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Summary

Summary

Within this work, complex compartmentalized nanostructures were created via the self-
assembly of linear ABC triblock terpolymers in selective solvents. Thoroughly chosen
block sequences and lengths combined with precisely tuned self-assembly pathways
enable the controlled formation of novel compartmentalized nanoparticles with so far
unprecedented complexity. This thesis is divided in three main topics. Two of them fo-
cus on the fabrication of complex nanostructures and their comprehensive
characterization to elucidate underlying formation mechanisms, while the third subject
deals with synthesis and application of nanoparticles in industrial relevant amounts.

The first topic within this thesis is the fabrication of complex patchy nanoparticles
via a combination of solution-based self-assembly of a charged amphiphilic polybutadi-
ene-block-poly(1-methyl-2-vinyl pyridinium)-block-poly(methacrylic acid) (BVqMAA)
triblock terpolymer followed by interpolyelectrolyte complexation with oppositely
charged polymers. The BV@QMAA triblock terpolymer with a hydrophobic PB, a poly-
cationic PVq and a polyanionic PMAA block self-assembles in aqueous solution into
multicompartment micelles (MCMs) with a PB core, compartments of an intra-micellar
interpolyelectrolyte complex (IPEC) between PVq and PMAA while excess PMAA
forms the stabilizing corona. These polyanionic MCMs were used as precursor micelles
for complexation reaction with polycationic homopolymers as well as bishydrophilic
diblock copolymers. Instead of forming a continuous IPEC shell, addition of a poly-
cationic homopolymer forms distinct IPEC patches on top of the micellar core when
complexed with the polyanionic PMAA chains. This behavior was ascribed to the fact
that long corona chains allow the IPEC to form thick patches lowering the total interfa-
cial area towards the micellar core compared to a continuous shell. An unfavorable
interface with the aqueous medium is thereby prevented through the long corona of the
precursor micelles. In case of polycationic bishydrophilic diblock copolymers, carefully
chosen block length mismatch between the negatively charged corona chains and the
polycationic block results in a dense packing of the ionically grafted diblock copolymer
chains within the corona of the precursor MCMs. The collapse of newly formed hydro-
phobic IPEC from solution is hindered due to steric stabilization through the water-
swollen but non-ionic part of the diblock copolymer. Cryogenic transmission electron
tomography and computational 3D reconstruction reveal novel “sea-urchin” and “pad-
dle-wheel” like IPEC structures.

The formation of core-compartmentalized nanoparticles through hierarchical self-
assembly of linear ABC triblock terpolymers was the second main aspect within this
thesis. The structuring concept is based on consecutive precipitation of the two hydro-
phobic blocks. This method, developed in our group to form spherical MCMs, was
expanded in this work towards other particle geometries as well as patch morphologies.
On the basis of diblock copolymer solution morphologies, ranging from spherical mi-
celles to cylinders, sheets and vesicles, a synthetic library of terpolymers was
established with proper choice of corona block length to screen all these particle geome-
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tries. The investigated terpolymer system was polystyrene-block-polybutadiene-block-
poly(tert-butyl methacrylate) (SBT) and the final solvent mixture for the self-assembly
was acetone/isopropanol. This solvent mixture is a good solvent for the T corona over
all solvent compositions, while it is a non-solvent for B and S. It was proven that S is
plasticized to a certain extend by acetone allowing sufficient chain rearrangement pre-
venting kinetically trapped structures. Spherical MCMs, compartmentalized cylinders,
sheets and vesicles were achieved with decreasing the T corona block length and/or
swelling of the S block with acetone. Following the theory of block copolymer self-
assembly in bulk, we hypothesized that the S and B blocks phase-separate analogously
within the confined geometry of the particle core. The library of SBT triblock terpoly-
mers was systematically expanded through synthetic variation of the S/B volume ratio,
while adjusting the T corona to gain different particle geometries. A myriad of complex
compartmentalized superstructures was studied with so far unprecedented detail apply-
ing transmission electron tomography to reveal the internal phase separation of the
hydrophobic blocks in the final aggregate. Besides rather simple sphere-on-sphere and
core-shell-corona structures, complex helix-on-cylinder and unprecedented cylinder-on-
sheet, cylinder-on-vesicle as well as sheets and vesicles with a bicontinuous membrane
were realized. A consecutive work deals with parameters influencing the resultant com-
partmentalized nanostructures apart from synthetic encoding block volume fractions.
Tuning the solvent conditions allows swelling or contraction of core and corona blocks
and induces morphological transitions from spherical MCMs towards vesicles including
cylinders and sheets as intermediate states. These transitions were also obtained through
controlled blending with solvophobic homopolymers or post-modification of the B
block. To complete the systematic investigation of as synthesized SBT triblock terpol-
ymers, the phase behavior in bulk was investigated and a phase diagram established.
The bulk morphologies comprise core-shell cylinder, lamella-lamella, core-shell gyroid
and a rarely observed cylinder-in-lamella morphology.

Within the third section, polystyrene-block-polybutadiene-block-poly(methyl meth-
acrylate) (SBM) Janus particles were obtained through crosslinking of the B compart-
ments and subsequent dissolution of spherical MCMs. The Janus particle synthesis was
upscaled to fabricate 100 g of Janus particles per batch. They were used as efficient
compatibilizers for immiscible polymer blends under technologically relevant condi-
tions using industry scale blending equipment. The blend morphology was changed
from a co-continuous to small droplet morphology upon compatibilization with Janus
particles. The Pickering effect contributes to the particle adsorption at the interface be-
tween the two blend components and sufficient droplet stabilization was achieved
between a content of 2-5wt.-% of Janus particles within the blend mixture.
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Zusammenfassung

Die vorliegende Arbeit befasst sich mit der Herstellung von kompartimentierten Nano-
strukturen durch die Selbstassemblierung von linearen ABC-Triblock-Terpolymeren in
Losung. Gezielte Auswahl von Blocksequenzen und —ldngen in Kombination mit einem
genau einstellbaren Selbstassemblierungspfad erlauben die Herstellung von neuen kom-
partimentierten Nanopartikeln mit bisher noch nie gezeigter Komplexitit. Die
Dissertation ist dabei in drei Hauptkapitel unterteilt, wobei sich die ersten zwei The-
menblocke mit der Synthese von neuartigen und komplexen Nanostrukturen sowie
deren griindlicher Charakterisierung und Strukturaufklarung befassen. Gegenstand des
letzten Kapitels ist die Herstellung und Anwendung von Nanopartikeln in industriell
interessanten Mengen.

Der erste Themenblock beschiftigt sich mit der Synthese von komplexen Partikeln,
die durch eine Kombination aus Selbstassemblierung und anschliefender Interpo-
lyelektrolyt-Komplexierung hergestellt werden. Hierfiir wird ein geladenes, amphiphiles
Polybutadien-block-poly(1-methyl-2-vinyl pyridinium)-block-polymethacrylséure
(BVgQMAA) Triblock Terpolymer mit einem hydrophoben PB-Block, einem polykatio-
nischen PVg-Block und einem negativ geladenen PMAA-Block in wéssrige Losung
gegeben was zu sogenannten Multikompartiment-Mizellen (multicompartment micelles,
MCMs) fiihrt. Diese besitzen einen weichen PB-Kern, eine strukturierte Oberfldche
(Patches) aus dem gebildeten Interpolyelektryolyt-Komplex (IPEK) zwischen
PVg/PMAA und eine negativ geladene PMAA-Korona aufgrund der hoheren Ketten-
lainge von PMAA im Vergleich zu PVq. Diese polyanionischen MCMs wurden als
Startmaterial genutzt, um polykationische Homopolymere sowie polykationische-block-
neutrale Diblock-Copolymere zu komplexieren. Die Zugabe von polykationischen Ho-
mopolymeren fiihrt dabei zu der Entstehung von diskreten IPEK-Patches anstelle einer
homogenen IPEK-Schale auf der Oberfliche des Mizellkerns. Dieses Verhalten kann
damit erkldrt werden, dass die langen Korona-Ketten den neu geformten IPEK gut ge-
nug von der wissrigen Losung abschirmt und so dickere Patches geformt werden
konnen, die im Gegenzug eine kleinere (ungiinstige) Grenzflache mit der Mizellkern-
oberfliche einnehmen konnen ohne dabei gleichzeitig eine noch ungiinstigere
Grenzfliche mit dem umgebenden Losungsmittel anzunehmen. Unter Verwendung von
bishydrophilen polykationische Diblock-Copolymeren zur Komplexierung, kann durch
gezielte Wahl der Blockldange des polykationischen Blocks eine hohen Kettenpackung
innerhalb der Korona der MCMs erreicht werden. Die sterische Stabilisierung des nicht-
ionischen Blocks hindert den entstehenden IPEK vor dem Kollabieren und anisotrope
IPEK-Strukturen entstehen. Unter Zuhilfenahme von kryogener Transmissionselektro-
nentomographie und computer-gestiitzter 3D Rekonstruktion konnten neuartige
»Seeigel“ und ,,Schaufelrad IPEK-Mizellen aufgelost werden.

Ein weiterer Hauptaspekt dieser Dissertation ist die Herstellung neuartiger Kern-
kompartimentierter Nanostrukturen durch hierarchische Selbstassemblierung von linea-
ren Triblock-Terpolymeren. Das gewihlte Strukturierungskonzept basiert auf einer in
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unserer Arbeitsgruppe entwickelten Methode, bei der die beiden hydrophoben Blocke
nacheinander ausgefillt und dadurch sehr homogene sphirische MCMs erhalten wer-
den. Im Rahmen meiner Arbeit wurde dieses Konzept auf andere Partikelgeometrien
erweitert. In Anlehnung an die bekannten Diblock-Copolymer-Morphologien Kugeln,
Zylinder, Sheets und Vesikel, wurde synthetisch eine Reihe an Triblock-Terpolymeren
hergestellt bei der die Koronaldnge entsprechend variiert wurde. Das dabei untersuchte
Terpolymersystem  bestand aus  Polystyrol-block-polybutadien-block-poly(tert-
butylmethacrylat) (SBT) und als finales Losungsmittel wurden Aceton/Isopropanol-
Gemische benutzt. Dieses Losungsmittelgemisch ist in allen Zusammensetzungen ein
gutes Losungsmittel fiir die T-Korona, jedoch es ein Nichtlosungsmittel fiir S und B.
Der S-Block wird durch Aceton zu einem bestimmten Grad gequollen, was eine ausrei-
chende Kettenmobilitdt gewihrleistet um kinetisch gefangene Strukturen zu verhindern.
Sphérische MCMs, kompartimentierte Zylinder, Sheets und Vesikel konnten durch Ver-
ringerung der Koronaldnge und/oder durch gezielte Quellung des S-Blocks erreicht
werden. Inspiriert durch das Bulk-Verhalten von Diblock-Copolymeren wurde die Hy-
pothese aufgestellt, dass innerhalb der resultierenden Nanostrukturen die beiden
hydrophoben S- und B-Blocke analog zum Bulk phasenseparieren. Die Reihe an SBT-
Terpolymeren wurde mit unterschiedlichen S/B-Volumenverhéltnissen erweitert, wobei
die Koronaldnge entsprechend der angestrebten Geometrie in Losung eingestellt wurde.
Durch dieses systematische Vorgehen konnten eine Vielzahl an komplexen komparti-
mentierten Strukturen hergestellt und detailliert mittels Transmissionselektronen-
tomographie hinsichtlich der Phasenseparation der hydrophoben Blocke untersucht
werden. Neben eher simplen Kugel-auf-Kugel- und Kern-Schale-Strukturen konnten
auch komplexere Helix-auf-Zylinder, Zylinder-auf-Sheet, Zylinder-auf-Vesikel sowie
perforierte Sheets und Vesikel erreicht werden. Eine weiterfiihrende Arbeit beschéftigt
sich mit der Untersuchung von verschiedenen Einflussfaktoren auf die entstehenden
kompartimentierten Nanostrukuren. Dabei wurde der Einfluss des gewéhlten Losungs-
mittels untersucht und morphologische Ubergiinge von sphirischen MCMs zu
Zylindern, Sheets und Vesikeln gefunden, je nachdem wie stark das gewihlte Losungs-
mittel den Mizellkern quillt oder die Korona kontrahieren ldsst. Der solvophobe
Volumenanteil innerhalb des Triblock-Terpolymers lédsst sich des Weiteren auch durch
die Zugabe von solvophobem Homopolymer oder Nachfunktionalisierung des B-Blocks
erreichen, was ebenfalls eine Anderung der resultierenden Morphologie zur Folge hat.
Um die tiefgreifende Untersuchung der SBT-Triblock-Terpolymere noch zu vervoll-
stindigen, wurde das Phasenverhalten im Festzustand untersucht und ein ternires
Phasendiagramm erstellt. Die Bulk-Morphologien umfassen dabei Kern-Schale-
Zylinder, Lamelle-Lamelle- und Kern-Schale-Gyroid-Strukturen sowie eine weniger
bekannte Zylinder-in-Lamelle-Morphologie.

