent
properties. T he first chapter introduces the reader to polymers, their relevance for
our society in general and specifically the synthesis of amphiphilic block copolymers as
bui lding blocks for molecular self-assembly.
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Chapter 1

From Monomers to Polymers

The International Union of Pure and Applied Chemistry (IUPAC) defines a

polymer as (taken from [2]):

"a molecule of high relative molecular mass, the structure of which essentially

comprises the multiple repetition of units derived, actually or conceptually,

from molecules of low relative molecular mass."

This definition is further refined by two remarks:

1: In many cases, especially for synthetic polymers, a molecule can be regarded

as having a high relative molecular mass if the addition or removal of one or

a few of the units has a negligible effect on the molecular properties. This

statement fails in the case of certain macromolecules for which the properties

may be critically dependent on fine details of the molecular structure.

2: If a part or the whole of the molecule has a high relative molecular mass

and essentially comprises the multiple repetition of units derived, actually or

conceptually, from molecules of low relative molecular mass, it may be described

as either macromolecular or polymeric, or by polymer used adjectivally.

1.1 Polymer Characteristics

Monomers are the basic molecular units from which any polymer is built. As

a result, they define the type of reaction necessary for their polymerisation

and what functional groups are repetively exposed in the resulting polymer.

The most desired type of polymerisation reaction is of living character, first

5
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described and defined by Szwarc in 1956 [3]. The term living polymerisation

defines a reaction that periodically attaches a monomer unit to a growing poly-

mer chain and is not affected by spontaneous chain termination or irreversible

chain transfer reactions. Both side reactions would contribute impurities to

the final polymer - not in a chemical sense but in a statistical manner. The

former yields shorter chains, the latter yields longer ones than the desired

polymer length. As the monomer addition in a polymerisation does not oc-

cur simultaneously on all chains, an induced termination will always result in

an intrinsic statistical length distribution of any possible polymer synthesised

by means of statistical processes like stoichiometric chemistry. The statistical

chain length variation in chemically synthesised polymers is named disper-

sity Ð, and defined as the mass-averaged molar mass of the polymer MW

divided by its number-averaged molar mass MN. These statistical values orig-

inate from two theoretical possibilities of describing a mélange, the polymer,

of discreet states - the individual chains of distinct length.

A contrasting approach is solid state peptide chemistry where monomers

are sequentially added to yield sequence defined polymers also named peptides

or proteins depending on the monomers used. The most optimised sequential

polymerisation scientists can describe at this time is the information handling

in living organisms on this planet - the deoxyribonucleic acid (DNA) polymeri-

sation. Sequence controlled polymers in general are a fascinating and emerging

field in polymer science [4], however the are not the subject of or related to

this work and shall not be further discussed.

An optimal polymerisation reaction would yield Ð=1, practically impos-

sible but equal to a polymer where all the chains have the same length and

thereby the same molecular composition. Material properties e.g. heat con-

ductance, Young’s modulus, glass transition temperature, melting point, UR

(ultra-violet to infra-red) absorbance, refractive index, viscosity, atomic or

molecular ordering can be measured, observed and described for any given

polymer. They represent the bulk material properties and are affected by the

dispersity of the polymer as statistical fluctuations.

The above provides the reader with a short introduction to the terminology

related to polymers and how they can be understood as bulk materials. For

additional definitions and explanations of terms related to polymerisations the
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reader is referred to the IUPAC summary [5]. In the following section, a the

major polymerisation mechanisms applied to yield block copolymers are briefly

described as an incomplete introduction. For in depth mechanistic insights,

nuances and advances of polymerisation reactions the reader is referred to the

cited literature. Selected examples of block copolymers used for self-assembly

are presented followed by an introduction to the polymerisation and materials

used throughout this work.

1.2 Polymerisation Reactions

Classical polymerisation reactions are called chain-growth polymerisations. A

molecule is modified to be reactive towards a functional group on the monomer,

and is thereby activated and called an initiator. The polymer chain can grow

from this initiator when a monomer reacts with the reactive group of the

initiator (the polymerisation initiation), the active centre gets relocated to the

added monomer, offering a consecutive reaction site for the next monomer to

react. This process is called chain propagation and theoretically continues ad

infinitum. In practice, the chain propagation is a fragile process. If the active

centre gets abstracted from the growing chain and is transferred to another

molecule, one speaks of a chain transfer reaction. After a chain transfer, by

design or as a side reaction, the polymerisation continues. If the growing chain

reacts with a molecule that annihilates the active centre the polymerisation is

terminated.

Depending on the nature of the active centre, the major polymerisation

reactions are either of ionic or radical character. The most important radical

mechanisms are reversible addition-fragmentation chain transfer (RAFT) [6]

and atom transfer radical polymerisation (ATRP) [7, 8]. The most rele-

vant ionic polymerisation mechanisms are cationic ring opening polymerisa-

tion (CROP), anionic ring opening polymerisation (AROP), anionic addition

polymerisation (AAP) and cationic addition polymerisation (CAP) [9]. A

mechanistic overview of selected polymerisation techniques is provided in this

section. The reader is however referred to the respective literature for more

in-depth information and mechanistic details.
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Figure 1.1: Conceptual illustration of the RAFT polymerisation mechanism.
Reprinted with permission from: "Living Free-Radical Polymerization by Re-
versible Addition-Fragmentation Chain Transfer: The RAFT Process", Chie-
fari et al., Macromolecules, American Chemical Society, Aug 1 1998. Copy-
right (1998) American Chemical Society [10]

1.2.1 RAFT

The reversible addition-fragmentation chain transfer (RAFT) polymerisation

represents a successful way of introducing "living" qualities to free-radical

polymerisations to obtain control over molecular weight and polymer disper-

sity. The general reaction mechanism is summarised in Fig 1.1. Where A−X is

a transfer agent reacting with either an initiating radical R· or a propagating

radical R−(M) ·
n and thereby forming a different transfer agent of the form

R−X or R−(M)n−X, liberating a polymerisation initiating species A· [10].

RAFT polymerisations have the advantage of being tolerant to a wide range

of monomers. Being a living or controlled polymerisation technique it is adver-

tised as one of the most famous reversible deactivation radical polymerisation

protocols and gives access to a variety of complex polymer architectures [11].

1.2.2 ATRP

In classical atom transfer radical polymerisation (ATRP) a controlled poly-

merisation is characterised by an equilibrium between dormant species and

propagating radicals (Fig 1.2). The former are predominantly present as alkyl-

halide-macromolecule species PnX. They react periodically with a reduced

form of the transition metal complex, denoted Mtm/L where L is the ligand

of a transition metal Mt with m indicating its oxidation state. They react to

form growing radicals, P ·
n along with deactivator-transition metal complexes
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Figure 1.2: Illustration of the classical ATRP mechanism. Reprinted with
permission from: "Atom Transfer Radical Polymerization (ATRP): Current
Status and Future Perspectives", K. Matyjaszewski, Macromolecules, Amer-
ican Chemical Society, May 1 2012. Copyright (1998) American Chemical
Society [8]

denoted X−Mtm+1/L. The propagating radical reacts with the deactivator to

reform dormant and activator species [8]. The ligand-transition metal complex

acts as a catalyst for the polymerisations and was originally copper based. The

environmental drawbacks of copper catalysts have motivated the research to

find alternative catalysts or alternative mechanistic approaches.

Sub-types of ATRP include activators regenerated by electron transfer

(ARGET)- and initiators for continuous activator regeneration (ICAR)-ATRP.

Both reaction mechanisms allow the reduction of the copper catalyst concen-

tration a few ppm. ARGET-ATRP is achieved using a suitable reducing agent

such as ascorbic acid [12] and ICAR-ATRP is achieved using a radical source as

continuous activator regenerator for example Fe(III) chelated by triphenylphos-

phine (PPh3) in combination with azobis-(isobutyronitrile) (AIBN) as thermal

radical initiator [13]. This is of particular interest for medical and industrial

applications owing to the toxicity of copper. Recently, biomacromolecules

such as horse radish peroxidase (HRP) [14] or haemoglobin [15] have been suc-

cessfully applied as catalysts for ATRP to advance environmentally friendly

polymerisation.

1.2.3 CROP

Of the many ionic polymerisation reactions, cationic ring opening polymeri-

sation (CROP) was used solely and extensively throughout this thesis for the

polymerisation of different 2-oxazolines, a cyclic imino ether, on poly(dimethyl-

siloxane) (PDMS) macroinitiators. The polymerisation is initiated by an at-
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Figure 1.3: Illustration of the CROP propagation mechanism of 2-oxazolines.
Reprinted with permission from: "The chemistry of poly(2-oxazoline)s, B. Ver-
braeken et al., European Polymer Journal, Elsevier, March 2017. Copyright
(2017) Elsevier [16].

tack of the macroinitiator by the nitrogen of the monomers to form an oxa-

zolium ion stabilised by the counter ion X– . During the chain propagation,

unactivated monomers attack the carbon neighbouring the oxygen of the oxa-

zolium ion, the nitrogen oxygen double bond is relocated to yield a carbonyl

and the propagation enters the next cycle by a consecutive monomer attack

as illustrated in Fig 1.3.

1.3 Polymer Architectures & Selected Types

The simplest polymer architecture is a homopolymer e.g. poly(ethylene oxide)

(PEO) or poly(caprolactone ) (PCL) where the macromolecules are composed

of only one type of monomer. The linear covalent linkage of homopolymers

yields block copolymers e.g. a diblock PEO-b-PCL [17]. Alternatively the

blocks might be linked to the side-chains of a block to obtain grafted block

copolymers [18]. The sequential polymerisation of three different monomers

yields asymmetric triblock copolymers [19], whereas the polymerisation of

one monomer on a bi-functional macroinitiator yields symmetrical triblock

copolymers [20]. The self-assembly of block copolymer thin films is of great

relevance for technological advances based on soft materials. Techniques re-

garding the characterisation and manipulation of such films is nicely reviewed

elsewhere [21].
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Figure 1.4: The depicted polymerisation reaction was followed throughout this
thesis and adapted as described in the respective sections and experimental
procedures.

1.4 Relevant for the Thesis in Hand

1.4.1 Cationic Ring Opening Polymerisation of 2-oxazolines

The chemistry of the 2-oxazoline polymerisation was reviewed recently by Ver-

braeken et al.[16] and the general mechanism of the CROP of 2-oxazolines

is depicted in Fig 1.3. The synthetic scaffold underlying the polymerisa-

tions carried out in the present work is outlined in Fig 1.4. Commercial

poly(dimethylsiloxane) (PDMS) polymers served as the starting material to

formulate bi-triflate activated macroinitiators. The polymerised monomers in-

cluded 2-methyl-2-oxazoline (MOXA) and 2-phenyl-2-oxazoline (PhOXA) and

the polymerisation reactions were terminated by H2O, ethylenediamine, NaN3

or potassium thioacetate to yield -OH, -NH2, -N3 or -SH functionalised poly-

mers, respectively.

1.4.2 Poly(dimethylsiloxane)

PDMS is an optically transparent, extremely hydrophobic viscous liquid. It

has a glass transition temperature below -100 ◦Cand has excellent mechan-

ical properties. It is accessible in industrial scale and has a broad range of

applications. It is elastic and serves as a dielectric medium which renders it

an excellent candidate for thin film actuators which are of key interest for the

engineering of artificial muscles. In a collaboration with the Biomaterials Sci-

ence Center at the University of Basel, PDMS was thermally evaporated [22]
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to yield thin films. In a second step it was functionalised with thiol groups to

form a stable bond with a gold electrode [23], which yielded, in a third step, a

low-voltage dielectric elastomer transducer [24].

1.4.3 Poly(2-oxazolines)

The living character of the CROP and the vast amount of 2-oxazoline mono-

mers [25] renders poly(2-oxazolines) specifically interesting candidates for block

copolymer engineering. The polypepdide-isomeric structure of poly(2-alkyl-2-

oxa-zolines) renders them biocompatible and thereby interesting candidates

for medical applications [26]. The low fouling properties of poly(2-methyl-

2-oxazoline) (PMOXA) is of key interest for surface coatings on medical de-

vices [27, 28] and drug delivery vehicles.



Chapter 2

Self-Assembly vs.

Self-Organisation

Ordering physical matter into complex systems with emergent properties is a

process resulting in observable structuring of the physical world on all spa-

cial scales, but is driven by dynamic small-scale interactions. As reviewed by

Halley and Winkler [29], the essential difference between self-assembly and self-

organisation is found in the underlying thermodynamic driving force of the pro-

cesses. Self-assembly is thereby a spontaneous process striving towards ther-

modynamic equilibrium whereas self-organisation defines a non-equilibrium

process that requires an external source of energy. Both processes are of ut-

most relevance in nature and to the existence of life as we know it on this

planet.

2.1 Self-Assembly & Life

The formation of a self-sustained, living entity requires the separation of the

self from the environment and energy to prevent the entity from reaching ther-

modynamic equilibrium (death). The gradients that feed all of their biological

functions such as interaction with the environment, mobility or reproduction,

require specific forms of energy being available and storable. On a nano-scale

or cellular level, the separation from the environment and many of the energy

conversion processes, e.g. light harvesting for photosynthesis [30] or adenosine

13
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triphosphate (ATP) synthesis [31] are directly dependent on the concept of a

membrane formed by self-assembly. The membrane enables the build-up of

an electrochemical gradient that is exploited to drive the synthesis of energy-

rich compounds. Their distribution within a biological entity and degradation

via highly selective enzyme cascades, provides the energy for a vast variety of

biochemical processes that sustain the integrity of the entity. Based on this,

multicellular organisms such as human beings could therefore be understood

as a self-organised aggregation of cells, requiring a constant feed of energy

to sustain the organisation and thereby the organism. Therefore, the pro-

cess of self-organisation depends on a prior process of self-assembly of specific

structures, such as membranes, proteins or ribonucleic acid (RNA) and de-

oxyribonucleic acid (DNA) complexes.

The building blocks of these complexes are molecules that are composed of

strictly organised atoms linked by covalent bonds. Zooming out a bit - to the

nano-scale, where the quantum-character of energies dominating the quantum-

mechanic realm is smeared out around kT - we leave the single atom or ion to

describe phenomena governed by the dance between a statistical environment

and a set of forces driving strongly distance dependant, reversible bonding

between molecules - the Van-der-Waals interactions.

The self-assembly of molecules is an internal process of a system resulting

in an increased molecular ordering of its composing entities. Such a process is

entropically unfavourable. Therefore in the absence of any driving force or a

favourable molecular interaction the molecules disperse completely in the sol-

vent to yield one single phase. The observation of a spontaneous self-assembly

of molecules in solution suggests the presence of a driving force or a favourable

molecular interaction that increases the internal energy of the system enough

to compensate for the unfavourable entropic contribution of introducing order

to a given system [32].

If the solvent is removed from a system in which molecules are completely

dispersed, a phase transition is induced and the molecules are forced to aggre-

gate in a solid phase. Again, the same concept is applicable: In the absence

of a driving force or molecular interaction strong enough to compensate for

the entropically unfavourable process of introducing long-range order to the

newly formed solid phase, a random aggregation of molecules occurs and an
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amorphous phase will be observed. If however, there is a molecular interaction

or a driving force strong enough to compensate for the negative entropy, the

solid phase will exert long range order.

An illustrative example is the evaporation of water from a sodium chloride

solution. In this system, the water molecules represent the solvent, the sodium

and chloride, technically not molecules but ions, represent the solubilised enti-

ties. Additionally, it is intrinsic to such a solution that the exact same number

of positively and negatively charged ions are present and the net electric charge

of the system is zero. In solution, the interaction between the ions of opposite

charge is shielded by the water molecules. Upon removal of the shielding water

molecules the oppositely charged ions are forced closer together. To minimise

their electric repulsion they arrange in a crystal lattice, exerting long range

order to avoid the neighbouring of ions with like charges. This minimisation

of the electric repulsion between ions compensates largely for the entropically

unfavourable presence of an ordered crystal.

Taking water as the solvent again, but increasing the complexity of the

larger molecule to an amphiphilic block copolymer (the reader is referred to

the Compendium of polymer terminology and nomenclature: IUPAC recom-

mendations, 2008 [33] for a complete list of definitions regarding polymer typ-

ing) the possible types of molecular interactions are increased - the realm of

VdW forces is entered. For example, the amphiphilic nature of two covalently

bound homopolymer blocks introduces an intrinsic phase separation in every

individual polymer chain, described as the strong segregation limit [34]. This

intrinsic two phase system underlies a tendency of the macromolecule to nucle-

ate and assemble an interface from this point, characterised by an interfacial

tension and thickness. Its propagation along two or three spatial dimensions

leads to the assembly of nano-structures that are thermodynamically stable as

long as they are confined to the respective thermodynamic box.

2.2 Phospholipid Bilayer Assemblies

More than a century has passed since E. Overton published his work on a

lipid barrier between the cytoplasm of an eukaryotic cell and its surrounding

world [35]. Over the years, the concept of a simple lipid barrier preserving the
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cytoplasm has evolved into one of a complex fluidic bilayer system composed

of many different types of phospholipids [36] and populated by membrane

proteins and carbohydrate molecules. Membrane proteins are key players in

realising a broad palette of functionalities such as cell-cell signalling, signal

transduction across the membrane, control of ionic in- and e-flux or active

transport of larger solutes across the membrane. As an example of large cargo

the internalisation of liposomes and polymersomes into cells was achieved via

strain-promoted disulphide exchange on the cell surface. After the internalisa-

tion of the cargo, the disulphide bond is severed by the reductive environment

found in cell cytoplasm [37].

Naturally occurring phospholipids are limited in their molecular geometries

and abundance but are intrinsically bio-compatible and -degradable, which is

beneficial for medical applications such as drug delivery. Their aqueous self-

assembly results primarily in micelles, worm-like micelles and vesicles, but

also some more exotic structures such as hollow tubes [38]. The thickness of

membranes assembled from phospholipids is in the range of 3-5 nm [39], which

is compatible with the dimension of natural membrane proteins. The lipid

composition of the bilayer membranes has been shown to affect the activity

of inserted membrane proteins [40]. These two factors are of key interest

when porting membrane proteins into polymeric membranes for nanoreactor

engineering.

The rational design of proteins capable of executing a simple desired func-

tion e.g. the pumping of a specific ion across a membrane, has hitherto been

impossible. Even simpler proteins such as membrane pore forming proteins

that limit the molecular weight of the molecules permitted membrane passage

are not accessible by rational design. The underlying challenge of predicting

the folding, the self-assembly, of a protein from its chemically accessible amino

acid sequence would require computational power or algorithms that are not

available. Therefore, the engineering of nanoreactors relies on selecting de-

sired functionalities from the abundant pool of proteins designed by nature

and porting them into a polymeric membrane.
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2.3 Self-assembly of Polymers

Amphiphilic polymers are synthetic analogues of naturally occurring phospho-

lipids. Their synthetic origin renders them abundant and the constantly ex-

panding set of possible polymerisation reactions offers access to endless molec-

ular geometries and chemical functionalities to assist rational polymer designs

to yield precisely predicted geometries. The ability to create thermodynamic

machineries and anchor them to an interface gives rise to control over mass-,

charge-, photon- or phonon-transport across the respective interface. The syn-

thetic chemistry enables fine tuning of the geometry of the assembled nano-

structures.

Self-assembly concepts for multicompartment nanostructures were reviewed

by Gröschel et al. [41]. The review article illustrates in detail the correlation

between rational polymer design and transmission electron microscopy (TEM)

images. The presented applications for the assembled materials owing their

properties to rational design on the nano-scale, impressively demonstrate the

vast field of emergent properties of nano-scale structured materials.

In many regards synthetic polymers represent imitations of naturally oc-

curring so called bio-polymers that are still primitive. The diversity of the field

of polymer - or for that matter macromolecular self-assembly - is stimmulat-

ingly illustrated by Lombardo et al. [42]. The theory of polymersome assembly

is summarised by Antonietti and Förster [39]. A later review thatwhich of-

fers detailed insight into the self-assembly of specific block copolymers [43] is

recommended for further insight into polymersomes self-assembly.

The following parts focus on the self-assembly of membranes into three-

dimensional architectures such as polymersomes or as building-blocks for more

complex molecular systems. Way’s to insert membrane proteins in polymeric

membranes; and aims to describe as accurately as possible the self-assembly

of a waste-product.

Soft-matter quasicrystals self-assembled from polymeric precursors repre-

sent fairly interesting and simple way to structure the nano-scale landscape.

And if a real crystallisation process underlies the formation of this relatively

new type of material, such a state of the matter would nucleate on the times

scale of ionic crystallisation upon block copolymer aggregation.





Part II

Building Blocks for

Self-assembly
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T his part of the thesis deals with the synthesis of amphiphilic block copolymers,
the bui lding blocks for the self-assembly of 3D architectures in solution or as bulk
materials. T he PMOXA-b-PDMS-b-PMOXA triblock copolymer is the standard
amphiphile used for the self-assembly of polymersomes and the engineering of nano-
reactors in our research group. First, the development of a novel method is reported
and its benefits outlined. T his cosolvent fractionation allows the separation of triblocks
from multiblocks that form as side products during the polymerisation of 2-methyl-
2-oxazoline. In the fourth chapter of the thesis the synthesis of a poly(2-phenyl-2-
oxazoline) based pentablock copolymer is described. T his experimental block copolymer
was designed to improve the tightness and mechanical stabi lity of membranes assembled
from PMOXA-b-PDMS-b-PMOXA.
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Chapter 3

Cosolvent Fractionation

Published and reprinted with permission and modifications.

Lörcher S. and Meier W. P.

2017. European Polymer Journal 88, 575-585

abstract

A novel cosolvent fractionation method was developed for the purification of

poly(2-methyl-2-oxazoline)-block -polydimethylsiloxane-block -poly(2-methyl-2

-oxazoline) (PMOXA-b-PDMS-b-PMOXA). In this chapter, the challenges re-

lating to the synthesis, purification, and characterisation of the amphiphilic

triblock copolymer are illustrated and discussed. A block copolymer (BCP)

library was synthesised by cationic ring-opening polymerisation of 2-methyl-

2-oxazoline on broadly and narrowly dispersed PDMS macroinitiators. The

23
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crude BCPs were fractioned using a newly developed cosolvent extraction tech-

nique. With this it was possible to remove the side products of chain-transfer

reactions, which are intrinsic to the polymerisation of 2-oxazolines, especially

2-methyl-oxazoline. The obtained fractions were characterized by nuclear mag-

netic resonance, gel permeation chromatography and light scattering, revealing

that the cosolvent fractionation was able to separate multiblock copolymers

from triblock copolymers. Self-assembly of the individual polymer fractions

showed that the cosolvent fractionation was essential to yield polymersome

forming triblock copolymers.

3.1 Introduction

Self-organization and self-assembly are key concepts of nature, enabling the

construction of macromolecular objects with all kinds of different architectures.

Cell membranes, for example, are assembled from amphiphilic phospholipids to

facilitate compartmentalization, a necessity for spacial separation of chemical

reactions within a cell. Spacial confinement alone would only allow chemical

reactions to proceed side-by-side until reaching equilibrium within their re-

spective compartment. To interconnect these reactions, a controlled exchange

of molecules across the membrane is required. In nature, such molecular gate

keeping is realized by decorating the membranes with specific proteins, con-

trolling the direction and type of molecules or ions allowed to pass through

the membrane. The concept of phospholipid assembly inspired the liposome

field, where these molecules are applied for a variety of purposes ranging from

basic research on membrane proteins to the development of FDA approved

drugs such as Doxil. Large scale chemical synthesis of phospholipids and their

work-up require multiple steps [44], while the chemical modification of lipids

(one method of introducing additional functionalities or targeting moieties) is

not straightforward.

In contrast to naturally occurring lipids, amphiphilic block copolymers

(BCP), a special type of copolymer, where blocks of homopolymer with dis-

tinctly different physical properties are covalently linked into a single macro-

molecule, represent a widely explored alternative to lipidic amphiphiles for

self-assembly. The synthetic origin of BCPs renders them abundant, enables
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the combination of a vast amount of chemical groups, facilitates the introduc-

tion of reactive groups, and allows for linear [45], random [46], dendrimeric [47],

branched [48], grafted [18] molecular geometries or every combinations thereof.