Ein anderer Kernpunkt dieser Arbeit ist die Synthese von Polystyrol-block-
polybutadien-block-polymethylmethacrylat (SBM) Janus-Mizellen durch Vernetzen der
B-Kompartimente in sphirischen SBM MCMs. Im Rahmen dieser Arbeit wurde eine
Methode entwickelt die Menge an Janus-Partikeln vom Laborma@stab auf 100 g pro
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Herstellungsprozess zu erhohen. Mehrere 100 g dieser Partikel wurden im Anschluss
erfolgreich als Phasenvermittler unter technologisch relevanten Bedingungen in einem
industriellen Extruder fiir Blend-Experimente von nicht mischbaren Polymeren eing-
esetzt. Die Blend-Morphologie #nderte sich von einer nicht kontrollierten co-
kontinuierlichen hin zu einer kleinen Tropfchen-Morphologie. Der Pickering-Effekt
triagt zu einer erhohten Grenzflachenaffinitdt der Partikel bei und eine erfolgreiche Sta-
bilisierung der Polymertropfchen wird auch bei Einsatz relativ geringer Mengen von 2-
5 Gew.-% an Janus Partikeln gewéhrleistet.
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Introduction

1. Introduction

Self-assembly is the ability of building blocks to spontaneously organize into highly de-
fined superstructures through non-covalent interactions without external intervention.'™
Sculpturing complex patterns from simple starting materials attracted great attention in the
scientific world, yet nature has made this bottom-up structuring perfect. To name only two
out of many exquisite examples how nature acts as an archetype for self-assembly, nano-
meter-sized building blocks such as proteins, hydroxyapatite and aragonite are combined
in a stepwise hierarchical procedure to form bones and nacre with excellent mechanical
properties.*’ Inspired by that, materials scientists try to develop new materials on the basis
of building blocks that are able to undergo self-assembly, bridging several levels of hierar-
chy. Particularly, self-assembly on the nano- and mesoscale evolved to be very promising
with regard to future applications like drug delivery,®’ sensors®’ or for materials with

1712 Several intriguing examples for self-assembly

13,14

unique electronic or optical properties.
on this scale have been demonstrated like DNA-origami ™ or the self-assembly of cellu-
lose nanocrystals," proteins'® and viruses.!” Beyond these bio-based building blocks, hard
colloidal particles raised interest due to straightforward synthetic methods and their great
potential to arrange into colloidal crystals with unique photonic properties.'™'® > However,
self-assembly into such crystals of infinite size and domain orientation is a result of the
isotropic particles that have no restricting or directing forces that allow assembly into a
preferred direction. Hence, directionality within building blocks is desirable to control and
predict final superstructures.

One possibility of colloids to gain directionality is through anisotropy or distinct shapes
as in polyhedra.***’ Theoretical predictions of the latter show self-assembly into highly
complex superstructures with structural diversity,” yet experimentally it still remains chal-
lenging to synthesize particles with narrow enough size dispersity to qualify as building
3% Equipping
colloids with valences to form so-called colloidal molecules is another way to control the

block for self-assembly into higher hierarchies without defect propagation.

self-assembly direction.””® The interparticle interaction is thereby guided by, e.g. DNA
linkers attached to the surface of the colloids.’”*® Encoding directionality to isotropic par-

ticles with surface patches proofed to be an elegant way to achieve predictable self-

assembly and several top-down methods are accessible, like stamping methods,” '

43,44

glanc-
ing angle deposition** or lithography. The self-assembly of these colloidal building
blocks comprises clusters of defined size, but also complex arrangements ranging from
helices to colloidal kagome lattices.***’ However, top-down approaches reach their limits
on the nanoscale and bottom-up approaches are promising to build superstructures from
nanometer-sized building blocks. Downsizing of building blocks is of particular interest as
final superstructures have feature sizes on the scale of the underlying units.

Especially block copolymers give rise to sophisticated nanomaterials with tunable
chemical and physical properties as well as periodicities within the sub 100 nm range.
Their properties are easy to tailor towards the final application through proper choice of

monomers while the minimum feature size of the final assembly is influenced by the over-

11



Chapter 1

all molecular weight of the block copolymer. Block copolymers have proven to be appli-
cable in everyday life, e.g., as surfactants, in materials science as compatibilizer in blends,
and in nanotechnology for the fabrication of nanostructured materials with complex shape
and functionality. The intrinsic incompatibility of the blocks leads to phase-separation and
enables the template-free formation of distinct structures in bulk and in selective
solvents.* Various controlled polymerization methods allow tailored fabrication of di-
block, triblock or even multiblock copolymers. Already the addition of one block from
diblock copolymers to triblock terpolymers considerably increases the spectrum of acces-
sible morphologies in bulk as well as in solution.*” Complex self-assembled patchy and
compartmentalized superstructures in solution are of particular interest for, e.g. drug deliv-
ery applications as chemically different compartments allow simultaneous storage of

different compounds within one particle.”*”!

However, the prediction and controlled fabri-
cation of these supramolecular assemblies challenges theoreticians and experimentalists
alike. The development towards evermore complex block co-/terpolymer based self-
assembled structures can encompass length scales from nano- to micron size and give rise
to unique materials with precisely tunable properties. In the following chapters, the struc-
tural diversity of diblock co- and triblock terpolymers will be briefly addressed giving an
overview of fundamental theory as well as recent developments in self-assembly of more

complex particles.

1.1.  Block Copolymer Self-Assembly in Bulk

Block copolymers consist of two or more covalently linked blocks with distinct chemical
and physical properties. In the bulk phase the immiscibility of the blocks leads to the mi-
crophase separation on the molecular scale, as macroscopic phase separation is prevented
due to the covalent connectivity. The resulting phase behavior is governed by three param-
eters: the overall degree of polymerization, VN, the volume fraction, ¢, of the blocks (¢a=1-
¢s) and the Flory-Huggins-Parameter, y. The first two parameters can be tuned through
synthetic protocols, whereas the latter describes the segment-segment-incompatibility be-
tween the blocks and depends on the selection of monomers.™

1.1.1.  Self-Assembly of AB Diblock Copolymers in Bulk

The phase behavior of simple AB diblock copolymers has been subject of both theore-
ticians and experimentalists. Controlled polymerization techniques such as atom transfer
radical polymerization (ATRP), radical addition-fragmentation chain-transfer polymeriza-
tion (RAFT) or living anionic polymerization opened the door towards narrowly dis-
tributed, tailor-made block copolymers.”® The segregation of block copolymers is a
compromise between enthalpic (interfacial energy) and entropic (chain stretching) contri-
butions; the system tries to minimize the interfacial area between the blocks to lower the
total interfacial energy. In contrast to low molecular weight compounds, mixing of cova-
lently linked polymer chains of a block copolymer gives only a small entropy gain and the

12
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unfavorable mixing enthalpy promotes self-assembly into distinct thermodynamically sta-
ble nanostructures which will be discussed in the following section.”® >

Helfand already established fundamentals of block copolymer self-assembly in strong
segregation in 1978°° while for the weak segregation, Leibler described for the first time
the transition from a disordered to an ordered, microphase-separated state of AB block co-
polymers in dependence of the volume fraction, ¢, of the blocks and the product %V, where
N is the total number of monomer segments.”’ Calculated with self-consistent field theory
(SCFT), the established phase diagram by Matsen et al. includes all thermodynamically
stable phases: spheres, cylinders, lamellae and gyroids (Figure 1.1).”*>’
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Figure 1.1: Thermodynamically stable phases in AB diblock copolymers. Theoretical phase
diagram calculated with SCFT. Adapted from [59]. Reprinted with permission from American
Chemical Society. The morphologies comprise spheres (CPS, S), cylinders (C), gyroids (G) and
lamellae (L). The schematics represent the morphologies in dependence of increasing ¢ (black)
from ¢,=0.1 (sphere) to p»=0.5 (lamellar). For higher ¢, the inverse morphologies occur.

The order-disorder transition (ODT) from an unperturbed, disordered state, which is
dominated by entropic terms, towards microphase separation directed by enthalpic terms
has been calculated to occur at YN > 10.5 for equal volume fractions.®” The bulk behavior
is experimentally well understood and mostly governed by two parameters, the interaction
parameter, yap, and the volume composition, ¢5.°" ® The gyroid morphology, although
only observed in a narrow composition window, attracted considerable attention as tem-
plate material to fabricate nanohybrid or nanoporous materials as the gyroid morphology is

13
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bicontinuous and hence has a high surface area.***® Besides synthetic control of morphol-
ogy (block length and choice of monomers), several post polymerization methods are
commonly used to manipulate the phase behavior of diblock copolymers. The volume frac-
tion of one of the blocks can be influenced via blending with homo- and copolymers,®”®
nanoparticles” or via hydrogen-bonding.””” Also thermally induced order-order-

74 i i i g
75 7677 and alignment in electrical fields’® *® have evolved to

transitions, shear alignment
state-of-the art techniques to induce, alter and optimize long-range order or to switch be-
tween morphologies.

In contrast to the straightforward phase behavior giving four thermodynamically stable
phases, introducing a third block to the AB system to form ABC triblock terpolymers
greatly increases the parameter space. Consequently, the complexity of the resulting phase
behavior increases and gives rise to a myriad of morphologies not possible to be generated

with simple AB diblock copolymers.

1.1.2.  Self-Assembly of ABC Triblock Terpolymers in Bulk

While AB diblock copolymers adopt four different nanophases, the complexity dramatical-

ly increases in ABC triblock terpolymers.***!"

While only two parameters govern the
phase behaviour of diblock copolymers, in ABC triblock terpolymers there are already five
parameters that influence the final morphology: xas, xac, xsc, ¢a and ¢s. >>*° Additional-
ly, variations in the block sequence (ABC, ACB, BAC)*** and the architecture (linear or

miktoarm)*® ™

contribute to the complexity of the bulk behaviour. Focusing on linear ABC
triblock terpolymers, Stadler ef al. pioneered this field of bulk self-assembly of polysty-
rene-block-polybutadiene-block-poly(methyl methacrylate) (SBM). Besides core-shell
analogues of cylindrical and gyroid diblock copolymer morphologies, they revealed di-
verse complex structures, e.g. the spheres-on-sphere, spheres-on-cylinder, helix-on-
cylinder and (after hydrogenation of the PB block) a “knitting pattern” morphology.® >
Figure 1.2 shows the ternary phase diagram for the SBM triblock terpolymer, intriguingly
demonstrating the high complexity of arranging three blocks, going far beyond the ability

of arranging AB diblock copolymers.”
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Figure 1.2: Ternary phase diagram of SBM. The ternary phase diagram of SBM established by
Stadler et al. demonstrates the structural complexity of bulk morphologies that SBM triblock ter-
polymers can adopt, showing more than 10 different morphologies. The colours of the schematics
represent polystyrene (gray), polybutadiene (black) and poly(methyl methacrylate) (white).
Adapted from [93]. Reprinted with permission from Wiley-VCH Verlag GmbH & Co. KGaA.

Since then, much efforts have been put into in-depth understanding of the phase behav-
iour of various linear ABC triblock terpolymers comprising polyisoprene-block-poly-

9796 polystyrene-block-poly(2-vinylpyridine)-block-

styrene-block-poly(ethylene oxide),
poly(tert-butyl methacrylate)”” or polybutadiene-block-poly(2-vinylpyridine)-block-
poly(tert-butyl methacrylate).”® Distinct morphologies like lamella-sphere, lamella-
cylinder or lamella-lamella (Figure 1.2 Is, Ic, ) are suitable to synthesize Janus particles,
i.e. particles with two hemispheres, through crosslinking of the middle block (black) and
subsequent dissolution of the bulk phase.”” '

In addition to bulk microphases, the distinct properties of individual blocks make them
ideal candidates for structuring in solution when introduced into a selective solvent. In the
following sections, the solution self-assembly of diblock copolymers and ABC triblock
terpolymers is addressed to give an overview of basic solution morphologies of diblock

copolymers and more complex assemblies of triblock terpolymers.

1.2.  Block Copolymer Self-Assembly in Solution

If a good solvent is added to a homopolymer in bulk, the solvent molecules start to inter-
penetrate to the bulk polymer, swell it and finally a homogeneous solution exists with
single distributed polymer chains. This is the case when the interaction energy between the
polymer segments is comparable to the interaction energy of a polymer segment with the
solvent molecules or, in other words, when the solubility parameters of polymer and sol-
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vent are similar (“like dissolves like”). However, the homogeneous distribution of single
polymer chains in a good solvent is hindered, if this polymer is covalently linked to anoth-
er, insoluble block and distinct nanostructures emerge that will be discussed in the
following sections.

1.2.1.  Self-Assembly of AB Diblock Copolymers in Solution

Addition of a selective solvent to an amphiphilic AB diblock copolymer leads to micellar
aggregates similar to those known for lipids. Hence, diblock copolymers can be seen as
macromolecular surfactants that assemble into distinct nanostructures with a core consist-
ing of the insoluble block and a stabilizing corona of the soluble block. Depending on the
ratio of hydrophobic/hydrophilic blocks, or more general solvophobic/solvophilic blocks,
the geometry of the aggregates can range from spherical micelles and cylinders to bilayer
sheets that roll up to vesicles (Figure 1.3a). Two decades ago, Eisenberg was the first to
characterize multiple morphologies from asymmetric polystyrene-block-poly(acrylic acid)
(PS-PAA) block copolymers in DMF/water mixtures.'” In aqueous solution, the morpho-
logical change from micelles to vesicles with polybutadiene-b-poly(ethylene oxide) (PB-
PEO) diblock copolymers was intensely studied by Bates et al. (Figure 1.3b)."%*'% They
observed micelle to cylinder to vesicle transitions with increasing PEO block length and

additionally, they found worm-like micelles with Y-junctions and network-formation at a
106

certain PEO block length between the cylinder and the final vesicle state.
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Figure 1.3: Overview of AB diblock copolymer solution structures. a) The diblock copolymer
consists of a solvophobic (gray) and a solvophilic (green) block. Depending on the solvopho-
bic/solvophilic ratio, spherical micelles, cylinders, bilayer sheets or vesicles occur. b) With
decreasing corona block length, spheres, cylinders and vesicles form from PB-PEO in aqueous
solution. The scale bar corresponds to 100 nm. Adapted from [106]. Reprinted with permission
from the American Association for the Advancement of Sciences.
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Bates et al. used a system comprising polybutadiene as the hydrophobic block with a
low glass transition temperature (7, << room temperature) that is able to rearrange in the
collapsed state to form the thermodynamically preferred geometry (spheres, cylinders, ves-
icles). If a high 7, block like polystyrene is used instead, kinetically trapped structures
easily occur due to freezing of the hydrophobic chains in the core without the possibility of
rearrangement and equilibration. In that case usually a co-solvent is added to plasticise the
hydrophobic core facilitating chain mobility to reach equilibrium conditions.'**'%”!%

A frequently used approach aiding to predict the overall geometry of micellar structures
is the packing parameter, p. This parameter was developed by Israelachvili to describe the
packing behaviour of lipids based on geometrical considerations.'” The packing parameter
is defined in Figure 1.4a, where V' is the volume of the solvophobic part, / is the length of
the solvophobic chain normal to the interface and a is the area at the solvophobic-
solvophilic/solvent interface. Beyond that, the packing parameter p can be described by
means of the interfacial mean curvature, H, and the Gaussian curvature, K, (Figure 1.4a).

Depending on the value of p the resulting micellar geometry from spheres to cylinders and
106,110-112

bilayers can be estimated (Figure 1.4b).

b)
Parameter
P 1/3 1/2 |
H 1/R 1/(2R) 0
K 1/R? 0 0

Figure 1.4: Packing parameter p and it’s relation to the geometry of the resulting assembly.
a) Based on geometrical considerations, the packing parameter describes the packing behaviour of
amphiphilic particles exemplified for a block copolymer chain. The packing behaviour can be de-
scribed also through the interfacial mean and Gaussian curvature H and K. b) Particle shape and
corresponding values for p, H and K.""!

The packing parameter, p, is solely based on geometric considerations of the core form-
ing block carrying a hydrophilic headgroup, hence predicting micellar structures of diblock
copolymers by means of p reaches it’s limit as the chain length of the corona block is not
taken into account. Other models proved to be suitable to describe the self-assembly of e.g.
neutral-block-amorphous diblock copolymers into distinct equilibrium structures and are in
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good agreement with experimental results. The calculation are based on the free energies
per chain of the core, it’s surface and of the corona. The free energy per chain in depend-
ence of the molar fractions xa of the solvophilic block provide stability regions of distinct
micellar structures. In case of x4 > 0.36 spherical micelles occur and shift to cylinders for
0.36 > x5 > 0.27 and vesicles for xs < 0.27.'"

Since the first report on multiple solution morphologies of block copolymers in 1995'%,
Eisenberg et al. thoroughly screened the phase behaviour of PS-PAA in solution and
achieved more than 20 different morphologies. These aggregates comprise, spherical mi-
celles, cylinders and vesicles but also more complex bicontinuous rods and hexagonally
packed hollow hoops among others (Figure 1.5a).”> Additionally to water, the high T, s of
the hydrophobic, core-forming PS block requires a co-solvent (e.g. DMF) to ensure chain
mobility and formation of equilibrium structures. In a typical procedure, the PS-PAA di-
block copolymer is dissolved in a common solvent for both blocks and the PS block is
subsequently precipitated by addition of water. Eisenberg intensely studied the influence of
compounds such as HCI, NaOH, NaCl, or CaCl,, in the aqueous phase.m’115 In presence of
HCI, PAA is partially protonated and the chain repulsion decreases, which leads to a mor-
phological transition from spheres to vesicles (Figure 1.5b). Analogously, NaCl or CaCl,
promote a morphological transition towards cylindrical and vesicular structures, due to
ion-binding (NaCl) or ion-bridging (divalent Ca®"), resulting in a decreased steric repulsion
of corona chains. However, if NaOH is added instead, PAA is deprotonated and the mor-
phology changes from vesicular particles towards spherical micelles due to an increase in
chain repulsion.
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Figure 1.5: Morphologies of diblock copolymers. a) Various morphologies of PS-PAA diblock
copolymers of different block length ratios in solvent/non-solvent mixtures. Adapted from [53].
Reprinted with permission from The Royal Society of Chemistry. b) Morphological transition of
spherical micelles towards vesicles upon addition of HCL. ¢) Phase diagram of PS;,p-PAAs; in wa-
ter-dioxane mixtures as a function of copolymer concentration and water content. Adapted from
[114] and [116]. Reprinted with permission from the American Association for the Advancement
of Sciences. d) Morphological change from micelles to vesicles upon water addition to a PSs;¢-
PAAs5; in dioxane. Adapted from [117]. Reprinted with permission from American Chemical
Society. The subscripts denote degree of polymerization, N.

. 107,1
Besides the nature of the common solvent'?”!%

and concentration of the diblock copol-
ymer, the water content within the system has a crucial influence on morphology that
develops.''” At the beginning, the block copolymer is unimolecularly dissolved in the
common solvent. Upon addition of water above a critical water concentration (CWC), the
polymer chains form spherical micelles. Further increase of water content subsequently
leads to a morphological shift towards cylinders and vesicles (Figure 1.5¢,d)."'®'"” They
proved that the structures are under thermodynamic control as the system is fully reversible
and does not change even after one year of ageing. The morphological transition from
spheres to cylinders and vesicles can be explained as follows. Upon addition of water, the
hydrophobic PS block starts to collapse and spherical micelles are formed. At the same
time the interfacial tension increases and the system tries to minimize the total interfacial

area of the core with the surrounding solvent. At first, larger micelles with a higher aggre-
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gation number, Z, form, leading to an unfavourable core-chain stretching and more chains
per micelles lead to a higher repulsion of coronal chains. As a consequence, the system
minimizes the total free energy of the system by changing the morphology from spheres
towards cylinders, thereby decreasing core-chain stretching and the total surface area of the
PS core.'' 718

The work of Armes et al. tremendously contributed to the understanding of morpholog-
ical transitions within block copolymers employing polymerization-induced self-assembly

(PISA) via RAFT dispersion polymerization in aqueous media.'" !

They use e.g. poly(2-
(methacryloyloxy)ethyl phosphorylcholine)'" or poly(ethylene glycol)'?' as water-soluble
macro-chain transfer agent (macro-CTA) and polymerize 2-hydroxypropyl methacrylate
(HPMA). The emerging polymer block is hydrophobic and induces in-situ morphological
transitions from spheres to cylinders and vesicles. With progressing polymerization — as
illustrated in Figure 1.6a — the volume of the hydrophobic block volume increases and
shifts the hydrophobic/hydrophilic ratio towards higher values. This PISA process gives an

intriguing insight into morphological transitions from cylinders to bilayers and finally ves-

icles, which otherwise are challenging to capture when analysing fixed block copolymer
122

compositions in solution.
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b) Branched worms | worms, swelling of | to bilayer octopi with
junction points

Bilayers ‘wrap-up’ to Jellyfish enclose
form jellyfish to form vesicles

Increasing PHPMA Block Length

Figure 1.6: Polymerization-induced self-assembly. a) RAFT dispersion polymerization of
HPMA from a water soluble macro-initiator leads to the morphological transition from spheres to
vesicles upon progression of polymeirzation. Adapted from [119,121]. b) Mechanistic insight in
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the formation of vesicles from cylindrical micelles. The cylinders first start to branch and fuse to
sheets with tentacles that in the final state roll up and close to form vesicles. Adapted from [122].
Reprinted with permission from American Chemical Society.

Armes et al. revealed that the cylinder-to-bilayer transition proceeds via “octopus”- and
“jellyfish”-like intermediate structures that finally roll-up to form vesicles (Figure 1.6b).
Upon polymerization they first observed spherical micelles that start to fuse into worm-like
micelles upon polymerization. With increasing block length of the hydrophobic block the
cylindrical micelles first form branches and then start to cluster and fuse to the octopus-
like structures. After wrapping of these “octopi” they progress through a “jellyfish”-like
intermediate structure before they close-up through tentacle-fusion to form closed vesicles.

Vesicles built from block copolymers attracted attention due to their potential to encap-
sulate guest compounds, at the same time having better mechanical properties as compared
to low molecular weight (e.g., lipid) analogues. In 1995, Meijer et al. contributed one of
the first reports about block copolymer vesicles using polystyrene coupled with
poly(propylene imine) dendrimers as macromolecular amphiphilic analogue to lipids.'>
Later, Discher ef al. coined the term “polymersome” for block copolymer vesicles in anal-

2% The self-assembly of block copolymers to vesicles in selective

ogy to liposomes.
solvents is also called solvent replacement technique in contrast to solvent-free methods
like electroformation or bulk film rehydration.'*'?” Block copolymer vesicles form when
a bilayer sheet (Figure 1.7a) rolls-up to a closed capsule. The roll-up occurs if the bending
energy Evend that is required to close a vesicle is lower than the line energy Egis that exists

because of the circular border of the bilayer sheet (Figure 1.7b).''"'?®

b
Y Y R\.
/," Ry Eqisk >Eb§nd

pr / / / / Roll-up
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Figure 1.7: Vesicle formation. a) Schematic block copolymer chain arrangement within a bilayer
sheet. b) Formation of vesicles from bilayer sheets. y is the line tension and x the bending
modulus.'"" ¢) Examples of PB-PEO vesicles in aqueous solution. The membrane thickness in-
creases with increasing molecular weight of PB (from left to right). The scale bar is 100 nm.
Adapted from [129]. Reprinted with permission from American Chemical Society. d) Possible
functionalization methods making polymersomes attractive for various potential applications: In-
corporation of hydrophobic compounds into the membrane, hydrophilic particles can be entrapped
in the interior and the corona may be post-functionalized. Adapted from [130]. Reprinted with
permission from The Royal Society of Chemistry.
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Vesicles have been intensely studied with respect to the formation mechanisms and appli-

. . . . . . . : 111,116,125,126,131—
cations and the gained knowledge is summarized in various review articles.''"!'®!2>126:131

3% The molecular weight can be modified synthetically and vesicles with tuneable mem-
brane thicknesses (Figure 1.7¢) typically in the range of 2-30 nm are achieved exceeding
that of lipid bilayers (3-5 nm).'*® In contrast to lipid bilayers, the increased membrane
thickness is causal for the enhanced toughness of polymersomes and the reduced permea-

bility of the membrane.'**

The toughness increases even further when vesicles with a
cross-linked membrane are used.'”> The reduced permeability and higher mechanical sta-
bility makes them ideal candidates for controlled release applications. There are three
different ways to make polymersomes accessible for possible application: the hydrophobic
membrane, solvent/water filled cavity, and the corona chains (Figure 1.7d). Closure of bi-
layer sheets to vesicles allows encapsulation of hydrophilic compounds such as proteins or
drugs.*® These compounds are released through various stimuli where the hydrophobic,
membrane-forming block either is degraded,””"*® molecularly dissolved through pH-

B97192 o irradiation with light.'* Hydrophobic guests can be

and/or temperature change
incorporated into the vesicle membrane as demonstrated for hydrophobic dyes, iron
oxide'**'*, Au,' CdSe'* or silica nanoparticles'*®. The corona chains of polymersomes
are responsible for stabilization and to prevent the particles from aggregation, yet also the
corona is accessible for post-functionalization. Synthesis of Au nanoparticles'*® within a
corona carrying amino groups or click reactions of biotin to an azide-functionalized corona
were demonstrated as modification methods.'*