Furthermore, BCPs can be rationally designed [49] to fine-tune the prop-

erties of the macromolecule and thereby give rise to a limitless diversity in

self-assembled structures [50] or emergent functions [51]. The amphiphilic tri-

block copolymer poly(2-methyl-2-oxazoline)-block -polydimethylsiloxane-block -

poly(2-methyl-2-oxazoline) (PMOXA-b-PDMS-b-PMOXA) represents the first

one to host a functional bacterial membrane protein [52] and still is the flagship

for the engineering of polymer based nanoreactors exploiting natural mem-

brane proteins. Over the last 16 years, many different membrane proteins

have been successfully inserted into PMOXA-b-PDMS-b-PMOXA membranes

to yield nanoreactors [53], artificial organelles [54] or into PMOXA-b-PDMS di-

block copolymer based planar membranes to support functional membrane pro-

teins on surfaces [55] all despite the so called hydrophobic mismatch [56]. As-

semblies based on PMOXA-b-PDMS-b-PMOXA blended with PDMS-heparin

conjugates enabled Najer et al. to engineer nano-mimics, inhibiting fresh inva-

sion of erythrocytes with Merozoites in vitro [57]. Phospholipids self-assemble

into membranes which are 3 to 5 nm thick, whereas BCP-based membranes are

in general much thicker. To compare the lateral diffusion of individual phos-

pholipid chains within a lipid membrane to the lateral diffusion of BCP chains

within PMOXA-b-PDMS-b-PMOXA membranes, polymeric membranes with

a thickness similar to the ones of lipids were required. The self-assembly of

6 to 10 nm thick polymeric membranes is possible from triblock copolymers

with well-defined short block ratios [1] but requires the development of a novel

purification strategy.

The preparation of BCPs for membrane self-assembly is challenging in sev-

eral ways: (I) the polymerisation of 2-oxazolines is generally affected by chain-

transfer reactions [58], (II) the formation of parasitic PMOXA homopoly-

mer species during the polymerisation of 2-methyl-2-oxazoline, and (III) the

work-up of amphiphilic BCPs requires special attention, since they might co-

precipitate with the homopolymers if the respective blocks are short. There-

fore, precipitation in hexane was found not to be successful and yielded BCPs

that do not self-assemble into polymersomes. As alternative methods for the
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work-up of BCPs either preparative gel permeation chromatography (prepGPC)

or selective adsorption based on different hydrophilicity/hydro-phobicity could

be used. However, polymer fractionation of 5 g crude polymer on a prepGPC

system is time-consuming and requires dedicated expensive equipment. Fur-

thermore, PMOXA is known to interact with cross-linked polystyrene, the

common stationary phase in GPC columns [59]. Selective adsorption based

on the hydrophobic/hydrophilic properties might be applicable to remove ho-

mopolymers, but is not expected to remove the side-products formed via chain-

transfer reactions. The parasitic PMOXA homopolymer chains are completely

water soluble and most likely become encapsulated but are not expected to

negatively affect the self-assembly process. This expectation is supported by

numerous experiments where hydrophilic cargo is encapsulated into polymer-

somes. In contrast, the presence of unreacted PDMS macroinitiator or in-

terlinked chains, formed by the covalent linkage of two active PDMS chains,

shifts the self-assembly from polymersomes towards PDMS precipitates. Here,

we report the development and demonstrate the robustness of a novel cosol-

vent extraction method. To the best of our knowledge the concept of using

two organic solvents to fraction an amphiphilic BCP is not yet reported in

the literature and represents a powerful new technique for BCP work-up. In

a series of cosolvent extractions, where an extraction solvent with higher po-

larity is used, in each iteration it was possible to fraction commercial PDMS

to yield narrowly dispersed macroinitiators. The cosolvent fractionation of

the crude block copolymer enables the separation of multiblocks, formed by

chain-transfer reactions, from the triblock copolymers and is essential to yield

triblock BCPs for the self-assembly of polymersomes.

3.2 Results & Discussion

A small library (Table S1) of poly(2-methyl-2-oxazoline)-block -polydimethyl-

siloxane-block -poly(2-methyl-2-oxazoline) (PMOXA-b-PDMS-b-PMOXA) block

copolymers (BCP) was synthesised via cationic ring opening polymerisation

of 2-methyl-2-oxazoline (MOXA) on commercial PDMS macroinitiators (MI)

yielding broadly dispersed 1st generation BCPs and on fractioned PDMS MIs

(6003H and 6002H) yielding narrowly dispersed 2nd generation BCPs. To
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asses the optimal solvent for the polymerisation and to record reaction kinet-

ics, MOXA was polymerised on narrowly dispersed MIs.

3.2.1 PDMS macroinitiator fractionation

The received PDMS products were characterized by GPC and 1H-NMR and

found to be pure, but quite disperse (Fig. S1). The solubility of PDMS in

polar solvents depends on the molecular mass of the respective polymer chains

which allowed the cosolvent fractionation of PDMS homopolymers. In a series

of extractions against hexane, EtOH, MeOH and ACN were used one after

another as described in the experimental section. The series of cosolvent ex-

tractions enabled the fractionation of the carbinol fluids 6003 and 6002, each

into three distinct, relatively narrowly dispersed PDMS fractions (Fig. 3.1).

The chromatograms depicted in Fig. 3.1 exhibit peaks below 1000 g mol−1 for

all fractions analysed, which are attributed to interactions with BHT, the sta-

bilizer present in the eluent. This is supported by the absence of these peaks

when using TCM as an eluent, which is stabilized with EtOH (Fig. S2).

3.2.2 Solvents & polymerisation kinetics

The choice of solvent for the synthesis of BCPs is not trivial since the indi-

vidual blocks are not necessarily soluble in the same solvent or the common

solubilising agent is not optimal for the polymerisation. Historically, PMOXA-

b-PDMS-b-PMOXA was synthesised in either ethylacetate (EtOAc) [60] or in

chloroform:acetonitrile (7:3 v/v, TCM:ACN) [61]. Alternatively, N,N-dimethyl-

acetamide (DMAC) was successfully used for the polymerisation of 2-ethyl-2-

oxazoline [62]. DMAC solubilises the PDMS-bi-triflate macroinitiators, but

it was found to cause brownish coloured PMOXA-b-PDMS-b-PMOXA BCPs

and was difficult to remove on the rotary evaporator. Therefore, the reac-

tion kinetics in EtOAc and TCM:ACN were compared and DMAC was not

subsequently used for the polymerisation of MOXA on PDMS MIs.

MOXA polymerisation kinetics were assessed on narrowly dispersed MIs

to ensure the most homogeneous MI composition. For this, samples of 6002H

and 6003H (Fig. 3.1) were activated with trifluoromethanesulfonic anhydride as

described in the experimental section. The kinetic data (Fig. 3.2, S4) represent
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Figure 3.1: GPC traces of two commercially available PDMS products, frac-
tionated by cosolvent extraction (black: original, blue: top fraction, orange:
EtOH fraction, violet: bottom fraction and green: ACN fraction. 100 g of the
Shinetsu 6003 carbinol fluid (Ð: 1.97) were fractioned into the hexane fraction
(64.0 g, MnNMR: 7636 g mol−1, Ð: 1.23, 6003H), an EtOH fraction (26.5 g,
MnNMR: 4551 g mol−1, Ð: 1.18) and a MeOH fraction (4.4 g, MnNMR: 2590
g mol−1, Ð: 1.31). 100 g of the Shinetsu 6002 carbinol fluid yielded a hexane
fraction (40.7 g, MnNMR: 6306 g mol−1, Ð: 1.20, 6002H), an EtOH fraction
(43.4 g, MnNMR: 4280 g mol−1, Ð: 1.21) and a MeOH fraction (5.9 g, MnNMR:
2134 g mol−1, Ð: 1.34). ACN fractions were not of interest owing to their low
molecular weights and small amounts. The low molecular weight shoulders
(below 1000 g mol−1) are artefacts from the stabilizers contained in THF used
as the eluent (see Fig. S2 for illustration)

two activated batches and four individual polymerisations (BCP10, BCP11

and BCP09, BCP08 respectively) of which two (BCP08, BCP09) were split

before quenching to yield -hydroxyl, -azide, -thioacetate and -amine end-groups

(BCP0X A, B, C and D Table S1). The separate quenching has the benefit of

yielding functionalised BCPs for further modifications and enables individual

cosolvent fractionations for the analysis of the technique.

Kinetic data recorded from the polymerisation in EtOAc and TCM:ACN

revealed a more linear character for TCM:ACN than for EtOAc, reasoned by

the respective R2 values of the linear regression (Fig. 3.2). The slope of the

linear regression (Fig. 3.2) suggests that the reaction kinetics of the polymeri-

sation do not depend on the molecular mass of the macroinitiator, but on other

factors. This is expected and further supported by the lower molecular mass

MI 6002H exhibiting, for both solvents, slower kinetics than the higher molec-
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Figure 3.2: Kinetic analysis of 2-methyl-2-oxazoline polymerisation on differ-
ent molecular weight PDMS macroinitiators in EtOAc (red squares) and in
TCM:ACN (7:3 v/v, green diamonds). The blue and black lines represent lin-
ear fits of the 1H-NMR data (details in Fig. S3): (A) Shinetsu 6003 hexane
fraction with MnNMR: 7636 g mol−1 in EtOAc (slope: 2.02, R2: 0.952, blue)
and in TCM:ACN (slope: 1.48, R2: 0.997, black) and (B) Shinetsu 6002 hex-
ane fraction with MnNMR: 6306 g mol−1 in EtOAc (slope: 0.88, R2: 0.918,
blue) and in TCM:ACN (slope: 1.21, R2: 0.996, black).

ular mass MI 6003H. However, the more linear reaction kinetics in TCM:ACN

together with the low solubility of poly(2-methyl-2-oxazoline) (PMOXA) in

EtOAc render TCM:ACN the preferred solvent mixture for the polymerisation

of 2-methyl-2-oxazoline (MOXA) on poly(dimethylsiloxane) (PDMS) MIs.

To test for a living character of the 2-oxazoline polymerisation, demon-

strated by Hoogenboom et. al [63], of MOXA on PDMS MIs, the poly-

merisation was accelerated by the addition of 10 mL of monomer after 95.5

(Fig. S4A) and 47.5 (Fig. S4B) hours. It was found that the polymerisation is

living, despite the use of highly reactive triflate catalysts, long polymerisation

times (47.5 and 95.5 hours) and high molecular weight PDMS MIs. This sug-

gests that it might be possible to sequentially synthesise symmetric multiblock

copolymers with different poly(2-oxazoline) blocks on PDMS-bi-triflate.

3.2.3 Cosolvent fractionation

After synthesis, the crude BCP was soluble in MeOH, and the turbidity of

the solution indicates the presence of unreacted PDMS chains. If observed,

unreacted chains were removed by centrifugation and the polymer was fur-

ther purified from any low molecular mass species by dialysis or ultrafiltration
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to yield a chemically pure BCP. Ultrafiltration was found to require more

time (up to two weeks) and the choice of solvents is limited owing to pressure

and solvent-membrane compatibility. Owing to the amphiphilic character of

the BCP, the choice of solvent for an effective dialysis or ultrafiltration is lim-

ited. The solvent must solubilise both blocks (PMDS and PMOXA), unreacted

monomers and small molecular weight impurities as well as possible. The time

benefit rendered dialysis the method of choice and TCM, a good solvent for

PDMS and PMOXA, the best performing solvent for dialysis. However, after

removal of unreacted monomers and small molecular weight species, the ob-

tained BCPs did not self-assemble into polymersomes upon film rehydration

in an aqueous environment even though the hydrophilic weight fraction fOX

was in the range of 0.20 to 0.35, required for vesicular self-assembly [64].

The self-assembly of amphiphilic macromolecules is a sensitive process and

is easily affected by a tiny amount of hydrophobic species, whereas hydrophilic

species are tolerated in a larger amount owing to their solubility. Mixtures of

small organic molecules can be separated by extraction in immiscible solvents

because of the preference of the molecule for one or the other solvent. Herein it

is reported, that a similar concept is applicable to amphiphilic BCPs. MeOH

and hexane are immiscible, PMOXA is soluble in MeOH and PDMS is soluble

in hexane. The preference for one or the other phase is determined by the

fOX of the BCP chain. A stirred methanolic solution of the pure BCP is

clear and becomes slightly turbid only when hexane is added. At around

50 % (v/v), the solution turns white, like fresh snow, and the solvents are

emulsified by the amphiphilic macromolecules. Reducing the temperature of

such emulsion results in the reduced solubilities of the individual blocks and

forces the macromolecules into hexane or MeOH. In the separation funnel, the

mixture reaches room temperature while the solvents start separating to yield

two fractions (Fig. S5). In some cases a third fraction (inset Fig. S5) of less than

150 mg was observed in a typical separation of 5.0 to 10 g of crude BCP. 1H-

NMR analysis of this third fraction revealed a high amount of both PMOXA

and PDMS (23:104:23 as an example). This fraction was discarded if observed

and not further analysed since it occurred rarely for 1st generation BCPs and

its amount was negligible. The comparison between the separation of room

temperature mixtures and mixtures cooled to -60 ◦C was assessed by GPC and
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Figure 3.3: Transmisson electron micrographs of micelles (A) assembled from
a block copolymer with a block ratio of 18:49:18 and fOX=0.44 (not listed in
the table S2 owing to the formation of micelles) compared with polymersomes
assembled from BCP07-bottom (B) and assembled worm-like structures and
a few polymersomes from BCP08A-bottom (C). All samples were prepared by
film rehydration in 100 mM phosphate buffer pH 7.4 and imaged directly after
24 hours of stirring at room temperature and 630 rpm.

demonstrated the benefit from cooling (Fig. S6) for the fractionation efficiency.

The two main fractions are further referred to as "bottom" and "top" fractions

because both of them contain hexane and MeOH, implied by the volumes of

the respective fractions (see Fig S5) and reasoned by solvent molecules being

solubilised within the other fraction by the amphiphilic polymer chains. An

example for the evolution of the molecular weight distributions upon cosolvent

fractionation is illustrated for BCP08 in Fig. S7.

Separated polymer fractions exhibit distinct properties; polymers of the

top fractions are not soluble in MeOH, DMF or DMSO as examples of polar

solvents and additionally do not self-assemble into polymersomes. BCP08A-

top is not soluble in pure hexane, whereas BCP00-top still is, illustrating the

effect of the block length on the solubility profile of the BCPs. The polymers

from the bottom fractions are soluble in polar solvents such as MeOH, EtOH

or DMF and self-assemble in aqueous conditions into micelles (Fig. 3.3A),

polymersomes (Fig. 3.3B) or worm-like structures (Fig. 3.3C) depending on

the respective fOX. The deflated structures observed in transmission electron

microscopy (TEM) images (Fig 3.3B) are characteristic for PMOXA-b-PDMS-

b-PMOXA polymersomes and their vesicular character was confirmed by cryo-

TEM analysis previously [1].

Another interesting observation was made when the polymers from the



32 CHAPTER 3. COSOLVENT FRACTIONATION

respective fractions were dissolved in TCM and evaporated steadily at 42 ◦C,

600 mbar. The polymers from the bottom fractions form an optically opaque,

crystalline, non-uniform coverage on the bottom of a glass vial, whereas the

polymers from the top fractions form a homogeneous, non-crystalline, optically

transparent solid layer as depicted in Fig. S8. This was observed for both

generations of BCPs and is independent of their dispersity.

The overall yield of the synthesis is not the focus of the present work and

offers room for optimisation. The mass ratio between the polymers contained

in the top and bottom fractions was quite constant and was determined to be

59 ± 11 % (n = 19) of the initial BCP mass in the bottom fraction.

3.2.4 Composition of Top & bottom Fractions

The BCP structure and representative 1H-NMR spectra from the top and

bottom of BCP07 are presented in Fig. 3.4, indicating identical chemical com-

positions of the respective BCPs (Fig. 3.4B, C). Owing to the dispersity of

the BCPs, the only reasonable reference peak to determine the block ratio and

Mn is the one representing the -CH2- groups at 0.38-0.49 ppm (b in Fig. 3.4).

The number of dimethylsiloxane repeating units is calculated from a, whereas

the number of MOXA repeating units can be ambiguously calculated from the

signals of d and e. Therefore, the number of MOXA units obtained from either

of these signal must be the same and the most accurate way of determining

the PMOXA block length is consequently according to the following equation:

m = (x/6.0 + (y − 12)/8.0)/2.0 where m is the number of PMOXA repeating

units per side, x is the integral of the signal from d and y the integral of the

signal from e. The correction of y by subtracting 12 is necessary because of

the signal overlap (e) of the -CH2- groups in the spacer, linking the PDMS

block to the PMOXA blocks (three -CH2- groups on both sides), with the

signal from the protons in the PMOXA backbone. Respective fOX values are

calculated by dividing the total molecular weight by the molecular weight of

the PMOXA blocks and are summarized together with the block ratios of the

respective bottom and top fractions in Table S1.

The molecular mass distribution of the fractionated BCPs was assessed by

GPC. In an ideal system, the analyte would not interact with the column mate-
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Figure 3.4: Structure (A) of the block copolymer and representative 1H-
NMR spectra of the bottom fraction (from BCP07), recorded in K2CO3 sat-
urated CDCl3 without TMS (B): 400 MHz, ppm: -0.50-0.35 (m, 237.5 H,
-O-Si((CH3)2)-), 0.38-0.49 (m, 4.00 H (ref), -Si-CH2-), 1.95-2.19 (m, 38.0
H, -N(C(O)-CH3)-), 3.18-3.62 (m, 55.6 H, -Si-CH2-CH2-CH2-O-CH2-CH2-(N-
CH2-CH2)m−1-N-CH2-CH2-), 3.61-3.88 (m, 4.0 H, -CH2-OH) and top fraction
(C): 400 MHz,ppm: -0.50-0.35 (m, 483.8 H, -O-Si((CH3)2)-), 0.38-0.49 (m,
4.00 H (ref), -Si-CH2-), 1.95-2.19 (m, 26.5 H, -N(C(O)-CH3)-), 3.18-3.62
(m, 42.8 H, -Si-CH2-CH2-CH2-O-CH2-CH2-(N-CH2-CH2)m−1-N-CH2-CH2-),
3.61-3.88 (m, 3.5 H, -CH2-OH). No significant difference was observed between
spectra recorded from the bottom (B) and top (C) fractions, confirming their
identical chemical compositions and suggesting that the respective polymers
only vary in their block ratios or block compositions.
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rial, hence the separation would be based solely on the molecular weight of the

analyte. It was reported elsewhere that PMOXA interacts with cross-linked

polystyrene, the filling material used in SDV columns and it has been demon-

strated that the use of a TCM:TEA:2-propanol 94:4:2 v/v (TCM:TEA:IPA)

mixture as an eluent reduces such interactions [59]. For low molecular weight

polymers, it was found that the use of TCM:TEA:IPA as an eluent led to

an apparent high molecular weight shoulder in the UV trace (Fig. S9, green

trace), which was not observed in the respective delta pressure signal recorded

from the viscometer (Fig. S9, red trace). The delta pressure is not affected

because the reference and sample channel contain the same amount of TEA

and IPA, ensuring that the observed signal originates from the analyte alone.

Furthermore, the overlaid delta pressure traces (Fig. S9, blue and red trace)

indicate no significant difference in the elution pattern between pure TCM

and TCM:TEA:IPA as eluents. However, the UV traces (Fig. S9, green and

magenta trace) recorded in pure TCM (254 nm) and in TCM:TEA:IPA (310

nm, necessary owing to the eluent mixture) are significantly different. The

improved agreement between delta pressure and UV trace in pure TCM lead

to the preference for pure TCM as the eluent over the elution mixture. The

refractive index of PMOXA is greater than that of TCM and that of PDMS

lower, rendering the interpretation of the RI signal from the bottom fractions

challenging as illustrated in the raw elugrams (Fig. S10C). The RI signal of the

top fractions was found to be negative (Fig. S11C) for all analysed fractions,

supported by a shift in the physical properties of the respective BCPs towards

that of PDMS (compare fOX top with bottom fraction properties, Table S1).

All Mn values are therefore calculated based on the UV traces recorded at

254 nm. The baselines for the UV traces of the bottom fractions were all set

as illustrated in Fig. S10C. The obtained molecular mass distributions and the

corresponding dispersities are summarized in Table S1, Fig. 3.5 and Fig. 3.6.

3.2.5 Chain interlinkage during synthesis

The narrowly dispersed MIs enabled the synthesis of equally narrowly dis-

persed BCPs as listed in Table S1. Quenching the reaction at the time when
1H-NMR spectrum indicates the desired conversion does not result in BCPs
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Figure 3.5: Graphical representation of Mn determined by GPC (yellow bars)
and 1H-NMR (brown bars) for the polymers isolated from the bottom (left)
and the top (right) fractions. The left block (BCP00-07) represents the 1st

generation, the right block (BCP08-11) the 2nd generation block copolymers.
The discrepancy between Mn determined from GPC and 1H-NMR is negligible
for the bottom fractions and becomes more pronounced for the top fractions.

Figure 3.6: Graphical representation of the dispersion (Ð, left axis, red bars)
and the hydrophilic weight fractions (fOX, right axis, blue bars) determined for
the bottom (left) and top (right) fractions. The mean dispersity indicates
a clear benefit for the bottom fraction when polymerised from low dispersed
macroinitiators. The difference in fOX between top and bottom fractions is
similarly significant for 1st and 2nd generation polymers.

with the desired block ratios due to the changes of the block ratio upon frac-

tionation. For example BCP08 and BCP09 were quenched when fOX was

0.30 to yield polymersome forming triblock copolymers. After the cosolvent

fractionation, fOX of the respective bottom fractions was clearly above 0.30

(Fig. 3.6, Table S1). Based on the findings for all polymers synthesised and

fractioned, the final fOX can be estimated as approximately 0.05 times higher

than the value determined at the time of quenching.

The Mn values obtained from GPC and 1H-NMR are in good agreement

with each other for most bottom fractions from 1st and 2nd generation triblock
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copolymers (Fig. 3.5 left, Table S1). In contrast, the values obtained for top

fractions exhibit larger differences between the Mn values from GPC and 1H-

NMR (Fig. 3.5 right, Table S1). Alternatively, the molecular weight of the

BCPs might be determined by static light scattering, a method that depends on

(I) complete solubilisation of the macromolecules in the respective solvent and

(II) a large enough dn/dc to yield sufficient scattering contrast. To facilitate

static light scattering measurements of the BCPs and thereby confirm the Mn

from GPC or 1H-NMR, the refractive index increment of four polymers was

determined as described in the experimental section and illustrated in Fig. S12.

The respective increments in TCM, the only solvent found to solubilise both

blocks, were found to be 0.0088, 0.0282, 0.0162 and 0.0154 for BCP01-bottom,

BCP01-top, BCP09A-bottom and BCP09A-top, respectively. With such low

dn/dc values, it was not possible to obtain reliable molecular weight from light

scattering measurements to confirm the values obtained from either GPC or
1H-NMR.

For the 2nd generation of BCPs, the GPC traces of top and bottom fractions

show clear molecular mass differences that cannot be reasoned by artefacts.

The multiplet at 0.38-0.49 ppm, used as a reference signal to determine the

block ratios, originates from the -CH2- groups (Fig. 3.4A a) connected to the

last dimethylsiloxane repeating unit and is relative to the amount of connected

PDMS chains. Therefore, Mn values from 1H-NMR can only match those

from GPC when a covalent interlinkage of two chains is assumed to yield

pentablocks: PMOXA-b-PDMS-b-PMOXA-b-PDMS-b-PMOXA.

The amount of polymer in the respective fractions, averaged over the syn-

thesised BCPs, revealed that 41 ± 11 % (n = 19) of the crude polymer is

composed of these pentablocks. Furthermore, the differences in Mn values

obtained from GPC and 1H-NMR become negligible for polymers quenched

with H2O:TEA (BCP08A and BCP09A) or potassium thioacetate (BCP08C

and BCP09C) and differs only slightly when quenching with sodium azide

(BCP08B and BCP09B) when the reference signal in the respective 1H-NMR

is corrected to 8.0 protons (0.38-0.49 (m, 8.00 H (ref), -Si-CH2-)). Quenching

the polymerisation with ethylenediamine, a bi-functional molecule, intrinsi-

cally favouring chain interlinkage, due to its bi-functionality results in a sig-

nificant difference between the Mn values (BCP08D and BCP09D). These
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findings confirm that the performed synthesis yields pentablocks via chain in-

terlinkage together with triblocks, yielding a BCP mixture which is effectively

separated by the developed cosolvent fractionation. The fractionation enables

the essential isolation of PMOXA-b-PDMS-b-PMOXA triblock copolymers for

polymersome self-assembly.

3.3 Conclusion & Outlook

The developed cosolvent fractionation method was successfully used to yield

PMOXA-b-PDMS-b-PMOXA triblock copolymers for polymersome assembly.

This novel method is unique because two unmixable organic solvents are used

to fraction amphiphilic block copolymers (BCP) based on their hydrophilic

weight fraction (fOX). It was demonstrated that the temperature at which the

emulsion is stirred prior to the separation has a significant effect on the effi-

ciency of the cosolvent fractionation. The method was successfully extended

to fraction commercial PDMS homopolymers to yield relatively narrowly dis-

persed fractions of macroinitiators. Based on these results, it is anticipated

that the adaptation of the solvent combination would allow the fractionation

of other amphiphilic BCPs where, as for PMOXA-b-PDMS-b-PMOXA, the

combination of hexane and methanol was ideal to overcome the drawback of

chain interlinkage during the cationic ring-opening polymerisation of MOXA

on PDMS macroinitiators.