Although the main focus of this chapter was to introduce the self-assembly behaviour of
coil-coil diblock copolymers, there exists other types of blocks that lead to controlled solu-
tion morphologies and some examples should be briefly mentioned. Manners, Winnik et
al. for example use a crystalline-coil diblock copolymer system with a crystallisable
polyferrocenylsilane block to form cylindrical micelles (Figure 1.8a)"°°'*% but also two
dimensional sheet-like (Figure 1.8b)'°>"'>> and hybrid structures'*® or recently, more com-
plex assemblies bridging several levels of hierarchy.'”’ PS-b-PEO is able to form narrowly
distributed rectangular platelets in methylcyclohexane through crystallization of the PEO
block'*® (Figure 1.8¢) and block copolymers bearing a liquid crystalline block can form
smectic polymer vesicles (Figure 1.8d)."””'®® Sommerdijk et al. used double comb or sem-
icrystalline amphiphilic block copolymers to assemble them into complex bicontinuous
nanostructures (Figure 8¢) and reveal them in detail with the method of cryo-transmission

electron tomography (Cryo_ET)'1617162

This method provides a tomographic 3D reconstruc-
tion of the studied particles and allows resolution of internal features with high precision
and nanometre scale resolution. This is an advantage especially for complex particles as in
2D imaging techniques features may overlap, complicating a reliable characterization.'®
Cryo-ET is used in this thesis as a powerful method to reveal structural features of multi-
compartment micelles which otherwise are hidden when analyzed with conventional 2D

imaging techniques like cryo-TEM.
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Figure 1.8: Self-Assembly of rod-crystalline, rod-liquid-crystalline and double comb diblock
copolymers. Crystallization driven self-assembly of diblock copolymers can lead to (a) cylindrical
micelles, (b) scarf-like nanostructures or (c) platelets. Adapted from [150], [154] and [158]. Re-
printed with permission from Nature Publishing Group and Elsevier. d) Smectic vesicles are
achieved using a diblock copolymer that contains a liquid-crystalline block and (e) complex bicon-
tinuous nanostructures were revealed with cryo-ET for a double comb diblock copolymer. Adapted
from [159] and [161]. Reprinted with permission from The Royal Society of Chemistry and Wiley-
VCH Verlag GmbH & Co. KGaA.

Analogous to the differences in bulk behavior of diblock copolymers and ABC triblock
terpolymers, one can imagine that solution morphologies likewise evolve in complexity
through addition of a third block. The self-assembly behavior of ABC triblock terpolymers
in solution will be discussed in the following chapter.

1.2.2.  Self-Assembly of ABC Triblock Terpolymers in Solution

The self-assembly of linear ABC triblock terpolymers in selective solvents may lead to
either core-corona-corona™ structures if the solvent is selective for the middle and one end
block or to mixed or corona-compartmentalized structures also referred to as “patchy” if

164 In case of vesicles it is also found, that

the solvent is selective for the two end blocks.
the corona chains are entirely separated from each other as one block preferably points to-
wards the solvent filled cavity while the other block points towards the surrounding

medium.'®>'% There exist only few examples for patchy nanostructures where the immis-

23



Chapter 1

cibility of the corona chains lead to the formation of distinct patches on the surface. This
was demonstrated e.g. for crystalline-core micelles with a PE core and distinct patches of
PMMA and PS in spherical as well as cylindrical micelles.'®” '® Frequently, co-assembly
of two block copolymers is employed to obtain mixed, patchy or Janus structures.'” Janus
micelles with a core and a corona divided in two hemispheres are of particular interest due
to their interfacial properties, yet gaining sufficient phase separation of corona chains with-
in self-assemblies of ABC triblock terpolymers is challenging and usually achieved
through bulk-templating as already described in section 1.1.2.""

Beyond the above mentioned patchy nanostructures, ABC triblock terpolymers with
two solvophobic blocks are known to form core-compartmentalized - so-called multicom-
partment - nanostructures when dispersed in a selective solvent for only one of the blocks.
The incompatibility of the solvophobic blocks induces microphase separation within the
confined space of the micellar core. The focus of the following sections is drawn to ABC
triblock terpolymers with two solvophobic block A and B and a solvophilic endblock C,
although there exist also the case where the solvent is selective for the middle block.'”*'"?
It has to be mentioned that miktoarm star terpolymers, i.e. terpolymers where all blocks are
covalently connected in one junction, form a plethora of compartmentalized particles in
solution due to the unique block arrangement which forces them to form interfaces of all
three immiscible blocks. This field was pioneered by the groups of Hillmyer and Lodge
who explored spherical, cylindrical, bilayer and vesicular structures in aqueous solution,
4177 yet the focus of this section is pointed towards linear ABC triblock terpolymers.
This chapter is organized in a way that the single particle geometries, i.e. spheres, cylin-
ders, bilayer and vesicles are discussed one after another to give an overview of recent
literature in the field of compartmentalized nanostructures from linear ABC triblock ter-
polymers.

1.2.2.1. Spherical Multicompartment Micelles

Ringsdorf was among the first who proposed multicompartment micelles (MCMs) based
on block copolymers.'”®!” Dispersing an ABC triblock terpolymer in a selective solvent
for only one of the outer blocks, leads to micelles where distinct core-compartments are
formed through intrinsic phase separation of the two immiscible core-forming blocks. One
of the first examples of MCMs was demonstrated by Laschewsky et al. who analyzed
MCMs in aqueous solution from a poly(4-methyl-4-(4-vinylbenzyl)morpholin-4-ium chlo-
ride)-block-polystyrene-block-poly(pentafluorophenyl 4-vinylbenzyl ether) (PVBM-PS-
PVBFP) triblock terpolymer (Figure 1.9a)."*" They suggested micelles with a PS core and
patches of the fluorinated block, which was later confirmed by cryo-transmission electron
tomography (cryo-ET).'®' Onset of hamburger-like micelles was found by Liu et al. for
poly(tert-butyl  acrylate)-block-poly(2-cinnamoyloxyethyl — methacrylate)-block-poly-
(sucinnated glyceryl monomethacrylate) (PfBA-PCEMA-PSGMA) as shown in Fig-
ure 1.9b."®> A mixture of THF and 1-propanol in combination with a diamine was
employed to directly disperse the triblock terpolymer with subsequent annealing for two
days. MCMs occur as the PCEMA block is insoluble in the solvent mixture while the
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PSGMA block becomes solvophobic due to binding of the diamine to the carboxylic acid
moieties of the block. PrBA is soluble and acts as the stabilizing corona. If only a minor
fraction of the PSGMA is coordinated with the diamine, hamburger-like MCMs occur,
whereas longer chains arise if the degree of complexation increases.

Direct dispersion of a polybutadiene-block-poly(2-vinyl pyridine)-block-poly(tert-butyl
methacrylate) (PB-P2VP-PtBMA) triblock terpolymer in acetone produces MCMs with a
PB core decorated with P2VP patches stabilized by PBBMA.'® Quaternization of the P2VP
block and deprotection of PP BMA block to poly(methacrylic acid) (PMAA) gives PB-
P2VPg-PMAA. If this triblock terpolymer is introduced into aqueous solution, MCMs
form with a PB core carrying patches of an interpolyelectrolyte complex (IPEC) that forms
between the positively charged P2VPq and the negatively charged PMAA, stabilized by a

184
corona of excess PMAA.'8

This polyanionic corona is accessible for further complexation
with polycationic homopolymers and diblock copolymers to form an additional IPEC layer
continuously surrounding the micellar core and the first IPEC."*>'®® Comparable structures
were found for polybutadiene-block-poly(sodium methacrylate)-block-poly {2-[(methacryl-
oyloxy)-ethyl]trimethylammonium methylsulfate} (PB-PMANa-PDMAEMAQq) triblock
terpolymers in aqueous solution. This terpolymer forms positively charged MCMs with
can further be complexed with polyanionic homopolymers or polyanionic/neutral diblock
copolymers.'*"'#

Groschel et al. were the first to prepare MCMs with a defined number of patches in
high purity (Figure 1.9d)."" A series of polystyrene-block-polybutadiene-block-
poly(methyl methacrylate) (PS-PB-PMMA, SBM) allowed systematic screening of the
factors influencing the patch-number and size. The self-assembly pathway is thereby cru-
cial to gain highly monodisperse MCMs. Compared to the widely used method of direct
dispersion of triblock terpolymers in the final solvent, Groschel et al. employed a two-step
procedure to consecutively collapse the solvophobic blocks. First the SBM triblock terpol-
ymer is dispersed in N,N-dimethylacetamide (DMAc) to create micelles with a PB core
and a mixed or patchy PS/PMMA corona. Subsequent dialysis against acetone/isopropanol
mixtures induces the collapse of the PS block that phase separates from the PMMA corona
chains. The intrinsically formed Janus particles i.e. a particle with two hemispheres,'”° are
not stable and aggregate over the PS patch to form the final MCM. The amount of patches
in the final MCMs is thereby equivalent to the number of aggregated Janus micelles need-
ed to form a MCMs sufficiently stabilized by the solvophilic PMMA corona. The solvent
mixture acetone/isopropanol is chosen, as acetone is a non-solvent for PB, a near 6-solvent
for PS and a good solvent for PMMA while isopropanol is a near 6-solvent for PMMA and
a non-solvent for both PB and PS blocks. The PB remains insoluble during all steps of self-
assembly, yet its low 7, allows sufficient chain rearrangement. Acetone as co-solvent in
the solvent mixture is furthermore assumed to plasticise the glassy PS block preventing
kinetically trapped morphologies. It was demonstrated, that the volume ratio of PS/PB de-
termines the amount of patches per MCM. If Vs/Vg = 1.46, hamburger-like MCMs occur,
while clover and football micelles arise when Vs/Vg = 1.78 and 4.20 respectively (see Fig-
ure 1.9d). This behaviour is ascribed to the increasing hydrophobic PS patch, which
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requires more transient Janus micelles to cluster in order to gain a stable MCM homogene-
ously surrounded by the corona chains.

Figure 1.9: Spherical Multicompartment Micelles (MCMs). a) Schematic and TEM image of a
spherical MCM of a ABC triblock terpolymer carrying a fluorocarbon block in aqueous solution.
Adapted from [180]. Reprinted with permission from Wiley-VCH Verlag GmbH & Co. KGaA. b)
Hamburger-like MCMs from PrBA-PCEMA-PSGMA in THF/(-)-sparteine/1-propanol. Adapted
from [182]. Reprinted with permission from The Royal Society of Chemistry. ¢) Formation of
MCMS from PB-P2VP-PtBMA through direct dispersion in acetone. Adapted from [183].
Reprinted with permission from American Chemical Society. d) A two-step dialysis procedure
leads to MCMs from PS-PB-PMMA with controlled number of patches (black, PB) depending on
the block volume ratio of the hydrophobic blocks. From left to right: ‘hamburger’, ‘clover’ and
‘football” micelles. The scale bars are 200 nm in the overview images and 50 nm in the insets.
Adapted from [189]. Reprinted with permission from Nature Publishing Group.

The final MCMs contain a defined number of PB patches, accessible for cross-linking
to permanently fix the structure that is otherwise only held together by non-covalent su-
pramolecular forces. After dissolution of the MCMs with crosslinked PB patches in THF,
single distributed Janus nanoparticles are obtained.'”’ This self-templating process allows
the fabrication of Janus micelles with adjustable core sizes and precisely tuneable Janus
balance, only depending on the molecular weight and block volume fractions of the in-
volved triblock terpolymer. This solution-based production offers an alternative route to
the commonly used method of cross-linking bulk morphologies.”” Cross-linking a PS-PB-
PMMA bulk morphology for instance, requires a sphere morphology of the PB phase; con-
sequently, the PB block should not exceed a volume fractions of ¢ ~ 0.10. If the blocks
are in the weak segregation limit, an entire phase-separation may not occur and also an
increase in the asymmetry of the end blocks may alter the bulk-morphology. All factors
can be excluded with the solution-based approach. The permanently fixed Janus particles
can be dried, stored and easily reused for various applications as they show enhanced inter-
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facial activity.”>'”® They have been successfully used as interfacial stabilizers in emulsion

polymerization,'** as dispersants for carbon nanotubes'®> and compatibilizers for polymer
blends.'”