Polymerization on narrowly dispersed macroinitiators yield narrowly dis-

persed triblock copolymers that self-assemble into polymersomes upon film

rehydration. Such polymersomes offer a membrane platform of more uniform

character than the ones assembled from the highly dispersed triblock copoly-

mers. In a theoretical analysis [65], an increase in perturbation energy upon

protein insertion into a bilayer was predicted. It is further stated that the

range of perturbation increases with the polymeric chain length. The poly-

mer model applied is constructed with one length of polymer chains, an equal

length of hydrophilic and hydrophobic blocks and zero spontaneous curva-

ture of the membrane. The dispersity of a real polymer and the lateral fluid-

ity [1], originating from the unique properties of the hydrophobic PDMS block,

are both responsible for the membrane perturbation energy of the assembled
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membrane. It is envisioned that the access to narrowly dispersed PMOXA-

b-PDMS-b-PMOXA triblock copolymers enabled by the presented work, will

provide experimental means to assess the manifold of properties of polymeric

membrane assemblies and inspire more advanced theoretical studies. These

triblock copolymers give rise to the possibility of creating blends of narrowly

dispersed BCPs and thereby introduce a controlled and tunable dispersity.

The self-assembly of such blends might answer important questions regarding

membrane protein insertion and lead to a more profound understanding of the

membrane assembly, curvature and composition with respect to the dispersity

and the chain length of the amphiphilic BCP.
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Pentablock Copolymer

Synthesis
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abstract

In this chapter, the experimental synthesis of a poly(2-phenyl-2-oxazoline) con-

taining pentablock copolymer is described. The proposed polymer is designed

to increase the mechanical toughness and the molecular retention capacity

of the present PMOXA-b-PDMS-b-PMOXA block copolymer. The cosolvent

fractionation method was tested with this block copolymer and yielded distinct

fractions. The respective fractions were characterised by means of gel perme-

ation chromatography (GPC) and nuclear magnetic resonance spectroscopy

(NMR) and tested for potential to self-assembly into polymersomes or films

with moderate success.

4.1 Introduction

The mechanical stability of a nano-reactor defines its range of possible appli-

cations. A polymersome assembled from polymer X might be stable enough

to withstand the shear forces of the blood stream passing through the spleen

39
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Figure 4.1: Chemical structure of the proposed pentablock copolymer with
the aromatic poly(2-phenyl-2-oxazoline) (PPhOXA) blocks between the hy-
drophobic PDMS block and the hydrophilic PMOXA block.

but would be ripped apart by mechanical stirring in a chemical reactor or the

change in osmotic forces acting on the membrane when not in isotonic envi-

ronments. Nano-reactors are assembled in specific osmotic conditions leading

to zero osmotic forces acting on the membrane. If there is no membrane per-

meability, a significant change in osmolarity in the environment outside the

nanoreactor, e.g. if the nanoreactor solution is mixed with a hyper- or hy-

potonic solution (comparted to the one used for their self-assembly), leads

to membrane rupture to equilibrate the osmotic forces acting on the mem-

brane. A permeable membrane is more resistant owing to the in- and e-flux

of molecules. This enables an equilibration process between the inside and

outside solution of the nanoreactor, given the pores in the membrane are size

compatible with the molecules responsible for the osmotic pressure.

The endurance of a membrane can be increased in several ways, for exam-

ple as reported earlier by polymerising metacrylate groups capping the poly(2-

methyl-2-oxazoline) (PMOXA) blocks [66]. Alternatively, the membrane could

be cross-linked in the hydrophobic domain or the interactions between the

hydrophobic blocks could be increased. Here we chose the approach of in-

troducing an aromatic ring flanking the poly(dimethylsiloxane) (PDMS) layer

(Fig 4.1). It is envisioned that the aromatic layer would enhance the mechan-

ical stability of the hydrophobic domain and increase the molecular retention

of the membrane as a result of π− π stacking of the aromatic rings.

2-methyl- or 2-ethyl-2-oxazolines were previously copolymerised with 2-

phenyl-2-oxazolines to yield pseudo-diblock copolymers [67] or gradient copoly-
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Figure 4.2: Synthetic strategy for pentablock copolymers. The living char-
acter of cationic ring opening polymerisation (CROP) enables the sequen-
tial polymerization of 2-phenyl-2-oxazoline (PhOXA) and 2-methyl-2-oxazoline
(MOXA). The difference in reactivity between the PhOXA and MOXA
monomers enables the sole polymerisation of MOXA in the presence of PhOXA
without their copolymerisation as demonstrated in our control experiments.

mers [68]. This demonstrates the different reactivity of the two monomers

towards the living polymer end. The living character of the cationic ring

opening polymerisation, used for the polymerisation of 2-oxazolines, theoret-

ically supports the addition of one monomer after the other for a sequential

polymerisation. Since the monomers exhibit distinct reactivity, one might be

polymerised in the presence of the other without copolymerisation thereby

yielding sequential blocks. Based on this a synthetic strategy (Fig 4.2) was

outlined to test whether the proposed pentablock copolymer (Fig 4.1) can be

synthesised and if possible, what types of assembly would form.

The properties of materials self-assembled from block copolymers with

novel block compositions are of general interest for materials science. Since

reliable predictions of such properties are quite difficult to make, experimental

characterisation of the materials and the synthesis of novel block compositions

are required. The proposed pentablock copolymer supposedly yields a ring
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of aromatic PhOXA units between the PDMS and the PMOXA block. The

combination of PDMS with PPhOXA and PMOXA blocks unites an aromatic

barrier, an elastic central block with a protein-repellent hydrophilic corona.

4.2 Results & Discussion

4.2.1 Synthesis

The proposed synthesis scheme (Fig 4.2) was followed and found to be success-

ful in yielding block copolymers to be studied further. The control reaction

never showed the formation of polymer and, if evaporated, a viscose liquid was

isolated and found to be pure PDMS. Furthermore, there was no signal for

poly(2-oxazoline) backbone protons observed in the respective NMR spectra

(Fig 4.3 inset). Based on this finding, we concluded that the difference in re-

activity between MOXA and PhOXA is large enough to polymerise MOXA in

the presence of PhOXA at 42 ◦C with zero or at least non-detectable copoly-

merisation.

To obtain the final block copolymers, the crude products were dialysed

and then cosolvent fractionation was carried out to yield top and bottom frac-

tions as obtained for the PMOXA-b-PDMS-b-PMOXA block copolymer. For

the initial polymers, the top fraction was discarded because of a low PMOXA

content and it was assumed that most prematurely terminated chains were

separated. The extracted bottom fraction however was found to contain the

desired block copolymer. The NMR spectra (Fig 4.3) confirmed the pres-

ence of all three desired blocks and revealed a block ratio of 47:35:93:35:47

(PMOXA:PPhOXA:PDMS:PPhOXA:PMOXA) with the corresponding Mn:

25’171 g mol –1.

The corresponding GPC traces revealed a mono-modal but non-Gaussian

size distribution and confirmed thereby the desired pentablock copolymer. Mn

was found to be 35’510 g mol –1 and the dispersity was 1.56. The signal

from the backbone protons of the poly(2-oxazolines) corresponds to 86 units

of poly(2-oxazoline) (Fig 4.3 e). The signal from the protons of the phenyl

(Fig 4.3 f) and the methyl groups (Fig 4.3 d) add up to 83 units of poly(2-

oxazoline), which is in good agreement with the 86 units obtained from the
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Figure 4.3: Structure of the desired pentablock copolymer and a representa-
tive 1H-NMR spectra of the bottom fraction of SL055, recorded in K2CO3
saturated CD2Cl2 without TMS: 400 MHz, ppm: -0.32-0.26 (m, 559.1 H, -O-
Si((CH3)2)-), 0.30-0.52 (m, 4.00 H (ref), -Si-CH2-), 1.89-2.20 (m, 278.6
H, -N(C(O)-CH3)m), 2.45-3.91 (m, 695.9 H, -Si-CH2-CH2-CH2-O-CH2-CH2-
(N-CH2-CH2)m+n-OH), 6.88-7.42 (m, 352.6 H, -N(C(O)-C6H5)n). In combi-
nation with the mono-modal size distribution observed in the corresponding
GPC trace (Fig S13) this confirms the synthesis of a block copolymer composed
of all three desired blocks.
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back-bone protons. However, the signals originating from the protons of the

phenyl groups are not as expected (Fig 4.3 f) in a ratio of 2:3, but observed

for all 7 block copolymers synthesised. This is not fully understood, but since

it is a macromolecule, diffusive effects might affect the chemical shifts, so that

depending on the phenyl position in the polymer chain, the aromatic protons

exhibit slightly different shifts. The difference between the Mn obtained from

GPC and NMR appears to be too large to be reasoned solely by relative

calibration effects and therefore indicates inhomogeneities in the polymer. The

three polymers synthesised initially exhibited similar properties as discussed

but confirmed that the synthesis of the desired block copolymer is possible.

The GPC traces of a typical crude block copolymer exhibit broad and

poly-modal distributions (Fig S14 black trace). This supports the discussed

formation of side products or the incomplete reaction of the PDMSmacroinitia-

tor. Even though the cosolvent fractionation yields two fractions with distinct

GPC traces (Fig S14 green and red trace), it was only possible to obtain a

mono-modal bottom fraction distribution in some cases, as outlined for SL055

above. At this point, it became evident that there are many side reactions

that may occur and the synthesis requires optimisation before a proper study

of their self-assembly becomes feasible.

Nevertheless, the bottom fraction of SL055 has a poly(2-methyl-2-oxazoline)

weight fraction (fOX)=0.32 and was thereby worthwhile testing for the self-

assembly of polymersomes.

4.2.2 Self-Assembly

Initially, the self-assembly of polymersomes was tried by film rehydration, how-

ever the films were rehydrating badly and mainly detached as flakes and, even

after prolonged stirring, no polymersomes were assembled. As an alternative,

the self-assembly was tried via direct dissolution of the freeze-dried pentablock

copolymer. Even with this method, no polymersomes were assembled but reg-

ular spherical polymer aggregates with an internal structure were found by

transmission electron microscopy (TEM).

The internal structuring might be a bi-continuous phase or a random ag-

gregation / segregation of the respective blocks. Further analysis such as cryo-
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Figure 4.4: Self-assembly of a pentablock copolymer with the composition
proposed in Fig 4.1. The majority of structures observed are of the same type,
spherical and internally structured. Only a few undefined polymer aggregates
(green arrows) were observed. The magnification of a single spherical assembly
reveals its internal structure.

TEM would be required to adequately describe the nano-scale structuring of

the beads. To correlate the block composition of the polymers with the dimen-

sions of the bead patterning, more pentablock copolymers with distinct block

ratios are required. However, the structuring at least implies the presence of

the different materials within the beads (two phases inside surrounded by hy-

drophilic corona). All other pentablock copolymers showed no a nano-scale

pattering or did not self-assemble into any kind of distinct structure.

4.3 Conclusion & Outlook

We were able to demonstrate that the proposed pentablock can be synthe-

sised from a PDMS macroinitiator by CROP of 2-oxazolines. The synthesis

was further found to yield side products as already observed for the synthe-

sis of the PMOXA-b-PDMS-b-PMOXA triblock copolymer. For the triblock

copolymers, the cosolvent fractionation yielded a polymersome forming frac-

tion and a multiblock copolymer fraction with distinct self-assembly patterns.

For the PPhOXA based pentablock copolymers it yielded bottom fractions
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with mono-modal size distributions enabling the study of their self-assembly.

The respective top fractions were not further characterised owing to their com-

plex composition of possible molecules.

Assembly of polymersomes from the obtained pentablock copolymers was

not possible, therefore the proclaimed membrane properties could not be veri-

fied. To continue the quest for such a membrane, optimisation of the synthesis

to reduce the side products necessary. One option is the use of microwave

irradiation instead of conventional heating which implies a change of catalyst

since triflates are expected to be too reactive for the microwave. The use of

microwaves would reduce the polymerisation time and give fast access to a

pentablock copolymer library, enabling a conclusive study of the self-assembly

of the pentablock copolymer.



Part III

Self-Assembly
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In this part of the thesis the self-assembly of the synthesised block copolymers are
studied and discussed. It starts with the development of a direct polymersome assembly
method is reported. T he method was designed to be reproducible, upscalable, to yield
a stable precursor for the assembly, to result in complete polymer assembly and to be
faster than film rehydration. In the subsequent chapter, an unexpected self-assembly
of the multiblock copolymers, obtained by the cosolvent fractionation method as waste
product, is reported. T he obtained structures - mainly thin films - were characterised
from multiple angles. T he chapter is finalised by a speculative hypothesis regarding the
driving force behind the observed.
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Chapter 5

Direct Polymersome Assembly

Manuscript in preparation

solely based on the ideas and the work of the author

Abstract

A novel method for self-assembly of polymersomes from PMOXA-b-PDMS-b-

PMOXA is presented. The method, named direct assembly, was developed as

an alternative to the established film rehydration procedure for polymersomes

self-assembly. The reproducibility of sulforhodamine B (SRB) encapsulation

during the self-assembly is compared for the established film rehydration and

the direct polymersome formation and found to be reproducible and accurate.

It is further demonstrated that the novel method is suitable for large scale
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self-assembly of polymersomes which is infeasible for film rehydration owing

to its surface dependence. The shelf-life of the precursor used was found to

be at least one year at ambient conditions. To conclude, the equality of the

structures assembled by the two methods is underlined by transmission electron

microscopy (TEM) images.

5.1 Introduction

Polymersomes started to appear in the literature mid. 1999 [69] and were

then further developed into nano-reactors [52, 66, 70]. Over the years poly-

mersomes have been applied in a vast number of fields for example in nano-

medicine [71], cancer therapy [72] and in material science as surface bound

active nano-reactors [73, 74] or as model assemblies for artificial organelles [54]

to name only a few entry points to the world of proclaimed applications. Al-

ternative methods of self-assembly however are seldom reported. The list of

techniques for polymersome assembly comprises film rehydration, direct dis-

solution and solvent switch procedures. The later was further developed into

micro-fluidic systems that enable high trough-put and standardised assembly

of polymersomes in continuous production.

As the author’s goal was not to apply established method for the assem-

bly of polymersomes for experiments, but to overcome the shortcomings of

film rehydration, the standard for polymersome self-assembly from PMOXA-

b-PDMS-b-PMOXA , direct assembly was developed. As the cosolvent frac-

tionation yields sufficiently pure triblock copolymers in large enough quantities

to permit its waste, the road to experiments with alternative methods of self-

assembly was paved. The goal was a more universal self-assembly procedure

for polymersomes fulfilling the following criteria: (i) reproducible in terms of

SRB encapsulation, (ii) up-scalable, (iii) fast and allow complete polymer re-

hydration and (iv) the precursor for the assembly must have at least a month

of shelf life under ambient conditions.
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5.1.1 Established Methods of Self-assembly

The solvent switch method, where the polymer is dissolved in a good solvent

and injected into an aqueous solution, can easily be up-scaled but has the dis-

advantage of organic solvents being present during the polymersome assembly

and therefore requires extensive dialysis for the solvent removal steps after

the self-assembly. Furthermore, the assembled membrane might still contain

residual solvent molecules swelling the hydrophobic components, resulting in

its destabilisation. Organic solvents might affect the function and folding of bi-

ological molecules that are encapsulated,and would certainly affect embedded

biomolecules spanning the membrane.

The most commonly used method is film rehydration where the amphiphile

is dissolved in a good solvent and slowly evaporated on a rotary evaporator to

form a polymer film on the wall of a round-bottom flask (RBF). The method

depends on a thin and homogeneous film being formed. After film formation

an aqueous solution is added and the polymersomes are assembled under me-

chanical stirring. The time required for the assembly varies from 12 hours (over

night) to several days depending on the system. In general, the solution is not

very homogeneous and some of the polymer is not assembled into polymer-

somes, but left over as polymer-flakes within the solution or stuck to the glass

wall, as presented later. A normal scale of polymer assembly is ca. 5-10 mg,

corresponding to 1-2 µmol of polymeric material. Assuming 1000 chains as-

semble one polymersome, only 2 nmol of polymersomes can be assembled in

one run. Parallelisation of the process is technically unfavourable and therefore

prevents up-scaling without the development of alternative methods.

One such alternative is micro fluidic devices. Recent advances in device

engineering enable parallel and high-through put assembly. The assembled

structures are tunable in size and shape. A micro-fluidic system was also not

an option owing to the possibility of multi-layer membrane structures that

would prevent a functional insertion of membrane proteins. Furthermore, to

the best of the authors knowledge the assembly of polymersomes of 50-200 nm

diameter via micro-fluidic devices is not yet possible and would require an

extrusion step as applied for most experiments with polymersomes.

The common denominator of the outlined traditional methods is the state
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of individual polymer chains at the time when rehydration commences. In

direct dissolution or in film-rehydration, the polymer chains are in the form

of a solid in either random conformation or in a pre-aligned state within the

thin film on the wall of a RBF. At the time of the addition of the rehydra-

tion solution the formation of polymersomes starts by solubilising individual

polymer chains or sheets out of the pre-aligned film or solid chunk of polymer.

The exposure of the hydrophilic blocks to the aqueous rehydration media re-

sults in the formation of a rehydration shell while the hydrophobic blocks tend

towards aggregation. This process drives the segregation of the covalently

linked polymer blocks and is further enforced by the entropy gain of the water

molecules surrounding the hydrophobic blocks upon minimisation of their con-

tact area [75]. For a clump of block copolymer or a thin-film, the rehydration

can be abstracted as a two-dimensional process of block copolymer chain dis-

solution, feeding a three-dimensional self-assembly process yielding the final

or intermediate structure. Therefore, the performance of the self-assembly is

governed by the two-dimensional abstraction of chains into the rehydration

media - the bottle neck of the assembly process.

5.1.2 Direct Self-Assembly

In a thought experiment, let’s place the block copolymer chains in a box and

space them equally distributed over the volume of the box. This box is then

filled with water molecules and the system is let go and given time to equi-

librate. The resulting relaxation process of the system is proclaimed to be a

three-dimensional polymer chain aggregation in the respective volume of the

box with statistically distributed nucleation sites caused by random thermal

fluctuation. The thermodynamic driving forces of the process are as described

above - entropy minimisation vs. segregation of the blocks.

The implementation of such a method depends on the ability to freeze the

state of spaced block copolymer chains. It was anticipated that the initial

filling of the box with water molecules could be replaced by a solid, stable but

dissolvable matrix: A salt matrix. The direct polymersome formation method

was developed based on this concept and its results are compared herein to the

established film rehydration method by means of assembly-time, encapsulation
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efficiency, completeness of the polymer chains that assemble and the shelf life

of the precursor for the assembly.

5.2 Results & Discussion

The results reported in this part of the thesis were obtained using the PMOXA-

b-PDMS-b-PMOXA triblock copolymers BCP02, BCP03 or BCP07. BCP02,

MnNMR=4508 g mol –1, Ð=1.7, block ratio: 6:44:6 [20] was characterised after

three years of storage under an Argon atmosphere at -20 ◦C (Fig S15) and used

for all experiments except the screenings for possible buffer or salt composi-

tions performed during the initial feasibility experiments and the large scale

assembly where BCP06 was used. The water soluble dye SRB was used as a

model cargo and was kept as a constant trough out all performed experiments.

The hydrophobic dye BodyPi was used to stain and thereby count the poly-

mersomes by fluorescence correlation spectroscopy (FCS) after their formation.

The amount of SRB entrapped within the aqueous cavity is reported as the

fraction of the absorbance of the polymersome solution at 561 nm divided by

the respective absorbance of the SRB solution used to rehydrate the films and

the block copolymer-salt cakes.

5.2.1 Cosolvent Formation

Cosolvent formation is a method hardly ever used for the self-assembly of

PMOXA-b-PDMS-b-PMOXA polymersomes and the following findings reveal

why. To assess the feasibility and to compare the method to film rehydration

and direct assembly, a selection of good solvents for the triblock copolymer was

tested, namely EtOH, MeOH, CHCl3 and acetone. To record some aspects of

the dynamics of the self-assembly process, the triblock copolymer was dissolved

in the respective solvent, injected into 2 mL of phosphate buffer (50 mM,

pH 7.4) and the dynamic light scattering (DLS) signal was recorded over time.

The EtOH and MeOH mixtures exhibit both a stable average diameter

of 19 ± 2 and 22 ± 18 nm, respectively (Fig. 5.1A, B). The EtOH mixture

was measured over a long period of time to show that there is no formation

of larger objects over the time required for the preparation of the direct as-
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sembly samples presented later on. The large standard deviation reported for

the MeOH mixture is reasoned by the outliers and the shorter measurement

time. The diameters observed for both the EtOH and MeOH mixtures are too

small for polymersomes, originating possibly from block copolymer micelles as

confirmed by TEM (Fig. 5.1A, B bottom row).

Owing to the imiscibility of CHCl3 and H2O, the solution turned com-

pletely opaque upon mixing and required sedimenting for 12 hours prior to the

DLS measurements. The continuous decrease in diameter (Fig. 5.1C) is under-

stood as a continuation of this sedimentation process. The assemblies, more

specifically the poly(dimethylsiloxane) (PDMS) part of the triblock copolymer,

most likely entrap CHCl3 and thereby become specifically heavier than the

EtOH, MeOH or acetone assemblies, resulting in a continuous sedimentation

in the aqueous media. The smaller an assembly is, the slower its sedimenta-

tion will be, resulting in an apparent continuous decrease of diameter. TEM

images reveal no specific assemblies for any time point as depicted in Fig. 5.1C

bottom row.

In contrast to all other cosolvent mixtures tested, the acetone mixtures

revealed a stable diameter of 112±1 nm over time with very small fluctuations.

However, TEM images revealed aggregates even smaller than those observed

for EtOH and MeOH cosolvent mixtures. Acetone appears to be trapped or to

swell the PMOXA-b-PDMS-b-PMOXA block copolymer and then evaporate

during the TEM sample preparation leaving small block copolymer aggregates

on the grid.

Based on these finding it becomes evident that the self-assembly of poly-

mersomes via cosolvent method is not successful. The simple mixing of an

ethanolic block copolymer solution with an aqueous buffer does not result in

the self-assembly polymersomes over 20 days. It is concluded that such a mix-

ture contains block copolymer aggregates that are thermodynamically stable.

5.2.2 Film Rehydration Method

Film rehydration is the method of choice when forming polymersomes from

PMOXA-b-PDMS-b-PMOXA block copolymers. The reproducibility of this

method was assessed with respect to the macroscopic appearance of the solu-
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Figure 5.1: Time evolutions of the Stokes diameter (first order cumulant fits)
observed in DLS (top row). The polymer was dissolved in (A) EtOH, (B)
MeOH, (C) CHCl3 or (D) acetone and mixed into 2 mL of phosphate buffer
(50 mM, pH 7.4) in the light scattering (LS) cuvette. The CHCl3 mixture was
left sedimenting for 12 hours at room temperature prior to measuring owing
to strong turbidity, whereas the measurement of all other samples was started
directly after mixing. The last data point was recorded after 20 days of sample
storage at room temperature. The respective TEM images of the solution are
presented in the bottom row, scale bars are 100 nm for EtOH and MeOH and
200 nm for CHCl3 and acetone.

tion after the rehydration and the fraction of encapsulated SRB. A polymer

stock solution was distributed into four RBFs to cast films with 6.0 mg of block

copolymer per flask. The films were rehydrated and a macroscopic evaluation

reveals non-negligible polymer flakes on the walls of three out of four flasks

(Fig. 5.2A-D).

The solutions were further extruded to enable FCS measurements and

dialysed to remove all non-encapsulated SRB. The resulting solutions are de-

picted in Fig. 5.2E along with TEM images of the assembled polymersomes

Fig. 5.2F, G. The fraction of entrapped SRB was found to be 0.06±0.02 (n=4).

DLS experiments revealed single populations of 165±29, 168±36, 205±57 and

156 ± 30 nm as intensity weighted polymersome diameters for the assemblies

from the four films.

This method reliably yields polymersomes with encapsulated SRB of the

extruded size. The encapsulation efficiency was found to be 6 ± 2 %. The

polymer flakes found on the walls of the RBF after the self-assembly illustrate
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Figure 5.2: Visual illustration of the drawbacks and the poor reproducibility
of the film rehydration of PMOXA-b-PDMS-b-PMOXA. All films were formed
from the same stock solution (6.0 mg per vial) and rehydrated in 2.0 mL of
phosphate buffer (50 mM, pH 7.4, 0.1 mM Sulforhodamine B). A-D Optical
images of four films directly after rehydration, demonstrating the irregularities
as polymer flakes stick to the glass wall and are therefore not being rehydrated
properly. E Optical images of the polymersome solutions after extrusion and
dialysis of the films in no particular order. F, G Representative TEM images
of a 1:6 v/v dilution of the self-assembled polymersomes, scale-bars are 500 nm.

one of the irregularities intrinsic to the film rehydration method.

5.2.3 Direct Assembly

The newly developed direct polymersome assembly is based on a lyophilised

salt-polymer mixture instead of a thin-film as a precursor for the rehydration.