1.2.2.2. Cylindrical Multicompartment Micelles

Up to now, only few groups have reported the synthesis of cylindrical MCMs from linear
ABC triblock terpolymers. The work of Wooley et al. comprises the self-assembly of
poly(acrylic acid)-block-poly(methyl acrylate)-block-polystyrene (PAA-PMA-PS) in
THF/water mixtures in combination with organic diamines. After complexation of the
PAA chains with a diamine in THF, addition of water induces aggregation of the two hy-
drophobic blocks PS and PMA and spherical micelles form. After a specific amount of
THF was added to the THF/water mixture the formation of a partially ordered lamellar
phase of the hydrophobic blocks occurs, driving the overall micellar shape towards a disc-
like structure. The attractive electrostatic interaction of the PAA-diamine coronas results in
a one-dimensional growth to form several hundred nanometre long undulated cylindrical
micelles (Figure 1.10a).
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Figure 1.10: Cylindrical Multicompartment Micelles. a) Self-assembly of PAA-PMA-PS
triblock terpolymer from spherical into undulated cylindrical micelles through stacking of disc-like
intermediate micelles in THF/water mixture in the presence of an organic diamine. Adapted from
[197]. Reprinted with permission from the American Association for the Advancement of Sciences.
b) Undulated cylinders in ethanol from the self-assembly of a P/BS-PB-PrBMA triblock terpoly-
mer after modification of the PB with a perfluoroalkyl-moiety. Adapted from [198]. Reprinted with
permission from Wiley-VCH Verlag GmbH & Co. KGaA. ¢) Undulated cylinders from a PS-PB-
PMMA in acetone/isopropanol mixtures. The scale bar corresponds to 100 nm. Adapted from
[189]. Reprinted with permission from Nature Publishing Group. d) More complex double and
triple helices are formed from PDMA-PCEMA-P/BA sprayed from DCM/methanol after 90 days
of ageing. Adapted from [199]. Reprinted with permission from Wiley-VCH Verlag GmbH & Co.
KGaA. e) Complex segmented cylinders decorated with spherical patches are achieved from the
co-assembly of different types of patchy particles. Adapted from [201]. Reprinted with permission
from Nature Publishing Group.

Fang et al. used a poly(4-tert-butoxystyrene)-block-polybutadiene-block-poly(tert-butyl
methacrylate) (P/BS-PB-PfBMA) and modified the double bonds of the PB middle block
with 1-mercapto-1H,1H,2H,2H-perfluorooctane via thiol-ene addition."”® The perfluorinat-
ed middle block is insoluble in dioxane and micelles with a patchy corona of P/BS and
PBMA form after annealing for 48h. Dialysis from dioxane to ethanol, which is a selec-
tive solvent for PPBMA, induces the collapse of the PrBS block and undulated cylindrical
micelles with branchpoints and endcaps form as a direct result of the patch distribution
within the segregated corona of the micelles in dioxane (Figure 1.10b). If two corona
patches of P/BS were present in the micellar state upon collapse a linear growth is promot-
ed, whereas a Janus-like corona phase separation (one P/BS patch) forms terminal endcaps.

Groschel et al. thoroughly investigated the system SBM and found that in case of a vol-
ume ratio of PS to PB of Vs/Vg> 1 spherical MCMs with a distinct number of patches
occur as already reported in section 1.2.2.1, however, a volume ratio of Vs/Vp < 1 results in
a linear growth to form segmented worm-like MCMs (Figure 1.10¢)."® This is explained
by two different transient building blocks that form upon dialysis from a non-solvent for
only the PB block to acetone/isopropanol, which induces the collapse of the PS block.
While for Vs/Vg > 1 the transient building blocks are Janus micelles that subsequently ag-
gregate via the PS patch into spherical MCMs, the situation changes for Vs/Vp < 1. In that
case SBS “inverse hamburger” particles form that carry two S patches on exactly opposite
sides of the PB core, while the PB core is surrounded by the emanating PMMA corona.
Hence, the aggregation over the PS patches results in a linear growth, if the solubilizing
corona is not long enough to fully protect the solvophobic PS patches. The reversibility of
this process was demonstrated by using SBS micelles with a long corona that first fully
covers the building blocks. After addition of non-solvent for the corona (i.e. isopropanol),
contraction of the corona leads to a dimerization and subsequent colloidal polymerization
of the SBS segments because of the ineffective shielding of SBS subunits by the PMMA
corona.

Besides the undulated cylindrical micelles, Liu et al. found double and triple helices
formed from poly(butyl methacrylate)-block-poly(2-cinnamoyloxyethyl methacrylate)-
block-poly(tert-butyl acrylate) (PBA-PCEMA-P/BA) in a dichloromethane/methanol sol-
vent mixture (18:82 v:v) (Figure 1.10d)."”*** The hydrophobic PCEMA forms cylindrical
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micelles in solution with P/BA and PBA as stabilizing corona. However, at a high metha-
nol content the PBA chains become marginally soluble causing the helices to intertwine in
order to decrease the total interfacial area of the PBA with the solvent. Although demixing
of the corona chains may occur a compartmentalized character in the final structure is ab-
sent and a core-shell-corona structure is suggested. The formation of single-stranded
helices was further reported by Wooley and Pochan et al. using PAA-PMA-PS in combi-

nation with multiamines.?*

The polymer is first dissolved in THF and mixed with the
multiamine in a ratio of 1:10 or 1:15 of acid:amino groups. Then water is added dropwise
to induce the formation of cylindrical core-shell-corona micelles through precipitation of
the hydrophobic PS and PMA blocks while the PAA/amine complexes form the corona. At
high water contents the samples were aged for 20 days prior to cryo-TEM analysis. The
formed helices were explained through electrostatic and hydrogen-bonding interactions
occurring between the PAA corona chains. Complexation of PAA with multiamines con-
tracts the PAA chains and produces a uniaxial compression force along the cylinder
inducing buckling into a helix while collapse of the helices is prevented due to electrostatic
repulsion from excess surface charges along the cylinders. Although these works are intri-
guing examples to create cylindrical nanostructures from linear ABC triblock terpolymer,
the formed helices are based on core-shell-corona cylinders and do not exhibit observable
compartmentalized character.

Recently, Groschel et al. reported on the formation of complex one-dimensional su-
pracolloidal assemblies.”®! Using a combination of the monofunctional Janus-like AB and
bifunctional “inverse hamburger” ABA building bocks, segmented cylindrical micelles
form where every second compartment is decorated with a specific number of AB parti-
cles. The co-assembly of triblock terpolymers bridges several levels of hierarchy and
results in peculiar nanostructures shown in Figure 1.10e. The ABA particles are thereby
achieved from a PS-PB-PMMA triblock terpolymer where the PB block was modified with
dodecane-thiol giving PS-PD-PMMA. The high volume of the PD block drives the Vs/Vp
ratio below unity and thus colloidal ABA building blocks with two “sticky” PS patches
occur that can polymerize into multicompartment cylinders. PS-PB-PMMA triblock ter-
polymers with Vs/Vg > 1 form the AB building blocks. Both building blocks were mixed in
DMACc and dialyzed into the final solvent mixture. Upon dialysis, the SDS units polymer-
ize into a supracolloidal chain. At the same time, the AB particles start to aggregate, but
instead of forming spherical clusters, they attach to the PS surface of the segmented cylin-
drical micelles thereby decreasing the unfavourable PS/solvent interface. The overall size
of the SB building blocks determines the amount of particles fitting in one PS-compart-
ment of the cylinder micelles. If the aggregating S patch is small, approximately 8 AB par-
ticles decorate one S compartment, but when the S patch increases in size the number is
reduced to only one particle inducing a kink in the cylinder (Figure 1.10e). A further in-
crease of AB size results in the exclusive attachment to the ends of the multicompartment
cylinders due to steric reasons. These particles act as chain stoppers to adjust the overall
length of the cylinders by the amount of added AB particles compared to SBS building
blocks.
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1.2.2.3 Compartmentalized Sheets and Vesicles

While miktoarm star terpolymers form multicompartment structures more easily due to

their frustrated architecture!’®!”’

, there is only a handful examples for the formation of
compartmentalized vesicles. The precursor of vesicles i.e. bilayer sheets are even more
challenging to capture as they usually roll-up to vesicles.

Russell et al. used anodized aluminium oxide (AAQO) membranes as template to control
the formation of polymersomes from polyisoprene-block-polystyrene-block-poly(2-vinyl
pyridine) (PI-PS-P2VP).*”® The approach and resulting compartmentalized vesicles are
schematically shown in Figure 1.11a. First, the AAO membrane is filled with the polymer
solution (in toluene) and after solvent evaporation the AAO membranes with the polymer
film were immersed in ethylene glycol and heated to 150 °C for 5 min to achieve vesicle
formation. After quenching to room temperature and dissolution of the AAO membrane
the vesicles were recovered by filtration and subsequent drying. The phase-separation of PI
and PS within the vesicle membrane gives them a mesh-like morphology that can be visu-
alized in TEM (Figure 1.11a).

A template-free method towards compartmentalized polymersomes was shown by Ei-
senberg et al. in aqueous solution with poly(ethylene oxide)-block-polystyrene-block-
poly(2-diethylaminoethyl methacrylate) (PEO-PS-PDEA).*** At high pH > 10, the vesicle
membrane consists of a core-shell-corona structure with PDEA in the core covered by a
thin PS layer and stabilized by the water-soluble PEO corona. A decrease in pH succes-
sively protonates the PDEA block that swells at first and finally disrupts the closed PS
layer. Thereby the polymersomes adopt a reversibly compartmentalized character, and the
permeability of the membrane at low pH values was further confirmed with the aid of a
fluorescent, water-soluble dye encapsulated at high pH and released at low pH.
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Figure 1.11: Multicompartment Polymersomes. a) AAO-templated PI-PS-P2VP assembly into
vesicles with a mesh-like membrane. Adapted from [203]. b) “Breathing” vesicles from PEO-PS-
PDEA. At high pH values, the PDEA block is insoluble, yet becomes soluble with decreasing pH.
The fractured PS membrane gives the vesicles a compartmentalized appearance. Adapted from
[204]. ¢) An OSBO tetrablock terpolymer forms vesicles with either an inner shell of PB and a
outer shell of PS or a perforated membrane if the PEO block exceeds 50 wt-%. Adapted from
[205]. Reprinted with permission from American Chemical Society.

M.i\,\d

Bates et al. showed nanostructured vesicles, by use of a poly(ethylene oxide)-block-
polystyrene-block-polybutadiene-block-poly(ethylene oxide) (OSBO) tetrablock terpoly-
mer.””” After casting a bulk film from methylene chloride, water was added followed by
stirring at room temperature and several weeks annealing at 40-50 °C. It was found that if
the overall weight fraction of the PEO is below 50 wt.-%, vesicles occur with an inner lay-
er of PB and an outer layer of PS, stabilized by the two PEO blocks. This was explained by
the minimization of interfacial area of PB with the aqueous phase, because PB and water
have a higher interfacial tension than PS and water. However, if the fraction of PEO ex-
ceeds 50 wt.-% they observed nanostructured polymersomes with a membrane where the
arrangement of the PS and PB blocks is reminiscent of the perforated-lamella structure
found for block copolymers in bulk.®*° The corresponding cryo-TEM images as well as a
schematic drawing of the block arrangement are shown in Figure 1.11c.
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1.3. Aim of This Thesis

The aim of this thesis is to explore and characterize novel compartmentalized nanostruc-
tures in solution through self-assembly of linear ABC triblock terpolymers. Gaining
knowledge about the correlation between block compositions of the triblock terpolymer
and the resulting self-assembly behavior is the basis to controllably produce superstruc-
tures with so far unprecedented complexity. This work is divided into three main parts,
with the aim to expand the library of compartmentalized nanoparticles of ABC triblock
terpolymers and to gain basic knowledge about underlying formation mechanisms, which
is important with respect to possible future applications.

One part comprises the use of multicompartment micelles with a charged corona that is
accessible for complexation reactions with oppositely charged polymers via electrostatic,
non-covalent interactions. The formed interpolyelectrolyte complex (IPEC) is hydrophobic
and phase separates from the surrounding solvent. As the corona chains are covalently
bound to the micellar core, the confined space in which the IPEC formation takes place is
assumed to influence the resulting patch geometry of the hydrophobic IPEC on top of the
micellar core.

The second part of this work is based on the hierarchical self-assembly of linear ABC
triblock terpolymers with the aim to achieve compartmentalized nanostructures in solution
beyond known spherical multicompartment micelles (MCMs). Inspired by concepts from
the solution and bulk theory of diblock copolymers, it is hypothesized that equipping a lin-
ear ABC triblock terpolymer with two solvophobic blocks and one solvophilic block
according to parameters known from diblock copolymers should give rise to a myriad of so
far unknown compartmentalized nanostructures in solution. Adjusting the corona length
should thereby influence the particle geometry, while the two solvophobic blocks should
phase-separate within this confined space according to diblock copolymers in bulk.