The concentration of any salt dissolved in water affects the freezing and sub-

limation properties of the solution sand thereby influences the lyophilisation

process. This demands an optimisation of the lyophilisation process for each

polymer-salt combination. For the presented experiments a general protocol

was used for lyophilisation as displayed along with the parameters recorded

from a typical run in Fig. S16.

The most accessible method reliably revealing the structure of the assem-

blies present within the solution would be cryo-TEM at the cost of significant

labour and time for each screening. Negative stain TEM imaging on the other
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hand is less labour intensive, less time consuming and abundantly accessible.

The interpretation of the obtained images can be somewhat deceiving when

judging the structures present in solution. This is illustrated by the follow-

ing images: the imaged area of a grid (Fig. S17) displays the border between

deflated football like structures, the confirmation for polymersomes, transcend-

ing into undefined blobs. Therefore, only the direct observation of the deflated

football like objects confirms the presence of polymersomes in solution. It is

assumed that all imaged structures originate from the same assemblies in solu-

tion but are affected differently during TEM sample preparation by variations

in the grid coating or surface. Micelles are less fragile than polymersomes

and are therefore not affected during the sample preparation. The most likely

reasons for this are inhomogeneities in the grid coatings, the drying process

or the vacuum, but no clear reason could be pinned down for this irregularity

over the course of the author’s PhD and it persists as an open question in the

tree of knowledge.

Proof Of Concept Based on these criteria, the absence of deflated struc-

tures in the TEM images can not strictly be attributed to a failed self-assembly

of polymersomes in solution. This indicates that some of the salt-polymer

mixes might have tested false negative for polymersome self-assembly in this

initial screening. To find a suitable salt-polymer composition enabling direct

polymersome self-assembly, a selection of 100 mM buffers, namely citrate buffer

(CIT) at pH 5.0, 2-(N-morpholino)ethanesulfonic acid buffer (MES) at pH

6.0, 3-(N-morpholino)propanesulfonic acid buffer (MOPS) or phosphate buffer

(PB) at pH 7.0 and 4-(2-hydroxyethyl)-1-piperazineethane-sulfonic acid buffer

(HEPES), phosphate buffered saline (PBS) or tris(hydroxymethyl)aminomethane-

HCl buffer (TRIS) at pH 7.4 were screened. The shape and integrity of the

salt-polymer cakes obtained with the utilised lyophilisation protocol depended

strongly on the salt used, as observed from the obtained cakes depicted in the

insets of Figs. S18-S23. The recorded TEM images (Figs. S18-S23) from the

solution after the rehydration of the cake reveal polymersome self-assembly

from most of the polymer-salt matrices. The most successful formation of

polymersomes after cake rehydration was observed for a PB salt matrix (com-

pare Figs. S18-S23). Based on the results obtained from this initial screening,
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the PB matrix was used for all further experiments if not indicated otherwise.

To demonstrate that the direct assembly method is scalable a polymer-

salt matrix containing 68 µmol of BCP06 and PBS as salt was used. The

obtained matrix was rehydrated with 340 ml H2O for 10 hours at room tem-

perature to yield a 0.5µmol ml –1 BCP concentration. In this experiment TEM

images revealed successful self-assembly of polymersomes (Fig S24) but also

evidenced that micelles are assembled in none negligible amounts (Fig S24).

This is addressed to the high polymer to salt ratio in this specific experiment

and further discussed later in this section. This initial experiment confirmed

that large scale assembly is possible. With this prove of concept in hand, no

further experiments were conducted with large scale assemblies to save block

copolymers.

Shelf-life As the proof of concept was successful the reproducibility of the

method, the salt-polymer matrices shelf-life and the assembly time were char-

acterised. A requirement for the newly developed method was a precur-

sor shelf-life of at least one month. Comparing TEM images from freshly

lyophilised cakes and from the ones stored for one year did not reveal any dif-

ference. The successful self-assembly of polymersomes from both cakes (com-

pare Fig. S18 with Fig. 5.3D, E) was confirmed by rehydration of the cake

after one year of storage. All further aspects of the direct assembly were pre-

formed with cakes lyophilised and stored for at least one year at under ambient

conditions prior to the experiments. The success of these further experiments

demonstrates a shelf-life of the precursor of far more than one month as set in

the goals of the project.

Reproducible Encapsulation The formation of the polymersomes is fast

and the solvation of individual chains assures that all block copolymer chains

are rehydrated in contrast to the film formation where some polymer flakes are

left in solution or stuck to the glass wall of the RBF (compare Fig. 5.2A with

Fig. 5.3A). The colour of the extruded and dialysed polymersomes solutions

(Fig 5.3B) presents a macroscopically visible correlation between the amount

of entrapped SRB and the initial triblock copolymer used for the cake forma-

tion (Fig. 5.3B), which is confirmed by absorption measurements (Fig. 5.3C).
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Figure 5.3: (A) Polymersome solutions directly after rehydration. No polymer
flakes are visible, indicating full rehydration of all polymer chains. (B) The
same solutions after extrusion and dialysis. (C) The fraction of entrapped
SRB with respect to the initial amount of polymer used. The blue data points
represent the data recorded after direct polymersome formation and are lin-
early fitted (R2 = 0.989) indicating a reproducible formation. The Black data
points were recorded after film rehydration in vials whereas the red data points
were recorded after film rehydration in 10 mL one neck round-bottom flasks.
To account for possible effects of the glass shape used for the formation it the
respective thin film. ()D, E) TEM images of the samples with 0.5 mg mL –1

and 4.0 mg mL –1 confirm the self-assembly of polymersomes. Scale bars are
500 nm. Dilution for TEM-images was 1:6 in the respective buffer.
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Furthermore, comparison of the absorption measurements revealed a highly re-

producible SRB encapsulation by direct assembly, whereas the encapsulation

by film rehydration is highly fluctuating (Fig. 5.3C blue and red data points).

To exclude the effects of the glass container used, the film rehydration was

performed in the same vials as used for the direct assembly. The SRB en-

capsulation by film rehydration in such vials did reveal a less efficient process

compared with the one in a RBF but similar fluctuations (Fig. 5.3C black data

points). TEM images of all samples discussed were recorded and confirmed

the self-assembly of polymersomes in all of them.

Polymer-Salt Ratio The presented TEM images of the samples where

0.5 mg mL –1 and 4.0 mg mL –1 polymer were directly assembled (Fig. 5.3D,E)

reveal more none polymersome structures with an increasing amount of poly-

mer present during the assembly process. DLS experiments revealed that the

corresponding intensity weighted diameters of the assemblies were 150 ± 28,

144 ± 32, 144 ± 41, 88 % 144 ± 41 plus 12 % 55 ± 9 and 83 % 156 ± 43 plus

17 % 59 ± 11 nm. These findings demonstrate a second population of assem-

blies being formed by the direct assembly method with increasing amount of

block copolymers that are assembled in a constant volume. The second popu-

lation of assemblies is attributed to the none polymersome structures observed

in the corresponding TEM images. As this second population is absent in

all DLS measurements where the polymer concentration is below 2 mg mL –1

these unwanted assemblies can therefore be prevented by decreasing polymer

concentration. It is hypothesised that alternatively, the amount of salt could

be increased to prevent such none polymersomes assemblies. However, exper-

iments performed to support this were not performed systematically enough

to be reported here. Therefore this argument is left as a hypothetical base for

further experiments.

5.2.4 Number of Assembled Polymersomes

To asses the number of assembled polymersomes by film rehydration and direct

assembly, samples of the extruded and dialysed solutions were stained with the

hydrophobic dye BodyPi to enable their detection by FCS. Additionally, the
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FCS signals from an encapsulated dye, here SRB were recorded. The discrim-

ination between the information obtained from these two measurements theo-

retically enables the estimation of a number difference between polymersomes

and total objects assembled. Any assembled object providing a hydrophobic

pocket to host a BodyPi registers in the BodyPi counts corresponding to the

total amount of assemblies. The hydrophilic dye is either responsible for a

background signal, free dyes, or attributable to the number of assembled poly-

mersomes. Such an experiments requires the confocal volume of the FCS to be

known. This is determined by using a geometrical dilution series of fluorescent

dyes with excellent quantum yields and life time. Fulfilling these requirements

sulfo-Cyanine 5 (SCy5) or SRB were used as depicted in Fig S25. The values

obtained for the four film-rehydrations and the four concentrations of direct

assembled polymersomes did not reveal any conclusive information.

The calibration of the confocal volume is carried out successfully for dye-

molecules with a constant hydrodynamic radius - one source of signal can

be attributed to one diffusing entity. When the dye is encapsulated into a

polymersome its concentration per polymersomes scales with the size of the

polymersome resulting in a large span of brightness of the objects in the con-

focal volume. All polymersome samples were analysed without extrusion to

exclude any effect of the extrusion process on the self-assembly of the poly-

mers. Hence, their size varied from tenth of nanometre to a few micrometre

leading to a huge variation in the amount of encapsulated dye per polymer-

some, detected as brightness of the diffusing objects. These fluctuations in

the brightness results in a saturation of the photomultiplier even at the low-

est gain. Any dilution of the sample can not prevent the detector saturation

and extrusion of the samples would prevent a direct conclusion from the FCS

measurements to the number of formed polymersomes compared with other

structures. Even measurements on extruded samples were affected by the

same detector saturation. A profound investigation of the number of assem-

bled structures and their separation into objects that are hollow and such that

have a filled core was not possible in the course of this PhD but represents in

the authors opinion a great basis for further experiments.
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5.3 Conclusion & Outlook

The direct self-assembly method allowed large-scale polymersome formation

and was demonstrated to be scalable. It was possible to show that the encap-

sulated fraction of SRB within the polymersomes is reproducible and scales

with the amount of initial polymer used. The film rehydration method was

shown to be less reproducible in this regard, independent of whether the glass

surface was a sample vial or a round bottom flask. The shelf life of the freeze-

dried polymer-salt cakes was found to be at least one year. The time required

for the self-assembly was reduced from ca. 24 hours to less than 12 hours.

The polymer salt-ratio was found to be crucial for the formation of polymer

aggregates instead of the polymersomes. TEM images depicted an increase

in micellar background with an increasing amount of block copolymer in the

salt-matrix. This finding is supported by DLS measurements which revealed

the appearance of a smaller population for higher block copolymer amounts.

This drawback might be tackled by increasing the salt concentration, which

demands an adaptation of the freeze-drying conditions.

As the method was initially developed as a way of obtaining nano-reactors

faster, more reproducibly, on a large-scale and from a storable precursor, the

challenge of inserting membrane proteins into preformed polymersomes needs

to be addressed and is done in the reflection part regarding the nano-reactor

engineering.

The salt concentration during the assembly of polymersomes is dictating

the osmotic condition under which the polymersomes are stable. The combi-

nation of biological entities such as enzymes or membrane proteins prevent the

use of harsh salt concentration for the assembly. If a surface bound membrane

is spanned on a porous surface, the solutions on both sides of the membrane

can be exchanged simultaneously and thereby prevent any osmotic force acting

on the membrane.

Overall, the developed method has potential for the self-assembly of poly-

mersomes and might be applicable for the self-assembly of free-standing 2d

membranes to span porous surfaces.
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abstract

The self-assembly of poly(dimethylsiloxane) (PDMS) - poly(2-methyl-2-oxazoline)

(PMOXA) based multiblock copolymers was studied. The resulting bulk ma-

terials were characterised macroscopically and the observed properties rea-

soned by the nano-scale patterning of the assembled materials. The multi-

block copolymer assemblies were characterised by means of transmission elec-

tron (TEM) and atomic force microscopy (AFM) to reveal nano-scale packing

of the assemblies. Brewster angle microscopy revealed multi-layered films af-

ter barrier compression, which were absent for the respective triblock copoly-

mers. Grey-scale 2D fast Fourier transform (FFT) of transmission electron

microscopy (TEM) images revealed hexagonal packing and terrace like assem-

blies formed by the multiblock copolymers upon solvent evaporation. Small

angle X-ray scattering (SAXS) characterisation of the respective films led to

the conclusion that structures assembled from the multiblock copolymers are at

their thermodynamic equilibrium whereas the ones assembled from the triblock

copolymers represent out-of equilibrium states. Electro-spray experiments en-

abled the deposition of large-scale films that were characterised macroscopi-

cally as well as by TEM and atomic force microscopy (AFM), revealing the

presence of high aspect ratio pillars on the surface. Furthermore, the observed

pillars were shown to diffract light upon diffuse illumination and withstand

annealing temperatures of 91 ◦C .

6.1 Introduction

Quasikrystals - in Dotera’s words:. It should be noted that quasi-crystalline

arrangement in soft matter is not atomic arrangement, but large molecular as-

semblies construct quasi-crystalline arrangements in which elements are no

necessarily ordered like the molecules in micelles and monomers in micro-

phase-separated domains of block copolymer. Therefore, the concept of poly-

meric quasi-crystals is entirely different from that of ordinary polymers crys-

tals [76].

Crystals them self are no doubt of intense beauty as demanded for innova-

tive technical applications e.g. a silicon monocrystal, a fundamental compo-
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nent in chip manufacturing. Block copolymers might just be an organic way

to access this crystal domain, enable soft material chip manufacturing based

on material properties yet unknown.

The self-assembly of linear block copolymer is a key feature for multiple

research fields and gives rise to a vast amount of assembled architectures rang-

ing from micelles and polymersomes [77, 78] to more complex assemblies like

Janus assemblies [79, 80] or multi-compartment structures [41, 49]. Block

copolymers are of significant interest owing to their versatile range of appli-

cations [81] for example in the area of nano-photonics [82]. Block copolymers

assemblies can serve as structural templates to create materials with emer-

gent properties such as super-conductance [83], negative refractive indices [84]

to yield meta-materials or spatio-temporal structures with autonomous vis-

cosity oscillations [85]. The possible morphologies that assemble from linear

diblock copolymers are limited and are predictable, whereas the assemblies

formed from more complex block compositions can be seen as the opening of

Pandora’s box owing to the numerous possible morphologies that might self-

assemble. Therefore, the most reliable way of understanding the self-assembly

of more multiblock copolymers is to investigate the self-assembly of distinct

block copolymers experimentally and characterise the macroscopic material

properties.

We recently reported the cosolvent fractionation of the amphiphilic tri-

block copolymer poly(2-methyl-2-oxazoline)-block -polydimethylsiloxane-block -

poly(2-methyl-2-oxazoline) (PMOXA-b-PDMS-b-PMOXA) to yield a polymer-

some forming triblock copolymer and a multiblock copolymer formed by chain

transfer reactions during the synthesis of the hydrophilic PMOXA block [20].

At the time of this publication, these multiblock copolymers were understood

to have a linear conformation form (PMOXA(-b-PDMS-b-PMOXA)x) where

x ≥ 2. This theory was reasoned by the likelihood of chain transfer reactions

and supported by the respective molecular weights found through gel per-

meation chromatography (GPC) analysis. A recent publication reviewed the

chemistry of poly-2-oxazolines [16] and provides a mechanistic understanding

of how the side products contained in the top fractions are formed. This is

in contradiction to linear molecules, which were wrongly proposed in [20] but

provided the mechanistic foundation to understand the findings presented in
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this chapter.

The macroscopic difference between the tri- and the multiblock copolymer

fractions motivated the understanding of the nano-scale difference between

the assembly of the two. The understanding of nano-scale organisation in

polymeric materials is of key interest for the development of novel materials

with versatile and often unforeseeable applications.

Herein we report the characterisation of the self-assemblies from PMOXA-

(b-PDMS-b-PMOXA) multiblock copolymers. The respective polymer frac-

tions were, additionally to GPC and nuclear magnetic resonance spectroscopy

(NMR), further characterised by Fourier transformed infra-red spectroscopy

(FTIR), differential scanning calorimetry (DSC) and matrix-assisted laser des-

orption/ionization (MALDI)- electro spray ionisation (ESI)-time of flight (TOF).

The polymers were self-assembled into droplets by solvent evaporation on

TEM-grids, planar wafers or polyimide films (Kapton). Alternatively, the

multiblock copolymers were electro-sprayed onto wafers to cover larger areas.

The self-assembly process and the assemblies were characterised macroscop-

ically and by TEM, AFM, Brewster angle microscopy (BAM) and SAXS to

reveal their nano-scale patterning and to propose a model and driving force

explaining the observed self-assembly.

To be consistent with the terminology of the previously published work,

the multiblock copolymers are referred to as top fractions and the triblock

copolymer as bottom fractions.

6.2 Results & Discussion

The polymers used in this study are the pentablock copolymers yielded by

the cosolvent fractionation method published earlier [20]. Specifically, the self-

assemblies from top and bottom fractions (BCP02, BCP05, BCP07, BCP08A

and BCP09A) were compared and the properties of the obtained materials

were studied. The NMR and GPC characteristics of the block copolymers are

summarised in Table S2.
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6.2.1 Polymer Characterisation

The difference between top and bottom fractions were further characterised by

FTIR and DSC. FTIR did not reveal any significant difference in the chemical

composition of the top and bottom fractions. The minor intensity differences

in the finger-print regions (Fig S26) of the FTIR spectra can be explained

by the different ratios of PMOXA and PDMS (fOX, Table S2). The DSC

measurements, on the other hand, revealed a difference between the respec-

tive homopolymers, PDMS and PMOXA and their block copolymer forms.

The data recorded for the homopolymers (Fig S27A) reveals a glass transition

(a baseline step accompanies the peak) for PMOXA and the absence of any

endo- or exothermic signal for PDMS suggesting an amorphous phase through

out the scanned temperature range. The bottom fraction block co-polymer

(BCP)s exhibit a melting point owing to the base-line of the scan not being

shifted. The corresponding peaks shift towards higher temperatures, broadens

and flattens with increasing overall weight of the BCP (Fig S27B, red and

magenta). The top fractions did not exhibit any glass transition or melting

points (Fig S27B violet and orange) reasoned by the lower fOX (Table S2) and

hence more pronounced PDMS character.

To determine the exact chemical composition of the top fractions, MALDI

and ESI-TOF mass spectroscopy were applied. Several different matrices

(dithranol, pencil, sinapinic acid and layered matrices) were tested, but none

of them exhibited strong enough ionisation of the polymers to obtain a signal

in MALDI-TOF experiments. ESI-TOF experiments provided signals for the

top and bottom fractions, but the detected masses could not be related to any

block copolymer components so the results were inconclusive and characteri-

sation by TOF methods not further pursued.

Polymerisation on a bi-functional macroinitiator, PDMS in the present

study, always carries the risk of being asymmetrically functionalised. How-

ever, the commercial macroinitiators where not characterised towards their bi-

functionality, it was simply assumed that the commercial product contained

only a negligible amount of mono functional PDMS units. Therefore, the only

sources of diblock copolymers would be premature termination of the polymeri-

sation on one side of the macroinitiator or only one side of the macroinitiator
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Figure 6.1: Overview of the formulation of the PDMS macroinitiator. 0
is reacted at low temperature under dry conditions in hexane with trifluo-
romethanesulfonic anhydride 3 in the presence of 4. The base 4 captures the
trifluoromethansulfonic acid 6 formed in the reaction between 0 and 4. 8 pre-
cipitates as a white salt below ca. -10 ◦Cand becomes a viscous, yellowish to
brownish liquid above ca. -5 ◦C .

being activated and participating in the polymerisation.

The formulation of the PDMS macroinitiator 7 is summarised in Fig 6.1.

The −OH end groups on the PDMS 0 macromolecule are reacted with trifluo-

romethanesulfonic anhydride 3 under water free conditions in an argon atmo-

sphere to yield the macroinitiators 7, required for the subsequent 2-methyl-

2-oxazoline 5 polymerisation (Fig 6.2). The high reactivity of the anhydride

towards the −OH group renders it unlikely that not all of the present −OH end

groups on the PDMS would react, but there are no data at hand that prove

this statement. However, during the reaction between the anhydride and the

PDMS the amounts of only two of the participating reactants are known within

reasonable experimental errors, namely the amount of 3 and 4 in the ratio

1 : 2.075 : 2.05, PDMS : TEA : anhydride. The overestimation of the Mn of

the polymer by more than 2.5 % would result in unreacted −OH end groups on

the macroinitiator and thereby give rise to a fraction of mono functionalised

macroinitiators. This is a possible scenario, considering the broad Ðof the

PDMS (Fig S1) used to formulate the macroinitiators for the 1 st generation

polymers (Fig 3.5). The 2 nd generation polymers (Fig 3.5) in contrast were

synthesised from fractionated, narrowly dispersed PDMS starting materials
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(Fig 3.1) rendering an overestimation of their Mn unlikely. During the cosol-

vent fractionation process the diblock copolymers would no be forced into any

particular fraction because their fOX would be between those of a multiblock

and a triblock. The molecular weight of such a diblock would be significantly

lower than the one of a multiblock. If present in significant amounts, these

analogues would be expected to result in a bi-modal distribution in the UV-Vis

GPC-traces along with a positive dip in the RI trace, which was not observed

in any of the GPC traces. In summary, both generations might contain diblock

copolymer species in both their fractions. However, there were no GPC signals

indicating significant amounts, if present.

As described in the cosolvent fractionation chapter, if a different end func-

tionalisation of the polymer was desired e.g. azide or thioacetate, the polymeri-

sations were terminated by addition of the respective salts e.g. sodium azide

or potassium thioacetate. In case of BCP09 for example the living polymeri-

sation mixture was split into four portions, quenched individually and then

fractionated. The absence of −OH functionalities in the respective fractions

hardens the argument that at the time of termination a negligible amount of

chains were prematurely terminated. This is illustrated in Fig S28 where the

red circle indicates the position of the −CH− protons adjacent to the terminal

group and affected by its chemical nature (compare Fig 3.4 with Fig S28).

Another characteristic is the homogeneity of the polymer, defined as how

well the GPC-traces from the individual detectors (UV-Vis, RI and vicome-

try) match each other. This is illustrated by the traces from BCP05top and

BCP09Atop (Fig S29) where BCP05top exhibits a nice overlap and BCP09Atop

shows discrepancies between the RI and UV signals. Further examples of prop-

erly overlapping signals are depicted in Fig S10 and Fig S11. The presence of

homopolymers would disturb this congruency of the three signals significantly

since the refractive index of PDMS is lower than that of CHCl3 whereas the

refractive index of PMOXA is higher than that of CHCl3. Furthermore, the

congruence of the UV-Vis trace would be strongly affected by the presence

of PMOXA homopolymers since it is the only component that absorbs at

254 nm. Additionally, the PMOXA homopolymers are not at all soluble in

hexane, which would force them into the bottom phase during the cosolvent

fractionation along with the triblock copolymers (see discussion about the syn-
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thesis)

From the discrepancy in the Mn values determined from GPC and NMR

data (Table S1 and Fig 3.5) the fundamental conclusion can be drawn that the

majority of species contained in the top fractions are composed of two PDMS

blocks, whereas the bottom fraction species are composed of only one. The

liner polymer geometry concluded in the cosolvent fractionation paper [20], is

however wrong and has to be revised. The detailed review of poly-2-oxazoline

chemistry provided by the Hoogenboom group [16] summarised the necessary

insight to adapt the liner polymer configuration idea to one with three terminal

PMOXA blocks and an asymmetrically shaped PMOXA-hump around a kink

in the backbone (18, Fig 6.2).

6.2.2 Mechanistic Considerations

7 is isolated as PDMS-bis triflate. To simplify the illustration reactions are

only drawn on one side of the PDMS macromolecule, but occur on both sides.

Therefore, the vast amount of possible combinations is not the objective of

the depicted mechanism. It serves the purpose of illustrating all possible

chemical routes and the resulting fundamental effects on molecular geome-

tries. The activated carbon in 7 is attacked by the nucleophilic lone pair of a

monomer’s nitrogen to yield 9. This ionic species either undergoes ring open-

ing 10 and subsequently initiates the polymerisation (P1) in the presence of

5. Subsequent monomer addition 10.2 affords the propagating species 11 and

quenching of the polymerisation yields the triblock copolymer 12 with the de-

sired end-groups. 12 is contained in the bottom fractions after the cosolvent

fractionation. Alternatively, the ring opening 10 is followed by a covalent at-

tachment of the activating group (10.1). This reactions forms a species that

requires re-initiation, yields no side products and is very unlikely for triflates.

Alternatively, one of the methyl protons of the last monomer added 9.1 is

abstracted by a base, resulting in a chain transfer reaction to a monomer 5 or

a base 4. It is possible that traces of unreacted 4 are present due to its initial

excess or incomplete filtration. The reaction with 4 leads to the formation

of triethylamine (TEA)-triflate 8 a brownish viscous liquid above -5 ◦Cand a

dead enamine functionalised chain 13. Observing the filtration and polymeri-
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sations it is found that polymers turn randomly brownish. Those reactions

were discarded since they were associated formation of (8). Alternatively, the

methyl proton is abstracted by 5, a monomer in solution, to yield 13 and a

protonated monomer 14, capable of polymerisation initiation, (P2) yielding

a PMOXA homopolymer 15 with a desired end-group after quenching (Q).