Spherical MCMs are applied in the third part, to form the simplest type of corona-
compartmentalized nanoparticles, i.e. Janus micelles, through selective cross-linking of the
compartments. The scaling from the lab- towards large-scale preparation is thereby an im-
portant step to make Janus micelles attractive for various applications. Their particulate
character makes then, e.g., ideal candidates for the compatibilization of immiscible poly-
mer blends on an industrial relevant scale when achieved in sufficient amounts.
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2. Thesis Overview

This dissertation contains 6 articles presented from chapter 3-8.

The common topic that connects all chapters is the fabrication of highly complex com-
partmentalized nanoparticles with the aim to expand the library of accessible structures
from triblock terpolymers in solution. Connected to this, the in-depth characterization is a
key element in this work, which becomes challenging with downsizing while simultane-
ously increasing the complexity of the system with features in the sub-100 nm range.
Throughout this thesis, anionic polymerization is the method of choice for the synthesis of
narrowly distributed triblock terpolymers, and electron microscopy and tomography tech-
niques are applied for characterization and elucidating underlying formation mechanisms
of as synthesized particles.

In chapters 3 and 4 an ampholytic triblock terpolymer is self-assembled in aqueous so-
lution to form negatively charged multicompartment micelles (MCMs). The charged
corona of the particles is accessible to form interpolyelectrolyte complexes (IPECs) if
mixed with polycationic homopolymers or bishydrophilic cationic/neutral diblock copoly-
mers. Large, negatively charged corona chains in combination with high ionic grafting of
the polycations results in the formation of anisotropic hydrophobic IPECs on top of the
micellar core. These intricate, purely organic nanoparticles were thoroughly characterized
by means of cryogenic transmission electron microscopy and tomography.

The self-assembly of triblock terpolymers from spherical MCMs towards more complex
nanostructures is described in chapters 5 and 6. Up to now the solution self-assembly of
triblock terpolymers into spherical MCMs is well described, however the assembly into
multicompartment cylinders, sheets and vesicles remained challenging. During this thesis
synthetic design strategies were developed to encode information into triblock terpolymers
to access these novel compartmentalized particle geometries. Inspired by the bulk and so-
lution behaviour of diblock copolymers, we hypothesized that ABC triblock terpolymers
with two solvophobic blocks should be able to form a myriad of nanostructures. The parti-
cle geometry is thereby guided by the corona block length (i.e. spheres, cylinders,
vesicles), while the two solvophobic blocks should phase separate within the confined
space of the particle core in analogy to bulk. Systematic screening of block compositions
of the triblock terpolymers allows establishing a broad library of novel compartmentalized
superstructures with so far unprecedented complexity. Not only all particle geometries
from spheres, cylinders, sheets to vesicles, but also the internal phase separation of the sol-
vophobic blocks was precisely tuned in analogy to bulk morphologies from spheres
cylinders to gyroids and lamellae. In chapter 6 parameters are screened that govern mor-
phological transitions of ABC triblock terpolymers from multicompartment micelles to
cylinders and vesicles apart from synthetic manipulation of the terpolymers. Morphologi-
cal transitions were induced via solvent conditions, blending with homopolymers or
polymer analogous reactions. Connected to that, and to complete the investigation of struc-
ture-morphology relationship of the synthesized triblock terpolymers, chapter 7 presents a
comprehensive study on the respective bulk morphologies. Within this article, the triblock
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terpolymers were investigated in the bulk state, giving lamella-lamella, core-shell cylinder,
core-shell gyroid and a cylinder-in-lamella morphology. All phases are thoroughly charac-
terized with transmission electron microscopy (TEM) and small angle X-ray scattering
(SAXS).

In chapter 8, polymeric Janus micelles are used for the first time to compatibilize im-
miscible polymer blends in an industry scale extruder. This work is based on a self-
assembly protocol developed in our group to synthesize Janus micelles from triblock ter-
polymers in solution via MCMs. During my work, this process was upscaled to create
100 g of Janus micelles in one batch and used in an extruder with a throughput of 1 kg/h to
compatibilize a blend of immiscible polymers. The Janus micelles show extraordinary in-
terfacial activity leading to a small droplet size of less than 300 nm in the final polymer
blend, significantly smaller than by the use of the precursor triblock terpolymer.

2.1. Micellar Interpolyelectrolyte Complexes with a Compartmentalized
Shell

A combination of self-assembly of ampholytic triblock terpolymers with interpolyelectro-
lyte complexation of polycationic homopolymers is employed to achieve novel patchy
particles. First a triblock terpolymer polybutadiene-block-poly(2-vinylpyridine)-block-
poly(tert-butyl methacrylate) (BVT) is synthesized via sequential living anionic polymeri-
zation and converted to polybutadiene-block-poly(1-methyl-2-vinylpyridinium)-block-
poly(methacrylic acid) (BVgQMAA) through quaternization of the P2VP block and hydrol-
ysis of the PIBMA block. Transfer of BVGQMAA to aqueous pH 10 buffer solution gives
multicompartment micelles (MCMs) with a hydrophobic PB core, patches of an hydropho-
bic intramicellar interpolyelectrolyte complex (im-IPEC) of P2Vq with PMAA stabilized
by a negatively charged PMAA corona as the degree of polymerization of PMAA is higher
than that of P2VPq. Two different MCMs, BVqQMA A4y and BVqQMAA 359, were synthe-
sized differing only in the length of the negatively charged corona block. The
characteristics of the triblock terpolymer, a schematic of the formed MCMs as well as
cryo-TEM images are shown in Figure 2.1.
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Figure 2.1: Synthesis of BYqQMAA precursor micelles. a-b) Characteristics of used BVqQMAA
triblock terpolymers for the BVQMAA 35 (a) and BVqQMA A4 (b) precursor micelles. ¢-d) Sche-
matics of the formed precursor micelles with PB core (grey), the im-IPEC between P2Vq/PMAA
(red) and the stabilizing PMAA corona (green). e-f) Representative cryo-TEM images of the
BVgMAA 350 (e) and BVgQMA A4 (f) multicompartment micelles.

The negatively charged MCMs are used as precursor micelles to undergo further com-
plexation reactions with polycationic homopolymers thereby creating a new hydrophobic
IPEC. In this work, we chose poly(2-((2-(dimethylamino)ethyl)methylamino)ethyl methac-
rylate) (PDAMAQ) as polycation, synthesized for the first time via RAFT polymerization,
and quaternized with methyl iodide. The two charges per monomeric unit lead to a dense
IPEC when complexed with the remaining PMAA corona of the precursor micelles. The
short BVqQMAA4p and the long BVqQMAA 350 precursor micelles were mixed with the
poycations to induce IPEC formation. Figure 2.2 shows the resulting patchy nanoparticles,
where the newly formed hydrophobic PDAMAq/PMAA IPEC forms a homogeneous shell
in case of the short BVqQMAA,y micelles and IPEC large patches in case of the long
BVgMAA 350 precursor micelles.
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Figure 2.2: Complexation of BVqMAA precursor micelles with polycationic PDAMAgq. a) The
complexation of PDAMAq with BVqQMAA 4y micelles leads to the formation of a homogeneous
PDAMAGQ/PMAA IPEC shell. The schematic shows the homogeneous newly formed IPEC as blue
shell. b) BVqQMAA 350 complexed with PDAMAQq forms irregular IPEC patches (blue) on top of
the micellar core.

The formation of these rather unusual patchy IPECs with the long BVqQMAA 350 was
thoroughly studied. We performed experiments to exclude that the structure is kinetically
trapped due to fast IPEC formation upon mixing the components. We increased the salinity
of the system to screen the charges of the polyelectrolytes inducing the break-up of the
IPEC. After dialyzing particles back to the original pH 10 buffer solution, the IPEC can
slowly form again. The increased chain mobility gives the energetically favoured structure,
which again is the patchy IPEC. Also the polycation can be changed to e.g. quaternized
poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMAQq) leading to these peculiar struc-
tures, which led us to the assumption that the nature of polycation does not influence the
resulting structure, but the corona chain length of the precursor micelles is responsible for
the formation of either a continuous or a patchy IPEC. In more detail, we assume different
favourable interfaces of the participating components responsible for the IPEC formation.
Figure 2.3 shows different interfaces of the newly formed PDAMAQ/PMAA IPEC and the
surrounding medium for both BVqQMAA micelles for a homogeneous and patchy IPEC.
The new IPEC forms an interface with the micellar core consisting of PB and the im-IPEC
(interface IF-1, yellow dashed line), with the PMAA corona chains (IF-2, red dashed line)
and may also form an interface with water (IF-3, purple dashed line).

a Water b d

Figure 2.3. Schematic illustration of the potentially relevant interfaces. The formation of an
additional IPEC shell in BV@QMAA micelles with a short (a, b) or long (¢, d) corona, leading to
either continuous (a, ¢) or patchy (b, d) IPECs. The relevant interfaces of the newly formed IPEC
are highlighted as dashed lines and are between the IPEC and the core (IF-1, yellow), the corona
(IF-2, red), or water as the selective solvent (IF-3, purple).
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Different cases can now be considered. When a continuous new IPEC shell is formed,
the interfaces IF-1 and IF-2 are maximized, while IF-3 is absent (Figure 2.3a,c). IF-1 is
minimized in case of the formation of a patchy IPEC, but in turn would lead to the genera-
tion of a significant interface IF-3 (Figure 2.3b) and potentially, a loss of colloidal stability
in case of the BVqQMA A4 micelles. In contrast, the BVqQMAA 350 micelles minimize IF-1
without creating an additional IF-3 (Figure 2.3d). Although this explanation is solely based
on simple considerations and does not include effects like chain entropy or partial dissocia-
tion of IPEC domains, we assume that micelles with a very long ionic corona preferentially
form patchy IPEC compartments when complexed with oppositely charged polycations.

2.2. Cryogenic Transmission Electron Tomography Reveals Hidden
Features in Compartmentalized Particles

Cryogenic Transmission Electron Tomography (cryo-ET) is a valuable tool for the in-situ
characterization of nanostructures, commonly used in biological science, but only slowly
progressing to the field of materials science. In contrast to conventional cryogenic trans-
mission electron microscopy (cryo-TEM), which is a 2D imaging technique, the advantage
of cryo-ET is the generation of a 3D reconstruction of one particle computationally calcu-
lated from a series of 2D images captured at varying tilt angles. Especially the ongoing
progress towards ever more complex structures in the field of materials- and soft matter
nanoscience requires elaborate characterization tools to visualize such complex materials
often with internal features on the nanoscale. 2D imaging techniques reach their limits
when a 2D projection of a 3D object is captured, as overlapping internal features of com-
plex structures complicates a reliable characterization of the underlying structure or
structure forming mechanisms. In this chapter we address two main aspects, the synthetic
concept to form complex patchy nanoparticles as well as the use of cryo-ET to resolve all
internal features of the synthesized, purely organic nanoparticles.

Analogous to the previous chapter, a Bs3oVisoT13s50 triblock terpolymer (subscripts de-
note degree of polymerization) was converted to Bs3oVqisoMAA 350. After transferring to
aqueous solution, multicompartment micelles with a PB core, patches of the intramicellar
IPEC (im-IPEC) and a negatively charged PMAA corona arise. The anionic corona of the-
se precursor micelles is then complexed with bishydrophilic polycationic/neutral diblock
copolymers to form a new hydrophobic IPEC that phase-separates from the aqueous solu-
tion. The neutral and solvent swollen block of the densely grafted diblock copolymer
within the corona of the precursor micelles suppresses the collapse of the newly formed
IPEC leading to nanoparticles with complex anisotropic IPEC morphologies (Figure 2.4).
The diblock copolymers used in this work contain one polycationic block, poly(L-lysine)
(PLL) or quaternized poly(2-(dimethylamino)ethyl methacrylate) (PDq), and poly(ethylene
oxide) (PEO) as the neutral, water-soluble block.

51



Chapter 2

ooy o % ™ ,ﬁ"+
+ +

Interpolyelectrolyte Complex
(IPEC) Formation

PB-core

o+ o4y

B im-IPEC P2VPg/PMAA Mgt N

l excess PMAA

fot AN~

113
I o o

/T\

Figure 2.4: Complexation of Bg;)Vqis)MAA 350 precursor micelle with polycationic/neutral
block copolymers. a) cryo-TEM image of Bg30Vq1s0MAA 1350/LL4EO270 IPEC and (b) cryo-TEM
image of Bg30Vq150MAA 350/ Dqs,EOq 14 after full complexation. The insets show a higher magnifi-
cation of a corresponding particle.