Homopolymers of 2-methyl-2-oxazoline (MOXA) are insoluble in hexane and

will partition into the bottom phase upon cosolvent fractionation - see chapter

cosolvent fractionation.

The dead, enamine functionalised chains 13 can react with a propagating

chain 11 to yield 16. Two chains are linked, branched, but still able to initiate

a new polymerisation (P3) of 5 to afford the propagating species 17. After

quenching, the polymerisation, 18 is extracted into the top phase owing to

its relatively high PDMS content. The branching point, introduced by the

reaction between 11 and 13 and the subsequent polymerisation (P3) yields a

multiblock copolymer with a kink in its backbone 18.

6.2.3 Macroscopic Phenomena

A macroscopically observable difference between the top and bottom fractions

was the appearance of the polymer upon solvent evaporation as reported ear-

lier [20] Fig S8. Wafers were covered with polymer solutions and evaporated to

leave a millimetre-sized polymer assembly as depicted in Fig S30A,D for top

and bottom fractions of BCP09A. The droplet formed from BCP09Atop ex-

hibits a smooth surface on a compact and crater-like shaped assembly (Fig S30A).

The droplet formed from BCP09Abottom on the other hand is irregular and

rough towards the centre of the assembly (Fig S30D). The blueish colour re-

sults from the illumination of the rough structures with the diffuse ring light.

This can be artificially caused by scratching the top assembly as indicated

by the green arrow in Fig S30A. Zooming in on the edges of the assemblies

(Fig S30B, E) the polymer appears similar for the top and bottom fractions,

exhibiting small black dots when illuminated perpendicular to the surface of

the waver. A spectacular effect appears when the same parts of the assemblies

are illuminated by only the diffuse ring-shaped light source. The black dots,

visible in Fig S30B, E appear in different colours (Fig S30C, F). This effect
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is barely visible for the bottom assembly, whereas for the top fraction assem-

bly, it is most predominant and suggests light diffraction on some features

of the assembled materials (compare Fig S30B and C). This observation was

sufficiently interesting to inspire the further characterisation of the assembled

materials.

6.2.4 Langmuir Balance and Brewster Angle Microscopy

As a triblock and a multiblock copolymer are expected to respond differently to

compression on a water surface, BCP02bottom and BCP05top were studied us-

ing Langmuir balance measurements and BAM. The surface pressure recorded

from the bottom fraction polymers can be described as a two-step process as

expected for a symmetrical triblock copolymer. The chains get closer to each

other with both hydrophilic ends orientated towards the water surface (de-

crease of the mean molecular area Fig 6.3, S31 at constant surface pressure).

At the point when the chains come into contact, a network of holes is formed

and the surface pressure starts to increase in response to the compression of the

network until the holes are closed and a continuous layer of polymer is formed

on the water surface. This can be observed by BAM in a series of images

taken along the isotherm (Fig S31). At zero surface pressure, the correspond-

ing BAM images (Fig S31A) depict a loosely packed polymer film with large

holes. The first incline of the corresponding isotherm represents the surface

pressure necessary to close these holes (Fig 6.3-1). Upon further compression

of the polymer film, the surface pressure increases without any changes in the

corresponding BAM image (Fig S31-1,2). The change in the slope (third arrow

Fig S31) is accompanied by an increase in contrast in the corresponding BAM

image, most likely representing the beginning of the collapse of the film. After

opening the barriers and thereby relaxing the films by removing the compres-

sion force, the BAM images reveal another major difference between the top

and bottom fraction films. The BAM images (Fig 6.3B, S31A) recorded from

the latter indicate two distinct grey-scale levels and thereby planes of laser

reflection (the water surface and the polymeric mono-layer), whereas for the

former, the respective BAM images indicate three distinct brightness levels.

This suggests at least three planes of laser reflections (the water surface and
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Figure 6.3: Comparison between the mean molecular area (MMA) and the
surface pressure (SP) (A) recorded from 7 sequential compression cycles of
BCP02 bottom (blak) and BCP05 top (orange) block copolymer fractions.
Without compression (SP=0), BAM reveals a single-layered network of holes
for the bottom fractions (B, Fig S31) and a stacked one for the top fractions
(C, Fig S32). The isotherms (A, Fig S31, S32) can be described by an initial
compression phase of the observed hole-network (1) and a later compression
phase (2) most likely corresponding to the collapse of the film. (*) indicates
the part of the isotherm that is uniquely observed for the top fraction.

each of the polymer layers, Fig 6.3C, S32A).

As the isotherms recorded from top and bottom fractions exhibit a similar

trend for surface areas below ca. 500 Å (Fig S31, S32), it is assumed that the

collapse of the films results in the formation of multi-layers. When assembled

from bottom fractions, these layers collapse back to monolayers when the com-

pression force is removed, whereas when assembled from top fractions, some

of the multilayer assemblies do not collapse into monolayers. This suggests

an additional internal stabilisation force holding the top fraction assemblies

together, which is absent in bottom fraction assemblies.
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Figure 6.4: AFM images (A: height image and B: error signal) recorded from
the top fraction assemblies depicted in Fig S30A. C depicts the height profile
along the blue line in A, revealing a terrace-like assembly with steps of ca.
10 nm. The green arrow in D indicates the area on the assembly where the
AFM images were recorded. The images were recorded with a Tap300Al-G
cantilever.

6.2.5 Terrace Assembly

To understand these observed differences on a nano-scale, AFM and TEM

were used to characterise the assemblies further. The AFM images (Fig 6.4)

recorded on the droplet assemblies depicted in Fig S30 revealed terrace-like

structuring on the edges of the top fraction assembly.

These steps were found to be ca. 10 nm high and approximately one micron

long for this specific assembly (Fig 6.4C). Furthermore, the polymeric assembly

is covered with quite regularly shaped holes on all steps above the lowermost

step, best seen from the error signal in Fig 6.4B. However, these holes are

sub-micron sized and thereby most likely too small to account for the black

dots observed in the macroscopic overview images (Fig S30B). The step for-

mation on the flange of the assemblies supports the multilayer theory deduced

from the brightness levels observed in multiple BAM images (Fig 6.3C, S32A).
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Overview AFM images of 30x30 µm reveal micron-sized cracks on the surface

of the top fraction droplet (Fig S33). These cracks exhibit a high aspect ratio

and are proposed as the origin of the light diffraction observed under diffuse

illumination (Fig S30C).

6.2.6 Nano-scale Structuring

Higher magnification AFM height images reveal rougher surfaces for the bot-

tom fraction assemblies than the ones recorded from the top fraction assem-

blies (compare Fig S35A, C with Fig S36A, C). The respective phase im-

ages (Fig S35B, D and Fig S36B, D) hold information about the organisa-

tion of the PDMS and PMOXA blocks and are far more conclusive than the

height images. The phase patterns recorded for the bottom fraction assem-

blies (Fig S35B, S36B) suggest a random organisation of the triblock copolymer

chains, whereas the phase patterns recorded from the top fraction assemblies

(Fig S35D, S36D) suggest nano-scale symmetry in the ordering of the multi-

block copolymer chains. The smooth and regular phase patterns on the top

fraction assemblies are observed over areas as large as 8 µm2.

To further compare the top and bottom fraction assemblies on a nano-

scale level, high-resolution AFM images (Fig 6.5) were recorded on the rim

of the top and bottom fraction assemblies (Fig S30A, D). The high-resolution

AFM phase images reveal a lamellar to random polymer chain organisation

(Fig S34A, B) for the bottom fraction based assemblies. In the top fraction

assemblies the polymer chains are organised as a matrix embedding a different

material as ball-like structures (Fig 6.5A, B) with no particular symmetry.

The fOX values suggests that the major component of the top fraction chains

is PDMS. Therefore, we conclude that the embedding matrix is PDMS (ca.

0◦) and the embedded balls are formed from the PMOXA domains (ca. 3◦).

To confirm the polymer organisation observed by AFM, droplets were evap-

orated on TEM grids in the same way as for the preparation of the AFM sam-

ples. The polymer assemblies were imaged without prior staining so that the

observed contrast correlated directly with the different electron densities and

thereby different materials. The overview of the TEM grid (Fig 6.5C lowest

magnification) reveals dark spots within each square of the grid. When mag-
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Figure 6.5: High-resolution AFM images (height (A) and phase (B) infor-
mation) recorded from the BCAP09A top assembly (Fig S30A) on the rim.
The corresponding AFM scans from the BCP09A bottom fraction assembly
(Fig S34) depict a completely different nano-scale morphology. The images
were recorded with a tap-300Al-G cantilever. C: Native TEM images of
BCP09A top fraction polymer droplets evaporated on a grid. The magnifi-
cation is increased from left to right, and the ball-like material configuration
observed in AFM phase images (B) confirmed.

nified, concentric circles become visible with stepwise increase in contrast to-

wards the centre, confirming the stepwise assembly observed by AFM (Fig 6.4).

At higher magnification, the ball-like material composition observed in the

AFM phase images (Fig 6.5C) is revealed in the TEM images. This type of

polymer configuration was observed by TEM for assemblies from all five top

fractions studied. In comparison, the droplets evaporated from the correspond-

ing bottom fractions (Fig S37) did not reveal any similarity to the organisation

found for the top fraction assemblies. The assemblies of the bottom fractions

gave chaotic and non-homogeneous impressions similar to those observed by
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AFM measurements of the bottom fraction assemblies (Fig S34A, B, S36A, B

and S35A, B).

6.2.7 Hexagonal Packing

In order to gain further insight into the nano-scale organisation in the top frac-

tion assemblies, SAXS measurements were performed. For this, the polymers

were assembled within the thin glass capillaries required for characterisation

on this specific machine. Once the block copolymers were assembled within

the capillaries the measurements failed as a result of the massive X-ray absorp-

tion by the sample, already observed during the z-axes alignment (Fig S38).

Therefore no information could be obtained from SAXS measurements in cap-

illaries.

If a material assembles thin films, they are suitable for TEM and possible

symmetries can be determined by grey-scale FFT of the respective images.

The terrace-like assemblies depicted in Fig 6.5C were analysed on every step

for possible symmetrical order. The FFTs (Fig 6.6-insets-0-6) were performed

from a circular ROI, placed on each step (Fig 6.6 green circles). The respective

FFT intensity patterns result from hexagonal material packing. The more

electron dense material (amorphous PDMS) accounts for the dark matrix,

populated with hexagonally organised light spots of less electron dense material

(crystalline PMOXA). These observations confirm the proclaimed material

organisation based on the high-resolution AFM phase images (Fig 6.5B).

The background of the TEM grid exhibits no maxima in the correspond-

ing FFT (Fig 6.6-0) whereas for the first two steps, first-order maxima from

hexagonal symmetry are observed ((Fig 6.6-1,2)). For steps above 3, weak

second-order maxima are observed, indicating a higher degree of symmetry for

layers above the first two base layers. If the diameter of the ROIs is increased,

the distinct maxima are smeared and become ring-shaped, indicating that the

signal originates from multiple basic cells in different orientations towards each

other, preventing the formation of perfect crystals with long-range symmetries.

The formation of a hexagonal packing geometry accounts for material

shrinkage upon solvent evaporation, causing macroscopic cracks and gaps to

open on the surface of the top fraction based assemblies (Fig S33A). This
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Figure 6.6: FFT analysis (0-6) of the steps observed in native, unstained TEM
images from a top fraction pyramid like assembly (low, left). The green circles
represent the region of interest (ROI)s for the respectively numbered FFT. The
electron density of the material is encoded in the grey-scale level of the image
and increases stepwise with each layer.
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densification further accounts for the holes observed on a nano-scale level, ap-

pearing from the second step of the terrace-like assemblies (Fig 6.4B). The

defects in the film form on the second terrace step but not on the first one,

which can be reasoned by the second layer adding the third dimension required

for the hexagonal packing between layers. Furthermore, this hexagonal pack-

ing was only observed for BCP005top, whereas the matrix-ball patterning of

the assemblies was observed for all top fractions analysed. This finding can be

explained by the degree of homogeneity of the respective top fraction, which

is reflected in the corresponding GPC trace (Fig S29).

To assess the question of whether the observed nano-scale structuring rep-

resents an non-equilibrium state or a thermodynamically stable state of the

BCP05top fraction polymers a TEM grid with assembled terrace like droplets

was annealed for 6 days at 91 ◦C under reduced pressure. The terrace like

assemblies were still present and their magnification revealed the symmetrical

nano-scale structuring (FFT analysis in Fig 6.7) of the assemblies as observed

prior to the annealing. Furthermore, the FFT of the respective areas revealed

hexagonal symmetries but also suggests the presence of higher order symme-

tries (Fig 6.7).

The observation of the same nano-scale patterning along with the de-

scribed symmetrical ordering within the analysed assemblies, suggests that

the top fractions assemble thermodynamically stable states directly upon sol-

vent evaporation and that the annealing contributes marginally to the process

of ordering. This argument is supported by the SAXS data presented further

into this chapter.

6.2.8 Linking Nano- and Macro-scale Characteristics

The macroscopic droplet (Fig S30A) of the self-assembly on the wafers exhibits

the same nano-scale material patterning as the one observed on the TEM grids

(compare Fig 6.5C highest magnification and AFM phase image Fig 6.5B). In

some regions on the TEM grids, the hexagonal packing was prevented most

likely as a result of fluctuations in the amount of polymer and speed of solvent

evaporation. Owing to these local effects it was possible to observe the inter-

mediate states (Fig 6.8) of the assembly process and discuss the macroscopic
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Figure 6.7: TEM images of a typical terrace like assembly from BCP05top,
annealed for 6 days at 91 ◦C under reduced pressure. The centre image depicts
the full four step hight assembly in the middle of a square on the TEM grid.
The images placed on its left and right are magnifications of selected areas. To
conserve the beauty of the images it is relinquished to indicate which areas are
magnified by lines and it is left to the readers capable eye to determine. The
three grey scale FFTs were preformed roughly in the centre of the magnified
images using the TEM software directly, preventing the indication of the exact
region that was analysed. However, the FFT reveals different symmetries
depending on the transformed regions. The scale bares represent 1000 nm and
200 nm for the centre and magnified images, respectively.

layering of the polymers observed in the BAM images (Fig 6.3C, S32A).

The micron-sized overview image (Fig 6.8A) resembles the hole-like films

observed by BAM (Fig S32A, Fig 6.3C) and the magnification (Fig 6.3C) of

the loose assemblies reveals partial assembly into the matrix-ball configura-

tions as observed for the pyramid-shaped assemblies (Fig 6.5C) and in the

high-resolution AFM phase images (Fig 6.5B). The observation of these inter-

mediate states (Fig 6.8) of the assembly process suggests that the bright balls

form first, followed by the PDMS densification resulting in the appearance of

dark areas, best seen in a defocused TEM image (Fig 6.8E). This sequence

of assembly implies that in the final material the PMOXA blocks are fully

shielded form the environment by being embedded in the PDMS matrix. This
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Figure 6.8: TEM images of assemblies from BCP08A top in an area of the grid
where the amount of polymer was insufficient to assemble larger structures.
There is a remarkable correlation between the assemblies observed on the wa-
ter surface in BAM images (Fig 6.3C, S32A) and the overview TEM image
presented here (A). By magnifying the networks of holes (A) the nano-scale
structure becomes visible (B, C). Furthermore, the dark contrasted spots ap-
pear after the formation of the matrix-ball patterned areas. (D) is recorded
from BCP09A top under dilute conditions and (E) is the same structure, just
defocused to enhance the contrast. From (C, D, E) it becomes evident that
the bright balls form before the dark contrasted spots, providing some insight
to the process of self-assembly.
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is supported by a clump of top fraction assembly (ca. 10x5x5 mm) being in

water for more than a year without any observable change of its form, shape

or floating properties. It furthermore suggests that the multi-layered films ob-

served by BAM (Fig 6.3C, S32A) are stabilised internally by the nano-scale

packing. Along with the shielding of the PMOXA blocks by the PDMS matrix,

this leads to stable multi-layered films in contrast to the monolayers observed

for the bottom fraction (Fig 6.3B, S31A).

6.2.9 Thermodynamic Aspects

The present structures are not evidently representations of their thermody-

namically stable assemblies and may well represent out-of equilibrium states.

The discrimination between these states is of key importance to describing

possible driving forces of the self-assembly. As described in the literature it is

generally the case that block copolymer thin films are cast from solution and

that the nano-scale structures formed within these films are non-equilibrium

states. Annealing steps are required to reduce the number of defects in a film

and drive the nano-scale organisation towards a thermodynamic equilibrium.

Mass transport limitations and multi step disentanglement of polymer chains

prevent the self-organisation equilibrating completely over the whole film [86].

The most simple method for annealing is thermal. The BCP films are heated

above their glass transition or melting temperature to allow for the best possi-

ble chain disentanglement and mass transport, enabling their self-organisation

into a thermodynamically equilibrated state.

In this study, the annealing temperature for the BCP thin films was chosen

to be 91 ◦C , below the thermal degradation temperature of their components

but above the melting temperature observed for the heaviest BCP, BCP09A

top (see Fig S27). The annealing time of 5 days assures that the system is

given enough time to either lose or increase its internal structuring depending

on it being in a non-equilibrium or thermodynamically stable state.

The scattering data recorded from all of the analysed thin films (Fig 6.9

black) exhibit a sharp peak explained by the underlying molecular aggregation

in the polyimide film [87] substrate. The scattering data recorded from the

non-annealed BCP films (Fig 6.9 green) demonstrate no significant difference
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Figure 6.9: SAXS characterisation of BCP thin films on polyimide (Kapton)
substrates. The black data points in all plots represent the scattering on bare
Kapton. The green data sets represent the scattering on films dried at 41 ◦C
and reduced pressure in contrast to the orange data sets that were recorded
on the same films after their annealing at 91 ◦C under reduced pressure for 5
days. The characterised films were cast from (A) BCP02 bottom, (B) BCP05
top and (C), (D) the respective bottom and top fractions of BCP09A. A clear
difference between the data recorded from the annealed and non-annealed films
can be observed for the bottom fractions (A) and (C) whereas this difference is
absent for the top fractions (B) and (D) hence the top fraction assemblies are
stabilised by molecular interactions absent in the bottom fraction assemblies.
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in the peak shapes. The position of the recorded peaks, characteristic for the

dimensions of the internal structuring, are not analysed in this study since

the annealing has a minor effect on them. Additional, the key aspect of these

experiments is to demonstrate that the assemblies from the top fractions are

internally stabilised by forces absent in the bottom fraction assemblies, hence

based on molecular geometries but not on the material composition as both

fractions are composed of PDMS and PMOXA.

The shape of the observed peaks provides information regarding the range

of order in the scattering material, the narrower a peak is, the larger the area

that exhibits the corresponding structuring. The data recorded from the an-

nealed bottom fraction BCP films exhibits broader peaks and even new features

appear, which are absent in the data corresponding to the non-annealed films.

This suggests that the order in the respective films is reduced and the material

becomes more randomly organised. In contrast to this, the data recorded from

the top fraction assemblies exhibits no peak broadening but instead a narrow-

ing of the peak in Fig 6.9D is observed, suggesting that the area of ordered

matter increased slightly. For the top fraction of BCP05 the scattering signals

are identical to those of of the non-annealed film evidencing that the observed

structures are at their thermodynamic equilibrium.

6.2.10 Light Diffraction on Electrosprayed Films

As the polymer surface of the droplets used in the AFM studies was curved,

the light diffraction on the polymer surface was only observed from limited

areas that came in to focus. Furthermore, the assembly of the droplets by

solvent evaporation was not controlled and was only possible on a small scale.

To yield increased surface coverage with the polymer thin films, electro-spray

deposition was successfully applied to fabricate homogeneous PDMS films on

a cm2 area [24]. BCP05 top and BCP02 bottom fractions were electrosprayed

onto silicon wafers for 90 and 30 s. In these experiments, the block copolymers

had to be dissolved in an ethylacetate:ethanol (1:1 v/v) mixture to comply

with the safety regulations of the respective lab. However, the mixture proved

to solubilise the top and bottom fraction polymers and was therefore used as a

CHCl3 replacement in all electrospray experiments. To enable TEM imaging
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of the sprayed films, TEM grids were placed on the wafer during the spray-

ing process. The sprayed films exhibit a similar stepwise assembly (Fig S39)

as observed in the AFM images of the droplet assemblies (Fig 6.4). This

terrace-like organisation can be seen as grey scale patterning on the TEM

grids (Fig S40A). Higher magnification images reveal a nano-scale lamellar

patterning of the sprayed films for the top fraction (Fig S40D). The use of the

different solvent mixtures and the fast evaporation thereof may prevent the

hexagonal material packing observed in the droplets. The lamellar pattern-

ing was conserved during an annealing step at 91 ◦C for 24 h under reduced

pressure.

The annealed, electrosprayed thin films on silicon wafers were characterised

macroscopically and by AFM. The 30 s sprayed films look similar under per-

pendicular illumination when comparing films from top and bottom fractions

(Fig S41A, C). The BCP05 top film exhibited large, drop-like circular ar-

eas, which is due to solvent drops arriving on the surface leaving these dis-

tinct patterns. The films formed after 90 s of spraying exhibited clear differ-

ences between the top and bottom fractions when illuminated perpendicularly

(Fig S41B, D). When illuminated by the diffuse ring light, the films assembled

from the bottom fractions exhibited no light diffraction, whereas those assem-

bled from the top fractions exhibited an increasing amount of pixels diffracting

the diffuse light with increasing spray time (Fig S41 right column).

The annealing of the films did not alter the nano-scale patterning but flat-

tened the sprayed films as revealed by the respective AFM images (Fig 6.10A, B).

These images reveal features of several hundreds of nanometres in height. Af-

ter annealing, these features are still present on the surface, seen as less high,

broadened and more pointy structures in the corresponding AFM height pro-

files (Fig 6.10C, D). These pillar like structures on the surface of of the sprayed

top fraction films are the only ones that could account for the light diffraction

observed under diffuse illumination (Fig S41C, D right column). The presence

of such pillar like structures after the annealing at 91 ◦C further suggests that

the top fraction assemblies are stabilised by internal forces absent in the bot-

tom fraction assemblies. This interpretation is further supported by the SAXS

measurements presented in Fig 6.9.
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Figure 6.10: AFM height images of electrosprayed films (BCP05 top) recorded
(A) before and (B) after film annealing at 91 ◦C for 24 h. Both images
reveal high and narrow features (height profiles (C, D) on the surface that are
flattened by the annealing process but do not disappear. The coloured points
observed when these films are diffusely illuminated (Fig S41) originated from
light diffraction on these sharp features observed by AFM.

6.2.11 Mechanism of Self-assembly

As elaborated in the mechanistic reflection of this chapter, the top fractions

are composed of multiblock copolymers, might contain some triblock copoly-

mers and PDMS homopolymers in small quantities and if so, negligible traces

of diblock copolymers. The bottom fractions consist mainly of triblock copoly-

mers, unknown amounts of PMOXA homopolymers and negligible amounts of

diblock copolymers.

To explain a possible mechanism, underlying the self-assembly yielding the

observations presented in this chapter, a valid hypothesis must comply with

the following aspects: (i) account for the steps observed in the terrace like

assemblies (Fig 6.4, (ii) reason the short-range packing symmetry observed

in annealed (Fig 6.7 and none annealed (Fig 6.6)top fraction assemblies, (iii)

rationalise the contrast build up observed in TEM images taken from interme-
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diate assembly states (Fig 6.8) and (iv) most importantly proposing a molec-

ular interaction that is capable of stabilising polymeric high aspect ratio fea-

tures (Fig 6.10) above at 91 ◦Cas further confirmed by SAXS measurements

(Fig 6.9).

The formulated hypothesis originates from the authors speculative mind

and does not necessarily comply with the opinion of the thesis comity on how

far fetched speculations should be. I surely agree with Wonko the Sane but we

also need to communicate and speculate even wonder about the world around

us. Scientists must be encouraged to speculate, to reflect on the data, sit with

it and turn it upside down to find the best fitting model, then through it into

the world to receive the reflections and opinions of others to adapt and refine

the model in the quest for truth.

Symmetrical and linear block copolymers as depicted in Fig 6.11A are not

constrained enough to benefit from assembling symmetrical nano-scale patter-

ing, but would be expected to organise randomly when left to dry out from

solution - observed in the AFM images (Fig S36) of bottom fraction polymer

assemblies or when top fraction polymers are electrosprayed using an ethanol-

ethylacetate solvent mixture (lamellar phase in Fig S40). In the corresponding

TEM images of the droplet assemblies of the bottom fractions, no particular

nano-scale organisation was observed (Fig S37). The only common pattern

found in self-assemblies from top and bottom fractions was the terrace-like

patterning on a micro-scale level, which is attributed to the way of formation.

The assembly starts with a constrain of the volume by evaporation of the

solvent from the droplet on the surface. The polymer chains are dragged

over the TEM grid’s surface, pushed by the solvent-air barrier, they migrate

towards the centre of the respective square. Looking at assemblies from the

top fractions we find that some of the chains and pre-assemblies are left behind

- witnesses of the path of evaporation - representing intermediates states of the

process driving the assembly in the core of the droplet. In these foot prints

we find nucleation sights, a dark contrast in TEM images correlates with the

appearance of symmetrical arrangements, turquoisely encircled in Fig 6.11C.

When fairly pure top fraction block copolymers (BCP05, BCP07, BCP08A

and BCP09A top) are solubilised in CHCl3, terrace like assemblies (Fig 6.6)

are formed upon solvent evaporation. These aggregates exhibit short range six-
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fold symmetrical ordering - out of solvent or annealed, this is the predominant

nano-scale structuring of those waste products in their dry state. Addition-

ally, the nano-scale patterning of the dry multiblock copolymer seems at its

thermodynamic equilibrium as supported by the presented SAXS experiments

(Fig 6.9). The stability of of sharp polymeric features at elevated temperatures

(91 ◦C ) (Fig 6.10) is entropically not very favourable and requires a tribute

from the material, to be paid out of the Van-der-Waals force-Zoo’s pocket

money.

A rudimentary model of an assembly plane (Fig 6.11D) served as victim for

its disassembly into defining units, some of them are schematically depicted in

Fig 6.11E, where two of the three armed star may overly to yields a six armed

aggregate. The underlying kink in the backbone of the multiblock copolymer is

illustrated in Fig 6.11F. These symmetrical pre-aggregates in Fig 6.11E and the

180◦ bent multiblock (Fig 6.11) are formed with only one additional constrain

- that the PDMS backbones twist and bundle under a high enough pressure -

exerted upon solvent evaporation and subsequent crystallisation of PMOXA.

The atomic phase separation proclaimed in Fig 6.11H represents a possible

way of packing PDMS denser by aligning the chains in quadruples, smearing

out the methyl groups - the golden smudge in Fig 6.11H - and sharing the

oxygen’s lone pairs with the silicon atom.

Quantum chemical calculations on disiloxanes revealed the bent geometries

require d orbitals in the basis sets of the silicon and oxygen atoms [88]. The σ

bond between the silicon and oxygen atom in siloxanes is formed by hybridising

the s and p electrons of Si with the p electrons of oxygen. The 3d orbitals of the

silicon atom are unoccupied and the oxygen atom has unshared p electrons [89].

It is hypothesised that the interaction between the PDMS chains results in

the exposure of the unoccupied d orbitals of the silicon atoms towards the

p electrons on the oxygen atoms resulting in a non-covalent coupling. This

coupling facilitates the alignment between the PDMS segments and thereby

increases the material density, explaining the increase in contrast observed in

TEM images (Fig 6.8D, E).

The illustration in Fig 6.11 might look randomly drawn. The opposite is

the case its based on four underlying assumptions: (i) the strong segregation

limit [34] assures that PDMS and PMOXA never mix, (ii) the polymers kink
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forces it to be bent instead of linear, (iii) the PMOXA chains always aggregate

first to form a nano-scale glassy phase (iv) followed by the parallel alignment

of the PDMS chains backbone.

6.3 Conclusion & Outlook

The cosolvent fractionation method was earlier demonstrated to be necessary

to yield oligomeric triblock copolymers. The fractionation yielded a multi-

block copolymer fraction of non-negligible amount with distinctly different

macroscopic appearance when dried in a simple glass vial. These observations

motivated the investigation to understand this difference in macroscopic ap-

pearance and to further formulate a hypothesis of what the driving force of

behind the observed self-assembly might be.

On a chemical level, the two fractions are composed of PMOXA and PDMS

building blocks connected in different ratios and arranged in different molecu-

lar geometries. The bottom fractions contain a linear triblock as predicted by

theory as was the aim of the synthesis, which was supported by GPC and NMR

characterisation as well as underlined by their tendency to assemble polymer-

somes in aqueous solutions. The top fraction multiblock copolymers on the

other hand are side products of the polymerisation of 2-methyl-2-oxazoline

under the given experimental conditions. The chain interlinkage [58], respon-

sible for the multiblock formation, introduces a kink in the backbone of the

polymers and enables the formation of a branching point in the respective

polymer. The chemistry of poly-2-oxazolines was recently reviewed by Ver-

braeken et al. [16], who summarised the insights of the last 50 years and citied

multiple investigations where branched poly-2-oxazolines were described. As

a result of the performed characterisation of the top fractions, their major

component is thought to be a multiblock copolymer with a backbone kink.

The difference between the assembly of the bottom and the top fractions

was demonstrated on both macroscopic and nanoscopic scales. Upon solvent

evaporation the bottom fractions were shown to arrange from random to lamel-

lar and the top fractions from lamellar to hexagonal packed. Furthermore, a

correlation was found between the homogeneity of the GPC traces for a re-

spective top fraction and its tendency to hexagonally pack.
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TEM images revealed intermediate assembly states that enabled the de-

duction of a model for the self-assembly process of the top fractions. The intra

molecular aggregation of the PMOXA blocks is supported by the high flexibil-

ity of the linking PDMS chains but also by the segregation of the two blocks

from each other. This initial process reduces the multiblock to an aggregate

with parallel aligned PDMS chains and fundamental rotational symmetry.

It was demonstrated that top fraction films can be obtained in an electro-

spray process and that they exhibit terrace-like patterning on a micro-scale, as

found for the droplets formed by solvent evaporation. On a nano-scale however,

it was found that the sprayed films exhibit lamellar patterning whereas the

droplet assemblies are formed by a matrix with embedded ball-like structures.

This difference is attributed to the solvents used and the solubility of the

respective blocks within it. Conclusive studies were not possible owing to

safety regulations in the electro-spray lab. Nevertheless, the sprayed films

exhibited fascinating light diffracting properties under diffuse illumination and

AFM images revealed a surface populated by randomly distributed micron-

sized pillars.

Assemblies from both, 1st and 2nd generation top fractions were found to

pack hexagonally, assemble in a terrace like manner and exhibit no disordering

upon annealing, supported by the SAXS data and the images from the an-

nealed TEM grids. No correlation between the molecular weight distribution

of the fractions and packing pattern was found. This indicates that a varia-

tion in the respective polymer chain length does not drive the self-assembly

nor does it significantly affect it.

Within the top fraction assemblies, the PDMS and PMOXA blocks are

non-randomly organised on a nano-scale, have distinct refractive indices and

orthogonal chemical properties. The self-assembly of these building blocks

yields a material that is soft and elastic but breaks in a brittle manner, is

optically transparent, has internal refractive index patterning and is stable in

water for over a year. The presented study revealed unexpected properties

along with the self-assembly process of a multiblock copolymer originating as

a side product of the respective triblock copolymer synthesis.

However, the question of whether this conclusion crosses the fine line be-

tween solidified knowledge or far fetched speculation is left to be answered
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by the reader. It is however the authors conviction that the scientific tree

of knowledge is nourished, grown and cared for by explanatory speculations

that are beyond the already known and not by speculations regarding the

application of scientific findings.





Part IV

Reflection & Outlook
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In this reflective part the engineered methods and scientific findings are briefly
concluded and reflected upon. Suggestions are made for the continuation of the presented
engineering and research as personal opinions of the author. T he polymerisation of
2-methyl-2-oxazolines on bi-functional poly(dimethyl-si loxane) macroinitiators and
suggestions for its optimisation are outlined. T he cosolvent fractionation is put in
context and compared with established methods. T he direct polymersome assembly
method is reflected upon, hypothetically extended to hole spanning, 2D membranes
and how this method could be made compatible with membrane protein insertion is
discussed. In a subsequent section research fragments and theoretical considerations are
reported that tackle the membrane protein insertion directly from the exit channel of a
ribosome to enable the nascent protein being directly folded into a polymeric membrane.
T he reflections are finalised by relating the unexpected self-assembly of a multiblock
copolymer to the field of polymeric quasicrystals.
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Chapter 7

2-Oxazoline Polymerisation on

PDMS Macroinitiators

7.1 Poly(dimethylsiloxane) Macroinitiators

All macroinitiators used for the polymerisation of 2-oxazolines were obtained

from commercial sources. The commercial products all exhibited a broad dis-

persity (Ð>1.8) described in the third chapter. The developed cosolvent frac-

tionation yielded narrowly dispersed (Ð<1.3) fractions and thereby enabled

the synthesis of narrowly dispersed block copolymers.

In a test polymerisation, a poly(dimethylsiloxane) (PDMS) macroinitiator

was synthesised as described by Lai et al.[90]. The polymerisation yielded

a broadly dispersed PDMS that was only partially bi-functional. Thin-film

distillation was used as a method of fractionation but without success. The

thin-film distillation was not possible in-house and the cosolvent fractionation

was meanwhile demonstrated to yield narrowly dispersed PDMS macroinitia-

tors and therefore the PDMS synthesis was dropped.

7.2 2-Oxazoline Polymerisation

All macroinitiators were activated by trifluoromethanesulfonic anhydride with

triethylamine (TEA) as a base. The resulting TEA-triflate is only solid at

temperatures below -10 ◦C , thereby complicating the filtration process. If a
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synthesis failed, in 95% of the cases it was the filtration that was not complete

and resulted in contaminated PDMS-bi-triflate macroinitiators. This resulted

in a yellow-brownish colouring or an opaqueness of the activated macroinitiator

after filtration and warming up to room temperature. Alternative bases used

for the activation are pyridine [61], which was avoided owing to its toxicity

and K2CO3 [91], which was not used in the present work. However, during

a recent internship of Dr. C. Spiridon in our group, the use of K2CO3 was

demonstrated to simplify the filtration significantly.

As demonstrated by Hoogenboom et al.[92], the microwave assisted syn-

thesis of poly(2-oxazolines) has many benefits over conventional heating. In

a later study the reactivity of tosylates, nosylates and triflates was systemat-

ically compared for 2-methyl-2-oxazolines, 2-ethyl-2-oxazolines and 2-phenyl-

2-oxazolines. It was found that the initiation by nosylates is sufficiently fast,

even for 2-phenyl-oxazolines, that the polymerisation is well controlled. The

use of tosylates was discouraged because of the slow initiation and thereby loss

of polymerisation control. The triflates were the most reactive but therefore

also the most unstable during purification of the initiators [93].

To yield hydroxyl end-groups the polymerisation was terminated by a mix-

ture of TEA:H2O (1:4 v/v) where the amount of TEA was 2.075 molar equiv-

alents of the macroinitiator. A recent study revealed that the termination of

the polymerisation by the addition of H2O leads to a H2O addition to the

2-position of the active chain end. The resulting amine ester is hydrolysed and

yields a secondary amine instead of a tertiary one [94]. In an experiment by

Dr. A. S. Denes and Dr. I. Craciun the hydroxyl end groups of a polymer

synthesised and quenched as described herein was supposed to be oxidised to

an aldehyde. The gel permeation chromatography (GPC) traces indicated an

increase in molecular weight after the modification, which was explained by a

reaction between the forming aldehydes and the secondary amine of another

chain. Fluorescence correlation spectroscopy (FCS) measurements of assem-

bled polymersomes demonstrated a weak unspecific binding of sulforhodamine

B (SRB) to none fluorescent polymersomes. Therefore, all future polymers

must be quenched by the addition of tetetramethylammonium hydroxide as

recommended by de la Rosa et al.[94].



Chapter 8

The Cosolvent Fractionation in

Context

The cosolvent fractionation was developed as an engineering solution to the

group’s need to access to sufficiently pure PMOXA-b-PDMS-b-PMOXA tri-

block copolymers that self-assemble polymersomes in aqueous media and per-

mit the insertion of bacterial membrane proteins into their membrane. To

the best of the author’s knowledge, the use of immiscible organic solvents to

fraction amphiphilic block copolymers was never reported or conceptualised

in the literature before its publication [20]. It represents an innovative so-

lution to counteract the formation of chain interlinkage that is intrinsic to

the 2-methyl-2-oxazoline polymerisation. Additionally, the fractionation of 5

to 10 g of polymer in one run is challenging to achieve by any alternative,

laboratory scale method such as preparative gel permeation chromatography

(GPC). At this time, it is left as an open question whether this method would

be applicable to other amphiphilic block copolymer systems.
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Chapter 9

Direct Polymersome Assembly

The developed direct polymersome assembly method represents an innovative

way of assembling polymersomes to overcome some of the shortcomings of the

established film rehydration method.

At this point, the method must be seen as a proof-of-concept that might be

extended to other block copolymers or even phospholipids. A possible patent

application was discussed at the patent office of the University of Basel and

it was agreed that there is no economic foundation for such a method to be

patented at this stage. The discussion however crystallised two further proof-

of-concepts that would render the method economically interesting and thereby

support a patent evaluation. First, whether the method can be extended to

alternative amphiphilic molecules such as other block copolymers and phos-

pholipids should be evaluated. Second, a precursor to form 2D membranes

over a surface exhibiting 1 to 50 nm holes is considered to be of high economic

interest and industrially relevant.
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The formation of a polymer-salt matrix on a surface seems straightforward

and should not represent any problem. Upon rehydration the membrane might

detach from the surface and become fully floating and therefore useless. If

however, the surface is functionalised with anchors, e.g. surface-bound block

copolymer chains, prior to the salt-polymer matrix formation on the surface,

it is anticipated that they would act as nucleation sites for the self-assembly

during the rehydration and thereby anchor the membrane to the surface. On

a porous surface, the covalently attached polymer chains can be introduced

at higher grafting densities to provide stable anchoring of the membrane and

could possibly span the pores in the surface.



Chapter 10

Nanoreactor Engineering

This was ongoing research and engineering.

All experiments were coneaved and conducted by S. Lörcher

10.1 Nanoreactor from Pre-formed Polymersome

The direct polymersome assembly method does not allow for the embedding of

a membrane protein into the formed polymer film as is often done [95]. Further-

more, the extraction of membrane proteins from bacterial sources requires the

stabilisation of the proteins within detergent micelles to prevent precipitation.

When inserted into polymersomes, these detergents may negatively affect the

stability of the polymersomes. Inspired by the work of Visudtiphole et al.[96],

outer membrane protein F (OmpF) was extracted from Escherichia coli into

buffered 8 M urea in a denatured form. The denatured form was then added to

preformed polymersomes for refolding. None of the insertion experiments were

conclusive owing to the negative effect of the ionic conditions on the polymer-

somes. Furthermore, there is the open question of whether the hydrophobic

part of the polymersome membrane would even be sufficiently accessible for

the denatured protein to fold into it. Alternative methods were reviewed by

Shen et al.[97], however none of them were appropriate for significantly simpli-

fying the insertion of membrane proteins into polymer membranes. Shadiac et

al.[98] propose the combination of cell-free protein expression systems with

nanotechnology as promising allies for the study of proteins.
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10.2 Genetic Information Based Protein Insertion

A natural way of inserting membrane proteins into cell membranes is by re-

cruiting the ribosome to the membrane. The nascent chain exiting the translat-

ing ribosome is recognised by the conserved signal recognition particle (SRP),

which results in a termination of the translation until the ribosome has docked

to the membrane-bound SRP-receptor [99]. Uemura et al.[100] immobilised ri-

bosomes via hybridisation of an rRNA loop to a glass surface and demonstrated

successful translation of green fluorescent protein (GFP) from the immobilised

ribosome. Fuchs et al.[101] mapped the 30S subunit of the Escherichia coli

ribosome for accessibility of oligonucleotides. The work of Nissen et al.[102]

provides the necessary information to identify the oligonucleotide probes of

Fuchs et al., which are located close to the protein exit tunnel of the ribo-

some. Three oligonucleotides around the exit tunnel that exhibit high acces-

sibility were chosen as anchors, namely 23S-306, 23S-1336 and 23S-1328. To

ensure close binding to the hydrophobic domain of the membrane a bi-thiol

functionalised poly(dimethylsiloxane) (PDMS) was reacted with a maleimide-

dibenzoCyclooctyl (DBCO) linker to enable azide terminated deoxyribonucleic

acid (DNA) binding. The DNA was reacted with the PDMS prior to vesicle

formation to prevent long vesicle modification times to allow high concentra-

tions of the reaction partners. The DNA binding was shown by agarose gel

electrophoresis. The DNA modified PDMS was mixed with SL003 bottom and

assembled into polymersomes. It is envisioned that this strategy could yield

ribosomes bound to a polymeric membrane, able to translate proteins directly

into a polymeric membrane rendering expression and extraction in and from

bacteria obsolete.

The commercial cell-free protein expression kits support the addition of

polymerase chain reaction (PCR) fragments containing a T7 promotor se-

quence and a ribosome binding site (RBS) for the protein translation. This

primer design is straightforward and allows the amplification of any genetic

code from plasmid or cDNA templates into membrane proteins.



Chapter 11

Polymeric Quasicrystals ?

11.1 Polymeric Material

As it is more than challenging, if not impossible, to determine the exact molec-

ular configuration of the top fraction polymer chains by analytical techniques,

it was only in combination with the mechanistic insights from the literature

that a reasonable molecular configuration of the polymer chains could be pro-

posed. The top fraction block copolymers are multiblocks, composed of at least

two poly(dimethylsiloxane) (PDMS) and multiple poly(2-methyl-2-oxazoline)

(PMOXA) blocks. The side reactions yielding them introduce a crucial kink

into backbone of the polymers, breaking their linear molecular configuration.

As there is no demand for the extracted side products contained in the

top fractions, it is unlikely that a synthetic effort would be made to produce

the concluded molecular configuration as polymers. However, a designated

synthesis approach such as this could give rise to several multiblock copolymers

composed of PMOXA and PDMS with distinctly different geometries. With

access to a library of multiblock copolymers at hand, all characterisations could

be carried out using known materials and the findings then related to those

obtained from the top fractions.

However, the work load for such a synthetic approach is expected to be

intense and will therefore most likely not be tackled in the near future.
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11.2 Self-Assmebly

In 2012 it was debated whether multiblock copolymers represent a Pandora’s

box or a panacea [103]. The answer to this question is not trivial and cer-

tainly not a conclusive yes or no. It is outlined that virtually any domain

morphology and packing symmetry becomes theoretically accessible through

multiblock copolymers, but that the rational design requires advances in sev-

eral fields such as predictive theoretical tools and structural characterisation

methods. However difficult the prediction of design routes might be, there

are reports of fascinating multiblock copolymer based systems, such as ABA

triblock copolymer that exhibits spatio-temporal structure with autonomous

viscosity oscillation [85]. The creation of new materials represents a key step

in accessing emergent properties, paving the way for technical advances, as

was the self-assembly of a chiral ABC block copolymer applied to direct the

synthesis of mesoporous gyroidal superconductors [83]. Access to supercon-

ducting materials is of great technical relevance and demonstrates the use of

block copolymers for real world applications. In contrast to these examples,

where multiblock copolymers were designed for an application, the top frac-

tion multiblock copolymers studied in this chapter were found by accident.

No matter, they provided an excellent raw material to study thin film as-

sembly since they are unwanted side products and abundant in amount. The

comparison between thin film assemblies from triblocks with those assembled

from multiblocks revealed significant differences. A major difference was the

observation of symmetrical packing, which was only found in the structures as-

sembled from the top fractions and was by no means predictable. Based on the

available data, it was not possible to provide a non-speculative hypothesised,

what forces stabilise the top fraction assemblies during the annealing process.

Therefore, this thesis is concluded with an open question to be answered by

interested future scientists...



Part V

closing
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to the reader this work might appear as ...... (insert you impression here). As

incomplete as it may be, for me it was an honour to receive a living allowance

from the public to follow my passion, the questioning of established knowledge

and the pursuit of the unknown, to teach and engineer, to participate in the

scientific endeavours of colleagues by providing materials, discussions or simply

experimental support and experience.

reality might well be statistical =̂ digital ?





Appendix

Experimental Procedures & Materials

Materials

Materials Formvar-coated copper grids for transmission electron microscopy

(TEM) were received from the Centre for Microscopy at the University of

Basel (ZMB). Argon was dried by flowing it through phosphorous pentoxide

prior to use for either polymer synthesis or storage. For the instant formation

fresh 2 ml sample vials (G075G-14/030-H, Infochroma AG, Switzerland) were

used. Samples were filtered through hydrophilic or hydrophobic syringe filters

with 0.45 µm pore size (Millipore) depending on the solution and filtrate. All

rehydrations were performed using an oval 7.5 mm Teflon coated magnetic

stirrer. Wafers for droplet evaporation assemblies were purchased from Silicon

Materials (one side polished, typ/orientation: N/Arsenic<100>, spec: SPP,

SEMI-std-flats, PO: 10792/R). Cantilevers were purchased from Budgetsensors

(Nano and More GmbH, Wetzler, Germany) or Nanosensors. 2-inch Si wafers

(2P0/1-10/ 279 Å 25) were obtained from Siegert Wafer, Aachen, Germany.

Glassware Glassware for polymerisation, fractionation or film formation

was cleaned over night in KOH saturated 2-propanol solution followed by at

least 4 hours of glass surface regeneration in aqueous HCl (ca. 5 %). All

glassware used for polymerisation or distillation was kept at 120 ◦C for at

least 48 hours. For all polymerisations, one-neck round-bottom flasks with a

Young valve were used. For PDMS-bi-triflate filtration a custom made one-

neck round-bottom flask with two Young valves was used for the collection

of the activated PDMS to allow for convenient and simultaneous argon and
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vacuum connection. All glassware was assembled directly out of the oven, con-

nected to the vacuum line and evacuated (10−2 mbar) while being heated with

a heat gun set to 600 ◦C, flushed with dry argon and re-evacuated while cooling

to room temperature. This procedure was repeated at least three times.

Chemicals Bifunctional, 2-propoxyethyl-1-ol terminated polydimethylsilox-

ane (PDMS) macroinitiators were purchased from ABCR (AB116675), Shinetsu

(6003 and 6002 carbinol fluids) and DowCorning (Corbinol Fluid 5562), re-

ferred to as MI0, MI1, MI2 and MI3, respectively. Solvents for the fraction-

ation and dialysis were distilled from technical-grade supplies and anhydrous

solvents for the polymer synthesis were obtained from Sigma-Aldrich or dried

in-house. HPCL-grade GPC eluents were obtained from Scharlau. All other

chemicals were obtained from Sigma-Aldrich and used as received.
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Synthesis

PDMS Macroinitiator Formulation The desired amount of bi-functional

PDMS, typically 16 g, was weighed in an ambient atmosphere into a 250 mL

argon flushed, dry round-bottom flask, containing a large oval magnetic stirrer,

sealed with a septum and stirred at 630 rpm, 91 ◦C under reduced pressure

(10−2 mbar). After 12 hours, the PDMS was degassed by three cycles of ar-

gon/vacuum and left to cool at room temperature in an argon atmosphere.

Approximately 125 mL of dry hexane was added under an argon stream. The

septum was fitted with an argon balloon ensuring an oxygen and water free

atmosphere while cooling the mixture to ca. -18 ◦C (measured bath tempera-

ture) in a stirred and cold-finger cooled 2-propanol bath (cooling aggregate set

at -20 ◦C, Julabo FT901). After ca. 1 hour of cooling, 2.075 molar equivalents

of dry TEA were added in one shot and the reaction mixture was left stirring

to distribute the TEA homogeneously. After ca. 15 minutes 2.05 molar equiva-

lents of trifluoromethanesulfonic anhydride in dry hexane were added drop-wise

over ca. 2 minutes to avoid high local concentration effects. The reaction was

left stirring for 3 to 4 hours to form PDMS-bi-triflate. After activation, the

mixture became opaque white due the formation of TEA-triflate salts, which

are only white and solid at temperatures below -10 ◦C. The solids were filtered

off under argon pressure through a 2-propanol-dry-ice mixture cooled G4-frit

into a two Young valve round-bottom flask. After filtration, the final PMDS-bi-

triflate macroinitiator was obtained trough evaporation of hexane and resid-

ual TEA at room temperature until a pressure less than 5x10−2 mbar was

reached. Depending on the type of reaction to be performed, the PDMS-bi-

triflate macroinitiator was transferred into a glove-box (< 5 ppm O2, < 5 ppm

H2O) for splitting.

2-Methyl-2-oxazoline Polymerisation The 1st generation polymers were

polymerised solely in ethylacetate (EtOAc) at random monomer concentra-

tions because EtOAc was added via stainless steel needle under an argon

stream directly into the septum-sealed round-bottom flask used to collect the

filtered PDMS-bi-triflate, rendering any reasonable volume estimations impos-

sible. The amount of monomer was calculated to be two times the desired
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repeating units per side plus 20 %. As an example, the targeted number of

repeating units for BCP00 was 11 on both sides and consequently 26.4 molar

equivalents of monomer were added. The mixture was then left polymerising

at 42 ◦C, 630 rpm for 66 hours and quenched as described below.

The 2nd generation polymers were polymerised in EtOAc, CHCl3:acetonitrile

(7:3 v/v) mixture (CHCl3:ACN) and in N,N-dimethylacetamide (DMAC). The

activated macroinitiator was transferred into a glove box for safe handling since

a reliable comparison of the reaction kinetics in different solvents requires the

same degree of activation and molecular composition of the macroinitiator.