The influence of the polycationic block and the stabilizing non-ionic PEO block on the
resulting IPEC morphology is investigated by using LL4EO,; (Figure 2.4a) and
Dqs:EO) 14 (Figure 2.4b), having comparable molecular weight but differing in the length
of the polycationic as well as PEO block. The precursor micelles are mixed with the re-
spective diblock copolymer to achieve full complexation (charge neutrality) gaining
stability through the new PEO corona. Figure 2.4a shows the resulting micellar IPECs after
complexation of Bs3oVqisoMAA 350 with LL4EO279. The chain length of the polycationic
block determines the amount of diblock copolymer chains that are grafted per PMAA
chain (here 29 diblock copolymer chains/PMAA chain). This massive overcrowding with
diblock copolymer chains in the confined space of the precursor micelle corona suppresses
the collapse of the newly formed, hydrophobic IPEC as a continuous shell on top of the
micellar core, but instead, ray-like protrusions are emanating from the core, visible in the
cryo-TEM image (Figure 2.5a). This particle was subjected to cryo-ET and a 3D recon-
struction was calculated using the maximum entropy iterative method (Figure 2.5b). The
reconstruction and computer-aided calculation of the isosurface model (in ET it is a surface
that represents points of equal electron density within a volume) show a particle with com-
partmentalized corona structure reminiscent of a sea urchin (Figure 2.5¢). There, the newly
formed IPEC adopts a cylindrical brush shape, intercalated by the solvent swollen PEO
chains providing steric stabilization for the IPEC brushes as well as stabilize the nanoparti-
cles as new hydrophilic, non-ionic corona.
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C Isosurface model

Figure 2.5. Cryo-ET of Bs3)Vqis6MAA 1350/ LL4EQ;7. a) Cryo-TEM image of one micelle sub-
jected to cryo-ET. b) 3D reconstruction and (c) isosurface model of the respective micelle. Scale
bars denote 50 nm.

The corona-compartmentalized particles resulting from complexation of
Bs30VqisoMAA 1350 with Dgs:EO114 on a first glimpse look similar to the IPECs discussed
before, however the rays protruding from the micellar core are thicker and less in number
(Figure 2.6a). The diblock copolymer Dqs;EO;14 has a polycationic block that is twice as
long as compared to LL4EQO70, while the PEO block is only half the length. Here, the
number of diblock copolymer chains grafted to one PMAA chain is only 14 to reach
charge neutral conditions. Surprisingly, cryo-ET reveals that the newly formed IPECs do
not appear as rays, but form a complex construct of lamellae on top of the spherical micel-
lar core giving the particles an appearance reminiscent of a turbine (Figure 2.6b,c¢).

Isosurface model

Figure 2.6. Cryo-ET of Bs3)Vqis50MAA1350/Dqs2EO114. a) Cryo-TEM image of one mi-
celle subjected to cryo-ET. b) 3D reconstruction and (¢) isosurface model of the respective
micelle. Scale bars denote 50 nm.

The two types of micellar IPECs have in common that both particles exhibit the same
micellar core and first intramicellar IPEC between Vq/MAA, a second inter-micellar ani-
sotropic IPEC and a surrounding PEO corona. To understand the different appearances of
the newly formed IPECs, the volume fractions of the hydrophobic IPEC, fipgc, and the sol-
vent-swollen PEO corona were calculated from the isosurface reconstructions. In case of
the cylindrical IPECs, a volume fraction of fipec1 = 0.21 was calculated whereas the lamel-
lar IPEC has a volume fraction of fippc2 = 0.43. These values are close to typical values for
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the cylinder and lamellar bulk morphology of highly incompatible block copolymers. We
assume, that the resulting IPEC morphology originates from the volume ratio of the hydro-
phobic IPEC to the solvent swollen PEO corona and is an intriguing example of structuring
particle corona peripheries by steric control with feature sizes in the sub 100 nm regime,
predetermined by the block length and composition of the used polymers.

2.3. Self-Assembly of Triblock Terpolymers Towards Complex Micellar
Superstructures

The ability of ABC triblock terpolymers to self-assemble into a myriad of complex
nanostructures was studied beyond state-of-the art spherical multicompartment micelles
(MCMs) or undulated cylinders. The aim was to expand the library of accessible compart-
mentalized nanostructures by proper choice of block volume fractions and self-assembly
pathways. Inspired by diblock copolymer assembly in bulk and in solution, we hypothesize
that unifying both concepts into one triblock terpolymer might give rise to a series of novel
multicompartment nanostructures. A library of polystyrene-block-polybutadiene-block-
poly(tert-butyl methacrylate) triblock terpolymers (SBT, Figure 2.7a) was synthesized to
systematically screen parameters influencing the final solution structure. Comparable to
diblock copolymers in solution, the T corona block length controls the overall micellar
geometry (Figure 2.7b) while the two hydrophobic blocks S and B intrinsically phase sepa-
rate within the confined geometry comparable to diblock copolymers in bulk (Figure 2.7¢).
The self-assembly pathway comprises a two-step procedure where the polymer is first dis-
solved in a non-solvent for the B block to induce micelle formation with a B core and S/T
corona. Upon dialysis into the final solvent mixture the S block starts to aggregate and
phase-separate from the soluble T block. The as-formed transient Janus micelles are not
stable and aggregate over the S patch to the final multicompartment structure as exempli-
fied in Figure 2.7d. An example of SBT spherical multicompartment micelles with S core,
B patches and T as stabilizing corona is shown in Figure 2.7e. The final solvent mixture is
chosen to be acetone/isopropanol as it is a good solvent for the T corona over all solvent
compositions and a non-solvent for S and B. However, S is plasticized by acetone and
proper solvent conditions can be used to (fine-) tune the resulting morphology by swelling
or contracting the S block.
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Figure 2.7. Design and Self-Assembly Concept. a) Chemical structure of the used SBT triblock
terpolymer. The hydrophilic T block determines the overall geometry and the two hydrophobic
blocks the internal morphology in the final assembly. b) The Geometry of the superstructure is
determined by the molar fraction xr, which is schematically shown for polymer chains with con-
stant S/B ratios (light grey/black) and decreasing xt (green) to give spheres, cylinders, sheets and
vesicles. ¢) The morphology within the respective geometry is determined by the ratio of S/B and is
supposed to phase separate according to bulk. d) The stepwise self-assembly protocol proceeds
through transient Janus particles that aggregate into the final multicompartment morphology exem-
plified for spherical multicompartment micelles. e) Spherical MCMs of SBT with xt=0.31 in 60:40
v/v acetone/isopropanol. The Scale bar denotes 100 nm and the sample is stained with OsO,4 ren-
dering the B block dark grey, S light grey and T is not visible due to e-beam degradation.

Applying the above-mentioned concept, decreasing the corona block length leads to
spherical and cylindrical micellar superstructures as well as sheets and vesicles all decorat-
ed with spherical B patches if the B volume fraction f is small compared to fs. Up to now,
compartmentalized cylinders and especially two-dimensional sheets and vesicles are rarely
reported for linear triblock terpolymers. The evolution from cylinders with thick B patches
to sheets and finally vesicles can be monitored with so far unprecedented detail. The
patchy cylinders start to fuse to sheets while the B patches start to interdigitate and fuse to
form B cylinders on the surface (“striped” sheets). This transformation can be clearly seen
in Figure 2.8a for a striped sheet from which several cylindrical “arms” protrude carrying
B patches.
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Figure 2.8. Evolution from Striped Sheet to Striped Vesicle. a) TEM image of a striped sheet
with protruding patchy cylinders. b) Folded, not yet closed sheet. ¢) Final lemon-shaped, striped
vesicles. d) A 3D reconstruction of the vesicle reveals the arrangement of cylinders on the in and
on the outside of the membrane. Scale bars denote 200 nm.

When sheets grow large enough, the line energy of the edges becomes unfavourable and
the sheets start to roll up to form vesicles (Figure 2.8b,c). Transmission electron tomogra-
phy (ET) of one of the deflated lemon-shaped vesicles reveal the distribution of B
cylinders on the in and outside of the bilayer-membrane (Figure 2.8d). The shape of the
final vesicle is thereby governed by the anisotropy of B cylinders on the surface, which
induces an ellipsoidal deformation with pronounced curvature on both ends.

Analogous to the previously reported transition from patchy cylinders to stripes on
sheets, cylinders carrying B helices fuse into two-dimensional sheets with a gyroidal ar-
rangement of S and B blocks (Figure 2.9a). This interpenetrating arrangement of S and B
can be visualized more clearly with a 3D tomographic reconstruction as shown in Fig-
ure 2.9b. Here, only the B phase is displayed showing a porous structure that usually is
filled by the S phase. However, phase separation takes place in the confined space of the
bilayer sheet and hence, the gyroidal motif is cut down to a thin section making the inter-
pretation challenging.
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Figure 2.9. Bicontinuous Sheets and Vesicles. a) TEM image of helix-on-cylinder micelles that
fuse together to form a perforated sheet. b) Isosurface model of a section of a bicontinuous sheet
displaying only the B phase while S is omitted for clarity (scale bar is 25 nm). ¢) Deflated bicon-
tinuous vesicles. All samples are stained with OsO, rendering B black and S light grey. The scale
bar is 200 nm in the TEM images and 25 in the isosurface model. d) AFM height image of a bicon-
tinuous sheet and (e) bicontinuous vesicles. f) The height analysis shows that even the deflated
vesicles are at least double the height of a bilayer sheet.

This gyroid motif of the membrane is transported into the vesicle (Figure 2.9c) and we
frequently observe that the final vesicles can flatten upon TEM sample preparation even
without buckling, due to plasticization of the S block with acetone and the soft nature of
the B phase. However, AFM height analysis proves the thickness of a vesicle is at least
twice as thick as the corresponding sheet (Figure 2.9d-f).

2.4. Tuning Multicompartment Nanostructures

The morphological transition from spherical MCMs to vesicles through synthetic variation
has been investigated in previous chapters. This chapter focuses on parameters that can
induce a morphological change apart from synthetic pathways. A shift in morphology can
be achieved through changing the solvophobic/solvophilic ratio (Scheme 2.1).

Scheme 2.1. An increase of the solvophobic volume and/or a decrease of solvophilic volume lead
to a morphological transition from spherical multicompartment micelles towards polymersomes.
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Variances in the resulting morphology were induced through solvent conditions, homo-
polymer blending and post-modification of one of the solvophobic blocks. Polystyrene-
block-polybutadiene-block-poly(methyl methacrylate) (SBM) in acetone/isopropanol mix-
tures was used as a model system. As explained earlier in chapter 2.3, acetone plasticises
and swells the S block and here, the M corona contracts at the same time upon addition of
isopropanol. Proper tuning of the solvent conditions allows tuning the morphology of a
single triblock terpolymer from spherical multicompartment micelles towards vesicles as
demonstrated for S73B;1M¢’* (subscripts denote block weight fractions and superscript
overall molecular weight in kg/mol) in Figure 2.10. Blending PS and PB homopolymers
with SBM induces a shift of morphology depending on the amount of added homopolymer
as the solvophobic/solvophilic ratio increases and guides the transition towards particles
with decreased total interfacial area, i.e. from cylinders to vesicles.

Decreasing Acetone Content

Figure 2.10. Influence of Solvent Composition on the Resulting S;;B;;M; ' Morphology. a)
TEM image of spherical MCMs at 80:20 v/v acetone/isopropanol. b) Cylindrical micelles at 70:30
v/v. ¢) Compartmentalized cylinders, sheets and onset of vesicle formation at 60:40 v/v. d) Exclu-
sively vesicles at 50:50 v/v. All samples are stained with OsO4 rendering B as the black phase and
S light grey. Scale bars denote 500 nm in the overview images and 100 nm in the insets.

The B units within SBM are accessible for post-modification. Thiol-ene click reaction
of hexyl mercaptan was performed to increase the volume of the B phase and induce a
morphological transition from a mixture of compartmentalized cylinders and vesicles to
exclusively vesicles carrying hexyl-modified B cylinders on the surface. We demonstrated
that besides synthetically controlled block length, non-synthetic methods such as solvent
conditions or blending with homopolymer are suitable to precisely targeted multicompart-
ment micelles of triblock terpolymers.

2.5. Bulk Phase Behavior of Polystyrene-block-Polybutadiene-block-
Poly(tert-butyl methacrylate) Triblock Terpolymers

To complete the structure-morphology relationship of SBT, this chapter deals with the bulk
morphologies of the SBT triblock terpolymers synthesized for Chapter 2.3. In total 16 SBT
triblock terpolymers with different block volume fractions, ¢s, ¢ and ¢r, were synthesized
via sequential living anionic polymerization and their bulk morphologies were investigated
by means of TEM and SAXS. The resulting phase diagram in Figure 2.11 shows the phase
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behaviour of SBT with four distinct morphologies. The morphologies range from lamella-
lamella (Figure 2.11 green area), core-shell cylinder (Figure 2.11 blue area), core-shell gy-
roid morphology (Figure 2.11 yellow area) to a cylinder-in-lamella phase (Figure 2.11
orange area).

Figure 2.11: SBT phase diagram. The colored areas mark regions of the same morphology: blue:
core-shell cylinder; green: lamella-lamella (stars denote literature values); orange: cylinder-in-
lamella; yellow: core-shell gyroid. All phases are exemplified in TEM images with frames in cor-
responding colors. The scale bars are 100 nm.