The polymerisation was carried out in a 250 mL round-bottom flask equipped

with a Young valve. 0.4 mmol of the respective PDMS-bi-triflate was dissolved

in 80 mL of the respective solvent. The final monomer concentration was 0.5 M.

After the addition of the monomers, the round-bottom flask was sealed with

a septum, discharged from the glove box, left polymerising at 42 ◦C, 630 rpm

and sampled regularly for analysis. All reactions were heated conventionally

in a stirred oil bath on an IKA RTC basic heating plate equipped with an

external temperature sensor.

Quenching If not stated otherwise, polymerisation reactions were quenched

by adding a mixture of H2O:TEA (4:1 v/v) in one shot, where the amount

of TEA was 2.075 molar equivalents of the macroinitiator. Alternatively, a

methanolic KOH solution could be used for quenching [60], but was avoided

here owing to possible alkaline degradation of the PDMS block. After the de-

sired MOXA conversion was observed in 1H-NMR spectra, the reaction mixture

was either quenched or transferred into a glove box and split into different dry

round-bottom flasks for individual quenching. To yield NH2 functionality, a 50

molar excess of ethylenediamine was added in one shot; for N3 functionality, a

four-fold molar excess of sodium azide was dissolved in dry DMF or DMAC and

added to the reaction mixture in one shot. Thiol functionality was achieved in

a two-step reaction. First a four-fold molar excess of potassium thioacetate in

dry DMAC was added to the reaction to yield thioacetate terminated polymer

chains which were then deprotected on demand after purification/fractionation

by a molar excess of tris(2-carboxyethyl)phosphine in methanol at room tem-

perature over night. After addition of the respective quenching agents the
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mixtures were stirred over night at room temperature. The mixtures were

transferred into one-neck round-bottom flasks and the solvent was evaporated

to yield −OH or −NH2 terminated crude block copolymers (BCP). The re-

actions quenched with either NaN3 or thioacetate were re-suspended in pure

TCM, filtered through ca. 4 cm of Celite S, supported by a G4-glass frit,

to remove the excess of quenching agents and then CHCl3 was evaporated to

yield the respective crude BCPs as white or slightly yellow crystalline crude

products.

2-phenyl-2-oxazoline based pentablock polymerisation In a glove-box

(< 5 ppm O2, < 5 ppm H2O) 4.0 g (0.66 mmol) of PDMS-bi-triflate was

weighed into a 250 mL 1-neck 1-Young-valve round-bottom flask (RBF) hold-

ing an oval magnetic stirrer. The macroinitiator was dissolved in 100 mL of dry

toluene and 9.8 g (66 mmol, final: 0.5 M) of 2-phenyl-2-oxazoline (PhOXA) was

added, the mixture was then sealed with a rubber septum and discharged from

the glove-box. The polymerisation was allowed to proceed at 91 ◦C, 630 rpm

and sampled regularly for analysis. At the same time a control reaction was

prepared in a 25 ml 1-neck 1-Young-valve flask by mixing 1.0 g (0.165 mmol)

of PDMS-bi-triflate in 25 mL dry toluene with 2.45 g (16.5 mmol, final: 0.5 M)

PhOXA and kept at 42 ◦C, 630 rpm. After the desired amount of monomers

were polymerised, the reaction mixture was cooled to room temperature and

transferred into the glove-box. 5.6 g (66 mmol, final 0.25 M) of 2-methyl-

2-oxazoline (MOXA) was added in 100 mL dry acetonitrile (ACN) and the

reaction mixture was split into two fresh 250 mL 1-neck 1-Young-valve RBFs

to allow for two different poly(2-methyl-2-oxazoline) (PMOXA) block lengths.

The reaction mixtures were discharged from the glove-box and left polymeris-

ing at 42 ◦C, 630 rpm and sampled regularly for analysis. All reactions were

heated conventionally in a stirred oil bath on an IKA RTC basic heating plate

equipped with an external temperature sensor. After the desired PMOXA

block length was observed all reactions were quenched by adding a mixture

of H2O:TEA (4:1 v/v) in one shot, where the amount of triethylamine (TEA)

was 2.075 molar equivalents of the initial macroinitiator count.
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Kinetic analysis At each time point 100 µL of reaction mixture was as-

pirated, transferred into an NMR tube and diluted with K2CO3 saturated

deuterated chloroform without tetramethylsilane. The multiplet at 0.36-0.56

ppm served as reference signal (normalized to 4.0 protons) and the integral of

the multiplet at 3.27-3.60 ppm was plotted against the polymerisation time.

Work-up of the triblock copolymers The crude BCP was purified from

unreacted monomers or small molecular weight species by ultrafiltration or

dialysis. Ultrafiltration was carried out in an EtOH:H2O (1:1 v/v) mixture.

The molecular weight cut-off for ultrafiltration or dialysis was chosen according

to the target molecular weight between 1000 and 3000 Da (RC dry dialysis

tubes, Spectrapor and RC ultrafiltration membranes, Millipore). For dialysis,

the dry BCPs were dissolved in 30 mL of pure EtOH, added to the dialysis

tube and dialysed against TCM for 2-4 rounds. Then a TCM:EtOH mixture

(1:1 v/v) was used for 2 rounds before using pure EtOH. The dialysis was

carried out at room temperature for ca. one week and 6 to 8 cycles before the

purified polymer was recovered as a white, slightly transparent solid.

Work-up of the Pentablock Copolymer The crude pentablock copoly-

mers were purified from unreacted monomers or small molecular weight species

by dialysis using an appropriate molecular weight cut-off (1000, 3000 or 8500

Da, regenerated cellulose, Spectrapor). The dry block copolymers were dis-

solved in 30 mL of pure MeOH, added to the dialysis tube and dialysed against

CHCl3 for 2-4 rounds. Then a CHCl3:MeOH mixture (1:1 v/v) was used for

2 rounds before using pure MeOH. The dialysis was carried out at room tem-

perature for ca. one week and 8-10 cycles before the purified polymer was

recovered as a white, slightly transparent solid upon evaporation.
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Analytics

Gel Permeation Chromatography GPC traces were recorded and anal-

ysed in WinGPC UniCrom (V 8.20 - build 4815, Polymer Standard Service

(PSS), Germany). Unless stated otherwise 100 µL sample of was injected.

TCM and THF systems were calibrated against narrowly dispersed polystyrene

standards and the DMF system was calibrated against poly(methyl-metacrylate)

standards. Traces of pure PDMS were recorded using an Agilent-based system

composed of a 1200 series pump and autosampler followed by a 1100 series

RI detector, equipped with a series of PLgel mixed-C columns (pre-column

3 µm particles (5 cm), three 5 µm particles (30 cm), all 0.75 cm diameter,

Agilent). The detector and columns were kept at 40 ◦C, using 250 ppm 2.6-

di-tert-butyl-4-methylphenol (BHT) stabilized THF as the eluent at a flow

rate of 1 mL min−1. Traces of the crude triblock copolymers or of the re-

action mixtures were recorded using an Agilent-based system composed of a

1200 series pump and autosampler followed by a VWD (1100 series), RI (1100

series) and a viscometer (PSS DVD1260), equipped with a series of linear-S

SDV columns (pre-column (5 cm), three analytical columns (30 cm) all 5 µm

particles and 0.8 cm in diameter, PSS, Germany) or a pair of SDV columns

(pre-column (5 cm), a 103 Å and a 105 Å both 30 cm, all 5 µm particles and

0.8 cm in diameter, PSS, Germany). The column-set used is indicated by the

abbreviation SDV-lin and SDV respectively. The detector and columns were

kept at 35 ◦C using TCM, stabilized with EtOH, as the eluent at a flow rate

of 1 mL min−1. Traces of the final and fractionated triblock were recorded

using an Agilent Viscotek/Malvern mixed system, composed of a 1100 series

pump and autosampler followed by a TDA 305 (RI, VWD, viscometer and

90◦ light scatterer, Viscotek/Malvern) equipped with a series of gram columns

(pre-column (5 cm), 30 Å (30 cm) and two 103 Å (30 cm), all 10 µm particles

and 0.8 cm in diameter, PSS, Germany). The detector and columns were kept

at 60 ◦C using DMF with 20 mM LiBr as the eluent at 1 mL min−1.

Nuclear Magnetic Resonance Spectroscopy 1H-NMR spectra were re-

corded by acquiring 128 scans on a Bruker DPX-400 spectrometer in CDCl3
without tetramethylsilane, saturated with K2CO3 to buffer any possible acid-
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ity of TCM to achieve best possible resolution. The analysis, phase correc-

tion along f1 and Whittaker Smoother to adjust the baseline prior to inte-

gration were performed using MestReNova 10.0.1-14719 (Mestrelab Research

S.L., Spain). All spectra were aligned to the chemical shift of CDCl3 at 7.26

ppm.The poly(2-phenyl-2-oxazoline) (PPhOXA) based pentablock copolymers

were dissolved in CD2Cl2 instead of CDCl3 and aligned respectively.

Transmission Electron Microscopy of Polymersomes 5 µL of poly-

mersome solution was left adsorbing on a fromvar-coated and glow discharged

200 mesh copper grid and blotted off after 1 minute. Twice a drop of 5 µL

of water was placed on the grid and blotted off immediately. This procedure

was repeated with 5 µL of 2 % aqueous uranyl acetate, where the sample was

stained for 10 seconds in the second step. Prepared grids were left drying in

air for at least 10 minutes before imaging them at an acceleration voltage of

80 kV on a Philips CM100 transmission electron microscope.

Transmission Electron Microscopy of Multiblock Copolymers The

formvar coated copper grids were used as received and not glow-discharged

prior to sample application. None of the samples were stained in any way and

were imaged natively after the droplet evaporation. All samples were imaged

at an acceleration voltage of 80 kV on a Philips CM100 transmission electron

microscope.

Light Scattering Cosolvent Fractionation Static or dynamic light scat-

tering was performed on a setup from LS Instruments, equipped with a 30 mW

HeNe laser. Polymers were dissolved in the respective solvent and filtered

though a 0.2 µm PTFE syringe filter, evaporated and redissolved to yield a

solution with exact concentration. A series of concentrations were measured

by diluting the stock solution after the first measurement and then refiltering

it to yield the next lower concentration. All measurements were performed at

100 % laser intensity.

Determination of dn/dc Light scattering experiments require the dn/dc

value of the analyte in the respective solvent to determine the molecular weight.
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A way to determine the dn/dc value is to inject a series of different amount of

the substance of interest on to the GPC, and plot the injected mass against

the total area of the RI signal (negative and positive part of the peak) [104].

This gives dn/dc · KD, where KD is the detector constant. KDcan be ob-

tained from measuring a dilution series of a substance, such as polystyrene,

with known dn/dc value. KD is required to calibrate the detector and enable

the determination of dn/dc for the respective PMOXA-b-PDMS-b-PMOXA

fractions.

Light Scattering Instant Polymersome Formation The diameters of

the assembled polymersomes were measured on a Malvern Zetasiser-Nano in

40 µL disposable polystyrene cuvettes. All samples were diluted 33 times in

the respective buffer and measured in triplicate with automatically optimised

settings.

Long Time Dynamic Light Scattering The time evolution of the cosol-

vent assemblies was recorded on a light scattering setup from LS-Instruments

(Switzerland) equipped with a 30 mW HeNe laser. The polymer solutions were

prepared in cylindrical glass cuvettes with an inner diameter of 8 mm (LS-

Instruments, Switzerland) and measured at 90◦ for 60 seconds at the highest

possible laser intensity. Depending on the turbidity of the sample the mea-

surements were performed in 3D mode to prevent the recording of multiple

scattering events.

Brewster Angle Microscopy and Langmuir Balance BAM images were

recoded on an EP3 setup (Nanofilm Technologie, Germany) using the sup-

plied EP3-view software (version 2.35). The isotherms were recorded at the

same time using a Langmuir balance (KSV2000-1) and analysed in KSV Nima

(version 2.2). A Langmuir Teflon trough, equipped with two movable Teflon

barriers, of 60 by 700 mm at 22 ◦C served as the surface for the compression

of the polymers and interface for the Brewster angle imaging. The Langmuir

balance was equipped with a Wilhelmy plate made of ashless filter paper. The

water surface was illuminated by a Nd:YAG laser at 532 nm at an angle of

53 ◦. The images were recorded by a monochrome CCD camera through a
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long distance 20x objective with a resolution of 1 µm. The polymers were

added dropwise onto the water surface in portions of 100 µL from a stock

solution in chloroform at 0.39 and 0.59 mg mL−1 for the respective top and

the bottom fraction. As the trough was not long enough to record a complete

isotherm in one compression, additional polymer was added between compres-

sions and several isotherms were recorded and overlayed to yield the full range

isotherms. The mean molecular area (MMA) was calculated based on the

Mws obtained from UV-gel permeation chromatography (GPC) traces. The

isotherms represent several open and closing cycles of the barriers moved at

20 or 40 cm min−1.

Atomic Force Microscopy The polymer droplets were imaged in a dry

state on a nano wizard 3 from JPK instruments in tapping mode using a

Tap300AL-G, Multi-75-G or Tap190-G excited at their resonance frequency.

The cantilever used is indicated in the respective figure caption. Atomic force

microscopy (AFM) images recorded from evaporated droplets were processed

and analysed using the SPM desktop software (JPK, version 6.0.63). All im-

ages were flattened using a line wise subtraction of a first order polynomial.

The AFM images from electro-sprayed films were recorded on a FlexAFM

system (Nanosurf AG, Liestal, Switzerland) in tapping mode at a vibration

amplitude of 4 V and a set point of 60 %. The images were levelled by a

mean plane subtraction in Gwyddion (version 2.44). The height profiles were

extracted with a line width of 11 pixels and with 1 pixel for the non-annealed

and annealed films respectively.

Differential Scanning Calorimetry DSC curves were recoded and pro-

cessed in Pyris (version 11.0.0.0449) using a DSC 6 PerkinElmer calorimeter.

About 10 mg of polymer (PDMS: 10.14 mg, PMOXA: 10.17 mg, BCP05 bot-

tom: 10.34 mg, BPC05top: 10.12 mg, BCP09A bottom: 8.91 mg and BCP09

top: 10.53 mg) were weighed into a 40 µL aluminium pan, sealed and measured

against an empty pan. The temperature was scanned from -20 ◦C to 111 ◦C

at 8 ◦C and at 10 ◦C for the first and second scan respectively. The poly-

mers were used as obtained after solvent evaporation on a rotary evaporator

(PDMS, PMOXA and top fractions) or after freeze-drying (bottom fractions).
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Capillary Based Small Angle X-ray Scattering SAXS measurements

were carried out on a Rigaku SmartLab 9 kW X-ray diffractometer. The

samples were prepared by filling a capillary with CHCl3, adding ca. 10 mg

of the solid polymer into the wider neck on the top of the capillary. The

neck was then fully filled with CHCl3 and the polymer was left to dissolve

and rearrange for two weeks in a saturated chloroform atmosphere maintained

within a desiccator. After two weeks the top valve of the desiccator was opened

and the atmosphere was allowed to slowly exchange with air for a week. The

capillaries were then dried in air for another week prior to the measurements.

Film Based Small Angle X-ray Scattering A polymer stock solution of

10 mg mL –1 was prepared in CHCl3. A drop out of a standard Pasteur-pipette

was deposited in the middle of a 2 by 2 cm polyimide film (Kapton, 300NH,

75 µm). The solvent was left to evaporate over night at reduced pressure and

42 ◦C. After drying, a polymer droplet of about 1-2 mm in diameter was left on

the Kapton. The samples were stored at room temperature under ambient con-

ditions for at least two weeks before the small angle X-ray scattering (SAXS)

experiments. After characterising the non-annealed samples, these films were

annealed at reduced pressure and 91 ◦C for five days and characterised again by

SAXS. The experiments were performed with a NanoMax-IQ camera (Rigaku

Innovative Technologies, Auburn Hills, MI, USA). The camera was equipped

with a Cu target sealed tube source (MicroMax 003 microfocus, Rigaku), and

the scattering data was collected using a Pilatus100 K detector (Dectris). The

sample-to-detector distance was calibrated using silver behenate (measured

under normal incidence).

Fourier Transformed Infra-red Spectroscopy FTIR spectra were recor-

ded on a Bruker Alpha Platinum ATR accessory using the Opus software

(version 6.5, build 6.5.97). A clump of polymer was placed under the pedestal

and compressed by the plunger. All spectra were the average of 64 scans and

depicted as recorded if not stated otherwise.

Fluorescence Correlation Spectroscopy FCS spectra were recorded on a

ConfoCor3 (Carl Zeiss, Jena, Germany) and processed using the supplied soft-
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ware package ZEN. The samples were excited through at 40x C-Appochromat

(NA = 1.2) by 561 nm and 633 nm diode-lasers, the pinhole diameter was set

to 1 ari unit and the fluorescence intensity fluctuations were recorded on a

GaAsP PmtM detector. The data for the calibration of the confocal volume

was recorded from a geometrical dilution series of the water soluble dyes sulfo-

Cyanine 5 (SCy5) and sulforhodamine B (SRB) and fitted by a one-component

autocorrelation function G(τ)1C given in equation 11.1. 30 measurements of

10 seconds were performed, individually fitted and the obtained amplitude

number particle (A#P) values are reported as mean±standard deviation in

the respective calibration curves (Fig S25). Samples were measured in the

same way and fitted with a two-component autocorrelation function G(τ)2C

with component one fixed to the diffusion time of the free dye and no triplet

component as displayed in equation 11.2. τD represents the diffusion time, T

the fraction of fluorophores in triplet state, τtrp the triplet time, N the num-

ber of particles, f the fraction of the respective species and R the structural

parameter which was fixed to 5 for all measurements.

G(τ)1C = 1 +

(
1 +

T

1 − T
e

−τ
τtrp

)
+

1

N

 1

1 + τ
τD

1√
1 +R2 τ

τD

 (11.1)

G(τ)2C = 1+
1

N

 f1
1 + τ

τD1

1√
1 +R2 τ

τD1

+
1

N

 f2
1 + τ

τD2

1√
1 +R2 τ

τD2

 (11.2)

Overview Images of Droplets All overview images of assembled droplets

were recorded using the top-view optics, which are part of the AFM setup.

The samples were illuminated with different light sources resulting in different

angles of the incident light. The options included a ring LED light for diffuse

illumination and an in tube light (perpendicular to the wafers surface) or a

combination thereof. The top-view optics are not calibrated and therefore the

images are presented without scale bars for qualitative interpretation only.

Image Processing & Stitching The native transmission electron microscopy

(TEM) images were analysed for grey-scale symmetries by 2D fast Fourier
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transform (FFT) using ImageJ 1.50c. A circular area was selected as the

region of interest (ROI) and transformed by the FFT algorithm. Images

were processed and combined using the GNU image manipulation program

(GIMP 2.8.14), ImageJ (1.50c) and LibreOfficeDraw (5.2.3.3). No corrections

of contrast, brightness or gamma levels were performed. The images were only

cropped, stitched and rearranged to facilitate the reporting of the observations.
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Self-Assembly

Film Rehydration All polymer films were coated on the wall of a 10 mL

RBF on a rotary evaporator. A stock solution of triblock copolymer in EtOH

was prepared to yield 6 mg in 400µL. 400 µL of the this stock solution were then

transferred into RBFs and slowly evaporated at 50 rpm, 42 ◦C and 165 mbar

for ca. 1 hour. The pressure was further reduced to ca. 4 mbar for ca. 15 min.

The films were rehydrated by adding 2 mL of phosphate buffer (50 mM, pH

7.4, 0.1 mM SRB) to the RBF and stirred at 630 rpm at room temperature

for 24 hours to ensure the best possible rehydration.

Direct Polymersome Rehydration Lyophilised cakes were rehydrated

with Milli-Q water containing 0.1 mM SRB to determine the encapsulation

efficiency. The ones made for polymersome counting by FCS were rehydrated

in a 1 µM solution of SRB to avoid yield low-brightness polymersomes. The

obtained polymersomes saturated the fluorescence correlation spectroscopy

(FCS) detectors even at the lowest possible laser power. The solutions were

stirred at room temperature at 630 rpm for 12 hours or less.

Cosolvent Formation The triblock copolymer was dissolved in EtOH, MeOH,

CHCl3 or acetone to yield 1.5 mg or 3.0 mg of polymer in 100 µL of the re-

spective solvent. 2 mL of filtered phosphate buffer (50 mM, pH 7.4) were

transferred into a light scattering (LS) cuvette and 100 µL of polymer solution

was added, the mixture vortexed for 10 seconds and placed into the LS device

for the measurements. The CHCl3 mixture was left sedimenting for 12 hours

after vortexing owing to complete opaqueness of the sample.

Self-Assembly of Triblock Copolymers The self-assembly of the syn-

thesised triblock copolymers into polymersomes was performed in aqueous

buffered saline (PBS, pH 7.4). Typically, 100 µL of a triblock copolymer stock

solution (100 mg mL−1) was diluted in a 10 mL round bottom flask to 400

µL with absolute EtOH. The solution was evaporated slowly at ca. 50 rpm,

42 ◦C and 165 mbar for 1 hour on a rotary evaporator to form a polymer film

on the glass wall of the round-bottom flask. The film was further dried for

15 minutes at 4 mbar on the rotary evaporator. The film was rehydrated by
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adding an oval 7.5 mm magnetic stirrer and 2 mL of PBS, followed by stirring

at 630 rpm at room temperature for at least 12 hours.

Self-assembly of Pentablock Copolymers The self-assembly of the syn-

thesised pentablock copolymers was performed in aqueous buffered saline (PBS,

pH 7.4). Typically, 100 µL of a pentablock copolymer stock solution (100 mg

mL−1) was diluted in a 10 mL round bottom flask to 400 µL with absolute

ethanol (EtOH). The solution was evaporated slowly at about 50 rpm, 42 ◦C

and 165 mbar for 1 hour on a rotary evaporator to form a polymer film on the

glass wall of the round-bottom flask. The film was further dried for 15 minutes

at 4 mbar on the rotary evaporator. The film was rehydrated by adding an

oval 7.5 mm magnetic stirrer and 2 mL of phosphate buffered saline (PBS) and

was stirred at 630 rpm at room temperature for ca. 48 hours. For the direct

dissolution self-assembly 10 mg of pentablock copolymer was added to a 2 mL

sample vial. An oval 7.5 mm magnetic stirrer and 2 mL of PBS were added

and the mixture was stirred for ca. 48 hours at 630 rpm at room temperature.

Droplet Evaporation For TEM grid preparation, a droplet of ca. 10 µL

from a 1 mg mL−1 stock solution was placed onto a formvar coated copper grid

supported by a glass coverslip. The droplet was left to dry in a vacuum oven

at 42 ◦C and reduced pressure for at least 12 hours. The large droplets used

for AFM imaging were assembled on a silicon waver, washed with chloroform

and acetone and blown dry, the wafer was coated fully with the polymer stock

solution. The solvent was left evaporating at reduced pressure and 42 ◦C for

at least 24 hours. After the solvent evaporation a polymer droplet with a

diameter of several millimetres was left for analysis.

Electro-Spray Deposition The Block-copolymer was dissolved to give a

1 vol % spray solution. A 3 mL glass syringe with a metallic Luer-lock

(Eternal-Matic, Sanitex, HUBERLAB, Aesch, Switzerland) was used to in-

troduce the spray solutions into the electro-spray chamber through a custom-

built PEEK flange and a stainless steel needle (25 ga, 20 mm, pst 3, Hamilton,

Bonaduz, Switzerland) with an inner diameter of 260 µm. The syringe pump

(Aladdin AL1600-220Z, World Precision Instruments Germany GmbH, Berlin,
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Germany) was set to a constant flow rate of 2 µL min−1. A rectangular alter-

nating voltage signal at a frequency of 1 Hz (Tektronix AFG3021C, Linktronix

AG, Thalwil, Switzerland) was amplified to 5 kV using a high-voltage power

amplifier (TREK 10/40A, TREK INC., Lockport, NY, USA). The Distance

between the nozzle and the wafer was adjusted to 50 mm.
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Chemical Processing

Distillation Triethylamine (TEA), MOXA and PhOXA were stirred over

CaH2 under argon in a two-neck round-bottom flask for 12 hours prior to

distillation. TEA was heated in an oil bath set to 121 ◦C. The fraction con-

densing at 87-89 ◦C was collected and used for not more than two weeks after

distillation (storage of TEA over molecular sieves caused the solution to turn

yellow over night and was avoided). MOXA was heated in an oil bath set

to 133 ◦C and the fraction condensing at 108-110 ◦C was collected. The ini-

tially yellow solution of PhOXA was heated in an oil bath set to 126 ◦C at

reduced pressure (1 mbar) and the colourless fraction condensing at 83-89 ◦C

was collected. All monomers were stored over dried 4 Å molecular sieves in a

glove-box (< 5 ppm O2, < 5 ppm H2O) and not used for more than one year

after distillation.

PDMS Fractionation To yield narrowly dispersed PDMS macroinitiators,

commercial PDMS products with a broad molar mass dispersion were frac-

tioned in a series of cosolvent extractions. Typically 100 g of PDMS was

dissolved in a one litre round-bottom flask in 200 mL hexane. 600 mL of

EtOH was added and the mixture was stirred over night at room temperature

at 430 rpm. The milky solution was poured into a freshly cleaned separation

funnel until two clear phases were formed, which required up to two days.

The top fraction contained mostly hexane and higher molecular weight PDMS

species, whereas the bottom fraction contained the lower molecular weight

PDMS chains. In a subsequent step, the PDMS from the bottom fraction was

redissolved in hexane and extracted with methanol (MeOH) in the same way.

The procedure was repeated with ACN and four distinct fractions of PDMS

were obtained.

Triblock Copolymer Fractionation 5 to 10 g of dialysed or ultra-filtered

BCP was dissolved in a one litre round-bottom flask in 400 mL of MeOH.

The solution was stirred and 400 mL of hexane was added. The mixture was

stirred for at least one hour at room temperature before cooling to -60 ◦C. It

was further stirred at low temperature for at least another hour before it was

poured directly into a separation funnel where it was left separating until two
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clear phases were formed. The higher the molar mass dispersity of the BCP,

the more time the phase separation required. Narrowly dispersed BCP frac-

tions separated within a few hours, whereas their broadly dispersed analogues

required up to three days to separate. The bottom fraction was evaporated at

40 ◦C until no further solvent evaporated at a pressure of 300 mbar. Then,

30 mL of H2O were added to the mixture and the evaporation was continued

to a pressure of 91 mbar. The solution was then filtered through a 0.45 µm

syringe filter, portioned into 20 mL scintillation vials, frozen in liquid nitro-

gen, freeze-dried, flushed with argon and stored at -20 ◦C until further use.

This procedure was not suitable for the top fractions, and consequently they

were concentrated to a small volume, transferred into scintillation vials and

left evaporating at room temperature in the fume-hood for several days.

Pentablock Copolymer Fractionation 5 to 10 g of dialysed block copoly-

mer was dissolved in a one litre round-bottom flask in 400 mL of MeOH. The

solution was stirred and 400 mL of hexane was added. The mixture was stirred

for at least one hour at room temperature before cooling to -60 ◦C. It was fur-

ther stirred at low temperature for at least another hour before pouring it into

a separation funnel where it was left separating until two clear phases were

formed. The bottom fraction was evaporated at 40 ◦C until no further sol-

vent evaporated at a pressure of 300 mbar. Then, 30 mL of H2O were added

to the mixture and the evaporation was continued to a pressure of 91 mbar.

The solution was then filtered through a 0.45 µm syringe filter, portioned into

20 mL scintillation vials, frozen in liquid nitrogen and freeze-dried for storage

at -20 ◦C.

Solutions for Freeze-Drying For the initial screen for the optimal salt-

matrix BCP02, BCP03 or BCP07 bottom fraction solutions (100 mg mL−1)

were prepared in EtOH. 100µL were added to 1 mL of the respective buffer,

namely citrate buffer (CIT) at pH 5.0, 2-(N-morpholino)ethanesulfonic acid

buffer (MES) at pH 6.0, 3-(N-morpholino)propanesulfonic acid buffer (MOPS)

or phosphate buffer (PB) at pH 7.0 and 4-(2-hydroxyethyl)-1-piperazineethane-

sulfonic acid buffer (HEPES), PBS or tris(hydroxymethyl)aminomethane-HCl

buffer (TRIS) at pH 7.4. The solutions, which each contained 10 mg of polymer
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in 1 mL of the respective buffer were sonicated for 10 min, frozen in liquid

nitrogen, lyophilised and the obtained cakes were then rehydrated in 1 mL

Milli-Q water prior to imaging by TEM.

To compare the self-assembly via direct formation with the established

methods, a stock solution of BCP03 was prepared in EtOH to yield 8 mg 100 µL –1

and was further diluted to stock solutions of 4 mg 100 µL –1, 2 mg 100 µL –1

and 1 mg 100 µL –1. 100 µL of the respective stock solution was added to

1 mL of filtered PB (100 mM, pH 7.4) in a 2 ml sample vial. The solutions

were sonicated for 10 min and lyophilised as described bellow according to the

protocol depicted in Fig. S16 and stored at ambient conditions for more than

one year before rehydration.

Lyophilisation The lyophilisation of polymer-salt mixtures was carried out

on a LPC-32 industrial grade freeze-dryer (Epsilon 2-6D LSC 2.2.3.3/004001,

Marin Christ, Germany). The samples were loaded at room temperature and

ambient pressure except for the initial screenings where the samples were pre-

frozen in liquid nitrogen. The shelf-temperature was then decreased to -30 ◦C

for one hour before decreasing it to -50 ◦C for 4 hours at ambient pressure.

The pressure was reduced to 0.011 mbar during the main drying process while

the shelf-temperature was kept for 4 hours at -50 ◦C, 10 hours at -15 ◦C and

13 hours at 20 ◦C. To finalise the drying process, the pressure was decreased

further to 0.001 mbar at 20 ◦C. After the lyophilisation process was completed,

the chamber was vented with normal air, the vials were sealed manually and

were then kept at room temperature until further use. For the large scale

assembly, a 500 mL RBF was used. 68 µmol of block co-polymer (BCP)
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S.I. - Cosolvent Fractionation

Figure S1: GPC traces (THF) of the four commercially supplied PDMS
carbinol fluids used as macroinitiators for the synthesis of the 1st genera-
tion polymers. The MI0 (black trace, ABCR-AB116675, Mn: 4190 g mol−1

Ð: 1.92), the MI1 (magenta trace, Shinetsu 6003 Mn: 4337 g mol−1 Ð: 1.85)
theMI2 (green trace, Shinetsu 6002, Mn: 2878 g mol−1, Ð: 2.04) and theMI3
(red trace, DowCorning Corbinol Fluid 5562, Mn: 1872 g mol−1 Ð: 1.50).

Figure S2: Representative GPC traces of the EtOH fraction Y from the
Shinetsu 6003 carbinol fluid analysed in TCM (A) and THF (B) to demon-
strate the absence of the low molecular weight shouldersX in TCM and thereby
that they originate from an artefact. The chromatogram of the pure eluent is
overlayed for comparison and visualization of the end of run peaks Z.
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Figure S3: Illustration of how the kinetic data points depicted and fitted in
Fig 3.2 were obtained. As an example, the relevant area of the 1H-NMR
spectra from the polymerisation on the Shinetsu 6002 hexane fraction with
MnNMR: 6306 g mol−1 in EtOAc (A) and in TCM:ACN (B) are presented.
The multiplet at 0.38-0.49 ppm served as an integration reference and was set
to 4 protons. The spectra were recorded in CDCl3 saturated with K2CO3.



138 APPENDIX

Time, [h]
100

B

Time, [h]

Figure S4: Verification of the living nature of the polymerisation in TCM:ACN
on the respective macroinitiators, (A) Shinetsu 6003 hexane fraction (MnNMR:
7636 g mol−1) and (B) Shinetsu 6002 hexane fraction (MnNMR: 6306 g mol−1).
After an initial polymerisation time of 95.5 (A) and 47.5 (B) hours (green
spheres), 10 mL of 2-methyl-2-oxazoline monomer were added to the reaction
mixture and three more data points were collected (orange diamonds) before
quenching the reaction.

Figure S5: Photograph of a complete separation. The top and bottom fractions
are indicated and the rarely occurring third fraction is shown in the inset. The
block ratios were found to be 23:104:23 for the rare third fraction, 18:49:18 for
the bottom fraction and 8:108:8 for the top fraction. The polymer from the
bottom fraction was of no further interest since a hydrophilic weight fraction
(fOX) of 0.46 suggested, and TEM micrographs confirmed, the formation of
micelles instead of polymersomes (see Fig. 3.3).
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Figure S6: GPC traces (DMF, 20 mM LiBr) of PMOXA-b-PDMS-b-PMOXA
fractioned at -60 ◦C (black traces) and 25 ◦C (red traces). The three peaks
represent the parasitic homopolymer (X), the desired triblock copolymer Y
and the high molecular weight species that are removed more efficiently at
-60 ◦C Z.

Figure S7: Illustration of the effect of the cosolvent fractionation on the molec-
ular weight distribution by means of GPC UV traces recorded in TCM for
BCP08. The blue trace corresponds to the crude polymer after dialysis, the
red trace to the top fraction and the green trace to the bottom fraction.
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Figure S8: Vials with block copolymers from bottom (left) and top (right)
fractions. The polymers were dissolved in TCM and evaporated steadily at
42 ◦C and 600 mbar.

Figure S9: GPC traces of BCP00 bottom recorded with pure TCM (blue
(delta pressure) and magenta (UV absorbance at 254 nm)) and TCM:TEA:IPA
(94:4:2 v/v) (red (delta pressure) and green (UV absorbance at 310 nm))
as eluents. The delta pressure signal is not affected by the solvent mixture
and the trace overlaps with the one recorded in pure TCM. The UV signals
are both broadened, but more significantly for the TCM:TEA:IPA solvent
mixture compared with the respective delta pressure trace. The obtained
dispersity and Mn are thereby affected significantly: Mn: 4436 g mol−1, Ð: 2.30
in TCM:TEA:IPA and Mn: 6397 g mol−1, Ð: 1.57 in pure TCM.
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Figure S10: Representative GPC traces of the block copolymer BCP00-
bottom, recorded in TCM using SDV columns for separation. The detector
responses of the RI (green), the UV absorbance at 254 nm (red) and the delta
pressure (blue) are depicted. In panel (C) the raw data are depicted to illus-
trate the baseline settings leading to the processed elugrams in panel (B) and
the final molecular mass analysis in (A) .

Figure S11: Representative GPC traces of the block copolymer BCP00-top,
recorded in TCM using SDV columns for separation. The detector responses
of the RI (green), the UV absrobance at 254 nm (red) and the delta pressure
(blue) are depicted. In panel (C) the raw data are depicted to illustrate the
negative RI peak, indicating a high PDMS content. The baseline settings
leading the processed elugrams in panel (A) and the final molecular mass
analysis in (B) are shown.
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Figure S12: Determination of dn/dc for top (T) and bottom (B) fractions of
example block copolymers (BCP01 and BCP09A). An exact amount of poly-
mer (40.65 mg, 48.89 mg, 38.38 mg and 34.30 mg of BPC01-B, BCP01-T,
BCP09A-B and BCP09A-T, respectively) was dissolved in 1.5 mL TCM and
five different volumes were injected into the GPC. The change in refractive
index was recorded and the area under the resulting peak was plotted against
the amount of injected polymer. Here the recorded curves are depicted and re-
vealed - after calibration against polystyrene - dn/dc values in TCM of 0.0088,
0.0282, 0.0162 and 0.0154 for BCP01-B, BCP01-T, BCP09A-B and BCP09A-
T, respectively.
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S.I. - Poly(2-phenyl-2-oxazoline) Based Pentablock

Copolymer

Figure S13: Gel permeation chromatography (GPC) traces of the block copoly-
mer SL055-bottom, recorded in TCM using SDV columns for separation. The
detector responses of the RI (green) and the UV absorbance at 254 nm (red)
and the delta pressure (blue) are depicted. In panel (C) the raw data are
depicted to illustrate the baseline settings leading to the processed elugrams
in panel (B) and the final molecular mass analysis in (A). The dispersity was
found to be 1.56 (uv-trace) and the number average molecular weight Mn was
35510 g mol –1
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Figure S14: GPC traces of the block copolymer SL072_2_1, recorded in TCM
using SDV columns for separation. The UV absorbance at 254 nm is depicted
for the crude block copolymer (black), the top fraction (green) and the bot-
tom fraction (red).
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S.I. - Direct Polymersome Assembly

Figure S15: Structure (A) of the triblock copolymer and the respective 1H-
NMR spectrum (BCP02 bottom [20] after three years of storage under an ar-
gon atmosphere at -20 ◦C), recorded in K2CO3 saturated CDCl3 without TMS
(B): 400 MHz, ppm: -0.38-0.25 (m, 256.37 H, -O-Si((CH3)2)-), 0.44-0.56 (m,
4.00 H (ref), -Si-CH2-), 1.50-1.66 (m, 4.26 H, -Si-CH2-CH2-), 2.01-2.24 (m,
37.33 H, -N(C(O)-CH3)-), 2.60-2.92 (m, 1.42 H, -CH2-OH ), 3.10-3.69 (m, 60.43
H, -Si-CH2-CH2-CH2-O-CH2-CH2-(N-CH2-CH2)m−1-N-CH2-CH2-), 3.68-3.93
(m, 3.58 H, -CH2-OH) revealing a block ratio of 6:43:6 (Mn: 4434 g mol –1)
confirming the original block ratio. The corresponding gel permeation chro-
matography (GPC) traces were record using SDV-lin columns and CHCl3 as
the eluent. The uv-traces at 254 nm were used to determine dispersity (Ð=1.51
and Mn=4657 g mol –1) confirming the values obtained after synthesis.
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Figure S16: Results of a representative freeze-drying report, depicting the
course of the pressure (red), ohmic resistance within the sample (blue), the
shelf-temperature (green), the condenser temperature (black )and the tem-
perature of three samples (rest). It can be seen, that the sample temperature
climbs slightly above the shelf-temperature shortly after the freezing. This is
the reason for the sub-optimal formation of the cakes displayed in Figs. S18-
S23.
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Figure S17: Illustration of a transmission electron microscopy (TEM) grid
effect on the observed structures. On the left, an overview is shown. In
the zoom in the middle, the edge between deflated football like structures
(polymersomes) and undefined blobs is visible. The detail images on the right
reveal mainly polymersomes on the top and a majority of blobs on the bottom,
where the large polymersomes have mostly transitioned into blobs. The scales
bare are 2 µm, 1 µm and 0.5 µm from left to right.
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Figure S18: TEM image recorded from the solution obtained after the rehydra-
tion with 1 mL of MilliQ of the polymers-salt cake displayed in the inset. The
polymer-salt matrix was formed from block co-polymer (BCP)03 and phos-
phate buffer (PB). The sale bar is 0.5 µm.

Figure S19: TEM image recorded from the solution obtained after the rehy-
dration with 1 mL of MilliQ of the polymers-salt cake displayed in the inset.
The polymer-salt matrix was formed from BCP03 and citrate buffer (CIT).
The sale bar is 0.5 µm.
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Figure S20: TEM image recorded from the solution obtained after the
rehydration with 1 mL of MilliQ of the polymers-salt cake displayed in
the inset. The polymer-salt matrix was formed from BCP03 and 2-(N-
morpholino)ethanesulfonic acid buffer (MES). The sale bar is 0.5 µm.

Figure S21: TEM image recorded from the solution obtained after the rehy-
dration with 1 mL of MilliQ of the polymers-salt cake displayed in the inset.
The polymer-salt matrix was formed from BCP03 and PB. The sale bar is
0.5 µm.
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Figure S22: TEM image recorded from the solution obtained after the rehy-
dration with 1 mL of MilliQ of the polymers-salt cake displayed in the inset.
The polymer-salt matrix was formed from BCP03 and 4-(2-hydroxyethyl)-1-
piperazineethane-sulfonic acid buffer (HEPES). The sale bar is 0.5 µm.

Figure S23: TEM image recorded from the solution obtained after the
rehydration with 1 mL of MilliQ of the polymers-salt cake displayed
in the inset. The polymer-salt matrix was formed from BCP03 and
tris(hydroxymethyl)aminomethane-HCl buffer (TRIS). The sale bar is 0.5 µm.
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Figure S24: Overview (A) and detailed (B) TEM images of the large scale
assembled polymersomes by direct assembly. One batch of 340 mL contain-
ing 68 µ of BCP was assembled. The used salt was physiological phosphate
buffered saline (PBS). The polymersomes where assembled for 10 hours at
room temperature and imaged directly after formation. The sale bars are
1.0 µm and 0.2 µm respectively.

Figure S25: fluorescence correlation spectroscopy (FCS) calibration curves
used to determine the number of assemblies being formed by the respective
assembly method. A depicts the amplitude number particles recorded from
a geometrical dilution series of sulforhodamine B (SRB) (the 50 nM concen-
tration was an outlier) and B depicts the one recorded from sulfo-Cyanine 5
(SCy5).
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S.I. - Polymeric Quasicrystals ?

Figure S26: Fourier transformed infra-red spectroscopy (FTIR) spectra of
A BCP07 B BCP05, C BCP09A and D BCP08A. The green spectra were
recorded from the respective top fractions, the red spectra from the respective
bottom fractions. To emphasise the differences the spectra were subtracted,
represented by the black curves. The observed differences do not indicate sig-
nificant difference in chemical groups and can be understood by the difference
poly(2-methyl-2-oxazoline) (PMOXA) to poly(dimethylsiloxane) (PDMS) ra-
tio, represented by fOX in table S2.
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Figure S27: A: first and second differential scanning calorimetry (DSC) scans
from PDMS (red and orange) are overlaid with the respective scans from
PMOXA (blue and cyan). The PDMS curves do not exhibit any endothermic
signals, whereas the PMOXA curves indicate a clear glass transition around
40 ◦C. B: first DSC scans from BCP05 and BCP09A top (orange and violet)
and bottom fractions (red and magenta). For BCP05, the lighter of the
two polymers, the scan recorded from the bottom fraction exhibits a polymer
melting peak (the baseline is not shifted) at around 60 ◦C (red) whereas
the data recorded from the BCP09A bottom fraction (magenta) exhibits a
melting point at around 80 ◦C. The scans recorded from the respective top
fraction block co-polymer (BCP)s (orange and violet) do not exhibit any
melting or glass transition. The recorded data indicate, that the larger the
fraction of PDMS in the block copolymer, the less pronounced the character
of PMOXA becomes, seen as a flattening of the respective peaks.
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Figure S28: (A) The expected terminal structural changes when quenching
the polymerisation with potassium thioacetate instead of a H2O:TEA mixture
where -R represents the polymer chain (see cosolvent fractionation chapter
for more details). (B) The NMR spectra of the BCP09C top fraction (Ta-
ble S1), the batch of the BCP09 synthesis that was quenched with potassium
thioacetate prior to its fractionation. Due to the exchange of the terminal
-OH group with the thioacetate on (-TERM), the protons of the adjacent -
CH2-TERM are shifted into e (compare the area in the red circle with the
spectra 3.4). The signals from the acetate methyl group overlays with those
of the 2-methyl-2-oxazoline d.
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Figure S29: GPC traces recorded in chloroform with three linear-S columns
in series. The blue curve represents the delta pressure, the red curve the UV
absorption at 254 nm and the green curve the change in refractive index over
time. The traces depicted in A were recoded from BCP05top and B from
BCP09top respectively. The major difference between the two top fractions
is the bimodal distribution in B. The absence of a bi-modal distribution in
the UV-Vis trace in B is further reasoned by the affinity of PMOXA to the
GPC-columns as elaborated in the chapter cosolvent fractionation. The bi-
modal distribution in the RI-trace is reasoned by an incomplete fractionation
for the block copolymer since the peak maxima match the Mn’s determined
by nuclear magnetic resonance spectroscopy (NMR) (compare with Table S2).
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Figure S30: A, D depict macroscopic images of droplets evaporated on a silicon
wafer from BCP09A top and bottom fractions respectively. The droplets are
illuminated by two light sources, a perpendicular one and diffuse ring shaped
one. B, E are zooms of the droplets as indicated by the green circles and
are illuminated by a beam of light perpendicular to the surface of the waver
whereas C, F depict the same area as B, E but illuminated by the diffuse,
ring-shaped light source. The arrow in A indicates scratches of the polymer
droplet, resulting in a similar blueish colour to that observed in the centre of
the bottom fraction assemblies D.
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Figure S31: A sequence of isotherms recorded from BCP002bottom (MwGPC:
4470 g mol−1) indicating a two-step process of compression until the film starts
to collapse below ca. 500 Å mean molecular area (MMA). The Brewster angle
microscopy (BAM) images recorded along these isotherms show the compres-
sion of a network of holes on the water surface (0-2) and (A) depicts the
polymer film without compression force.
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Figure S32: A sequence of isotherms recorded from BCP030top (MwGPC:
18880 g mol−1) indicating a three-step process of compression until the film
starts to collapse below ca. 500 Å MMA. The BAM images recorded along
these isotherms show the compression of a network of holes on the water sur-
face (0-4) and (A) depicts the polymer film without compression force. (*)
marks the discrepancy between the isotherms recorded from the bottom and
top fraction films (clearly seen in Fig 6.3).

Figure S33: 30 µm overview atomic force microscopy (AFM) images recorded
for BCAP09A top assemblies. A depicts the height profile andB the respective
phase information. The images were recorded with a Multi-75-G cantilever.
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Figure S34: High resolution AFM height (A) and phase (B) images recorded
on the rim of the bottom fraction assembly from a BCAP09A (Fig S30D). The
images were recorded with a tap-300Al-G cantilever.
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Figure S35: 8 µm overview AFM images recorded for BCAP09A top (C, D)
and bottom (A, B) assemblies. A, C depict the height profile and B, D the
respective phase information. The images were recorded with a tap-300Al-G
cantilever.
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Figure S36: 1 µm overview AFM images recorded for BCAP09A top (C, D)
and bottom (A, B) assemblies. A, C depict the height profile and B, D the
respective phase information. The images were recorded with a tap-300Al-G
cantilever.
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Figure S37: Transmission electron microscopy (TEM) images of bottom block
copolymer fractions assembled on TEM grids by droplet evaporation. An
overview image is shown on the left and a detailed zoom on the right for A
BCP02, B BCP07 and C BCP09A.
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Figure S38: Intensity counts during z-alignment of for the small angle X-ray
scattering (SAXS) measurements demonstrating that the signal is far too weak
for any kind of date recording.
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Figure S39: AFM images of the electrosprayed films showing similar terrace-
like assembly as observed by droplet evaporation. A film overview image is
provided in (A) indicating a stepwise assembly. A magnification of a dip (B)
in the film reveals a layered composition of the edges of the dips. This is in line
with the terrace like assemblies observed in TEM images presented earlier. The
respective hight profile (C) displays a step hight of ca. 10 nm, in agreement
with the AFM measurements on droplet evaporation samples (Fig. 6.4).
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Figure S40: TEM images of the electrosprayed films. The grey-scale pat-
terns correlate with the height steps observed in the AFM images depicted in
Fig S39.
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Figure S41: Macroscopic images of the electro-sprayed block copolymer films
on silicon wafers. The left row shows images recorded with perpendicular
illumination and on the right the same area is depicted under diffuse ring light
illumination. A, B are 30 and 90 second sprays of the BCP02 bottom fraction
and C, D are 30 and 90 second sprays of the BCP05 top fraction, respectively.
The sprays of the bottom fractions exhibits almost no light diffraction under
diffuse ring light illumination whereas the sprays of the top fraction resemble
a night sky full of stars under the same illumination.



S.I. - POLYMERIC QUASICRYSTALS ? 169

Figure S42: TEM images of top fraction (BCP08A) assemblies in funny shapes,
but more importantly, frozen in intermediate states between a random lamellar
organisation and a ball-like manner. The centre image was further magnified
and used in Fig 6.11 to show nucleation sites of certain arrangement. Scale
bar is 1µ.
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T. Töpper, B. Osmanil, S. Lörcher and B. Müller - Leakage current, self-
clearing and actuation efficiency of nanometer-thin, low-voltage dielectric
elastomer transducers tailored by thermal evaporation

Adv. Electron. Mater.
2017, 1700073
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closing remarks - to whom it may concern

to shift from popularity to curiosity driven endeavours scientists may publish

their data along with their article in wikipedia under a digital object identi-

fier (DOI). Thereby rendering science publicly self-reflected - no one has write

access on the scientific data after assuring its completeness followed the sub-

sequent publication as an entangled triad: Data:Article:D-board. The general

public is granted unrestricted read access - everyone who is registered as a

scientist is granted write access to the discussion board. All entries in a dis-

cussion board of a specific article are recorded, read-only, right after creation

of entry by a scientist. This would allow a much lager number of individuals

to participate in the carving of knowledge and force all the scientist to run out

there in to the filed, rip off their cloth, dance naked around a fire and pro-

claim their theories and understanding of the universe and their experiments

conducted - digitally linking their names forever with their data.

The process of publishing becomes the moment when a new scientifically

carved block of knowledge is added to the tree - and no longer the specific

time-point when write access and copyright is transferred to the publishing

houses and the respective authors are paid-out for their contributions in the

academic currency of references and publications - the data must be preserved,

it’s interpretations, the carved knowledge from it many-fold and dynamic. Lets

seed a solid tree of knowledge, let it grow in care for our future generation and

cancel PhD’s. Lets invest into science being childishly curious and playful

instead of prestigiously rewardingly self-reproductive.