The observed straightforward phase behaviour of SBT is a direct result from the large
differences in the segment-segment incompatibilities described by the Flory-Huggins in-
teraction parameter, ), of S/T ()st = 0.025) and B/T (ysr = 0.007). The higher enthalpic
penalties at the S/B and S/T interface cause B to preferably spread on T adopting the T
geometry. As a result, the morphology is mostly determined by the two end blocks S and T
whereas the B block can adopt a wide range of volume fractions without changing the
morphology. This phase behaviour, achieved by thoroughly encoding polymer-polymer
interaction parameters into the triblock terpolymer, is interesting because morphologies
that are usually only in a small stability region like the core-shell gyroid adopt a broader
region. Consequently, these morphologies are synthetically easier to target.

2.6. Janus Nanoparticles Compatibilize Immiscible Polymer Blends
under Technologically Relevant Conditions

This chapter comprises the large-scale synthesis and application of Janus nanoparticles as

compatibilizer in immiscible polymer blends. The focus was put on the compatibilization

of poly(2,6-dimethyl-1,4-phenylene ether) (PPE) with poly(styrene-co-acrylonitrile)

(SAN) as a technologically relevant polymer blend in a large-scale industry extruder with a
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throughput of 1 kg/h. In general, the aim for all polymer blends is the facile and economic
combination of the properties of the single components into one material. For PPE/SAN
this is the heat resistance and dimensional stability in PPE in combination with the stiff-
ness and easy processability of SAN. The immiscibility of the PPE/SAN blend, however,
requires the use of a compatibilizer to prevent coagulation of polymer droplets and the
formation of irregular co-continuous structures in the final material. In the work presented
here, Janus particles (JPs) made from polystyrene-block-polybutadiene-block-poly(methyl
methacrylate) (SBM) triblock terpolymers were used as suitable compatibilizers, as the PS
block is fully miscible with PPE and the PMMA block is compatible with SAN (Fig-
ure 2.12).

Figure 2.12: Schematic overview of polymer blend extrusion with Janus nanoparticles. Within
the extrusion experiment, the PPE droplets (yellow) are stabilized by the Janus particles (black
dots) in the SAN (grey) matrix.

For the first time, Janus particles were synthesized in large enough quantities (200 g) to
enable blend experiments on a technologically relevant scale. A solution based protocol,
developed in our group was upscaled to yield 100 g of Janus micelles per batch. Therefore,
the SBM triblock terpolymer is first dissolved in THF and dialyzed against 60:40 v/v ace-
tone/isopropanol mixture which induces the formation of multicompartment micelles
(MCMs) consisting of a PS core, patches of PB and a stabilizing corona of PMMA. In this
state the PS/PMMA chains are fully phase-separated and can be locked by cross-linking of
the PB double bonds with a photoinitiator. After precipitation, the Janus particles can be
dried, cryo-milled and then used in the blend experiments.

After mixing PPE and SAN (60/40 w/w) with 10 wt.-% of JPs, an industry-scale Bra-
bender twin-screw extruder was used for extrusion. To compare the effect of JPs on the
resulting blend morphology, the neat blend as well as PPE/SAN mixed with 10 wt.-% of an
SBM triblock terpolymer were extruded. Figure 2.13 shows TEM micrographs and sche-
matics of the neat PPE/SAN blend (60/40 w/w) without compatibilization, with 10 wt.-%
SBM triblock terpolymer and with 10 wt.-% JPs. A clear transition from irregular shaped
PPE droplets (dark phase) in the neat blend towards a small drop morphology with addi-
tion of JPs was achieved, which is significantly smaller than the SBM triblock terpolymer
compatibilized sample. The average droplet radii of the neat as well as SBM compatibil-
ized blends are around 600 nm, whereas the JPs stabilize PPE droplets with only 150 nm.
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We relate this improved behavior to an increased interfacial activity of JPs attributed to the
Pickering effect. Also more regular droplets are achieved through addition of SBM triblock
terpolymer, one can clearly see inclusions of the terpolymer in the SAN or PPE phase re-
sulting from the formation of micelles within the one or the other phase.

Janus Particles

Figure 2.13: Impact of compatibilizer on blend morphology. a) TEM micrographs of the beat
PPE/SAN blend (60/40 w/w), compatibilized with 10 wt.-% SBM and with 10 wt.-% JPs (slight
contrast differences originate from varying film thicknesses). b) Schematics of a PPE droplet in
SAN matrix without compatibilization, with SBM triblock terpolymer chains showing micelle for-
mation and with JPs at the interface.

TEM images of the blend with 10 wt.-% JP show a morphology that is reminiscent of a
double emulsion, with SAN inclusions in PPE droplets which we assume to originate from
an excess of JPs so that an additional interface is built to satisfy the stabilization capability
of the JPs in the system. To find an optimal, economic amount of compatibilizer for suffi-
ciently small drop morphology, a series of experiments were performed with varying JP
content between 0.5-10 wt.-%. The optimum JP fraction is in the range of 2-5 wt.-% where
small droplets form but no double emulsion is present. Blend experiments on a lab-scale
mini-compounder with low shear forces result in entirely different co-continuous morphol-
ogy. The low shear force is not able to break up the PPE phase into droplets, which
demonstrates the importance of large-scale studies for future work.
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Abstract

We investigate the formation of micellar interpolyelectrolyte complexes (IPECs) from
multicompartment micelles of polybutadiene-block-poly(1-methyl-2-vinylpyridinium
methylsulfate)-block-poly(methacrylic acid) (BVgQMAA) triblock terpolymers and poly-
cations of opposite charge. As cationic material, predominantly a polymer with a high
charge density is used: quaternized poly(2-((2-(dimethylamino)ethyl)methyl-amino)ethyl
methacrylate) (PDAMAQ), which carries two positive net charges per monomer unit. Upon
IPEC formation at different charge stoichiometries, particles with a compartmentalized
IPEC shell are formed. These rather unusual structures even form when both BVqMAA
micelles and PDAMA(q are mixed at rather high salinity, followed by dialysis, indicating
that the structures formed are not kinetically trapped. Whereas the nature of the polycation
seems to play a minor role, our studies suggest that the length of the PMAA corona is the
key factor for the formation of a compartmentalized IPEC shell.
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Introduction

Block copolymers have the ability to form a great variety of nanostructures both in the
bulk and in solution through microphase separation originating from the intrinsic immisci-
bility between different polymer chains.! Understanding and controlling such self-
assembly processes allows for the preparation of functional materials for various kinds of
applications.” Some of these materials have been known for several decades, for example
the use of ABA-type block copolymers as thermoplastic elastomers (Kraton) or as poly-
meric emulsifiers (Pluronic). In recent years, other fields have also demonstrated the
potential of block copolymer nanostructures for different purposes. As such, semiconduct-
ing polymers with precisely tuned bandgaps can act as organic solar cells, transforming
light into electricity or in the reverse process as organic light emitting diodes.” Also, thin
films of block copolymers have been used as templates for the deposition of inorganic ma-
terials* and in lithographic applications,” where well-defined domain sizes and periodic
structures are desirable.”” In solution, block copolymers form well-defined micelles or ves-
icles, depending on the volume fraction of solvophobic and solvophilic segments. Apart
from studying the underlying principles of structure formation,® such particular systems
have already been extensively used for the transportation of therapeutic cargos in biomedi-
cal applications. Often, hydrophobic drug molecules are enclosed in the core of such
micelles, thereby enhancing solubility, circulation time, and bio-availability at the same

time.” Further, ionic cargo such as plasmid DNA,'*"? small interference RNA'*'*

and pho-
tosensitizers'> have been encapsulated as well, when ionic diblock copolymers were used
for micellization.

The level of structural variety and complexity of the resulting structures increases dra-
matically as compared to diblock copolymers when ternary or even quaternary block
copolymers are considered. Already for ABC triblock terpolymers, a vast library of bulk
structures has been found.'®!” In solution-based structures, the additional segment can lead
to further segregation of core or corona. Core-segregated micelles are often termed multi-
compartment micelles (MCM), and are an interesting class of materials, since they can
combine different chemical environments in close proximity. Common examples for a
compartmentalization of the core were achieved with triblock terpolymers containing a
hydrocarbon and a fluorocarbon block.'™" Janus particles can be seen as an extreme case
of nanostructures with a phase separated corona, since it is strictly segragated into two
hemispheres.””* MCMs are potentially useful as nanoreactors or multifunctional drug car-
riers, as has been reviewed recently.”* Individual MCMs from triblock terpolymers can
further be used as building blocks for the formation of even larger superstructures, as has
been shown in a controlled manner by controlling the kinetic pathway via suitable solvent
sequences.”

If more than three (core, shell, corona) individual compartments within micellar struc-
tures are targeted, one possibility would be the use of ABCD tetrablock quaterpolymers.
However, their synthesis is challenging and often limited to certain block sequences. We
have recently shown that interpolyelectrolyte complex (IPEC) formation between charged
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MCMs from amphiphilic and ampholytic triblock terpolymers and oppositely charged ho-
mopolymers or diblock copolymers can be used to generate well-defined and multi-layered
soft nanoparticles. The IPEC formation is driven by both electrostatic interactions and a
gain in entropy for the whole system via the release of low molecular weight
counterions.”®*’ Our initial system was based on polybutadiene-block-poly(1-methyl-2-
vinylpyridinium)-block-poly(methacrylic acid) (BVgQMAA) triblock terpolymers, which
formed MCMs with a negatively charged poly(methacrylic acid) (PMAA) corona in aque-
ous media.”® The structures featured a soft and dynamic polybutadiene (PB) core and a
patchy shell, consisting of intramicellar interpolyelectrolyte complexes (im-IPECs) be-
tween positively charged poly(1-methyl-2-vinylpyridinium) (P2VPq) and PMAA. We
demonstrated that additional shells can be formed by adding either quaternized poly(2-
(dimethylamino)ethyl methacrylate) (PDMAEMAQ) or double hydrophilic block copoly-
mers of P2VPq or PDMAEMAq with poly(ethylene oxide) (VGEO or DEO).***° This
facile approach can also be used to introduce new functionalities, e.g. a thermo-
responsiveness, by using poly(sodium acrylate)-block-poly(N-isopropylacrylamide) as a
complexing polymer to form a PNiPAAm corona to an MCM with inverse sequence of
charges, polybutadiene-block-poly(sodium methacrylate)-block-poly(2-((methacryloyloxy)
ethyl)trimethylammonium methylsulfate) (BMAADq).”'

In the work presented here, we extend our concept to polycations with higher charge
density, poly(2-((2-(dimethylamino)ethyl)methylamino)ethyl methacrylate) (PDAMAQ),
quaternized with methyliodide, carrying two positive charges per monomer unit. Complex
formation was carried out with two different BVqQMAA systems, where PB and P2VPq are
of the same length but with a shorter (DP = 400) and longer (DP = 1350) PMAA corona.
In case of the long PMAA corona, we found rather unexpected structures with a compart-
mentalized IPEC shell for charge ratios, Z;,., below 0.7. The micellar IPECs were in all
cases characterized in detail by cryogenic transmission electron microscopy (cryo-TEM)
and dynamic light scattering (DLS).

Experimental Part

Materials

trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB, 99.0%,
Aldrich), silver trifluoroacetate (AgTFA, 99.99%, Aldrich), basic aluminum oxide (Sigma-
Aldrich), ammonia solution (32%, VWR International), HCI (37%, VWR International)
and pH 10 buffer solution (Titrinorm, VWR International) with an ionic strength of ap-
proximately 0.05 M were used as received. Dioxane, methanol, isopropanol, anisole and
chloroform were of analytical grade and used as received. Deuterated chloroform and deu-
terated water were provided by Deutero (Kastellaun, Germany). For anionic
polymerization THF (Sigma-Aldrich, p.a. quality) was first distilled over CaH, followed
by a distillation over potassium and stored under N, before use. Butadiene (Riener-Gase,
2.5) was purified by passing through columns filled with molecular sieves (4 A) and basic
aluminum oxide, before condensation into a glass reactor and storage over dibutylmagne-
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sium. 2-Vinylpyridine (97%, Aldrich) was de-inhibited by passing through a basic alumin-
ium oxide column, subsequently stirred for 30 min with 2 mL of trioctylaluminium per 10
mL of 2-vinylpyridine and finally condensed to a sealable glass ampule under reduced
pressure. tert-Butyl methacrylate (lBMA, 98%, Aldrich) was stirred with 0.5 mL of
trioctylaluminium per 10 mL of /BMA for 30 min and then condensed to a sealable ampule
under reduced pressure. 1,1-Diphenylethylene (DPE, Aldrich, 97%) was stirred with sec-
Butyllithium (sec-BuLi) under N, and then distilled. sec-BuLi (Aldrich, 1.4 M in cyclo-
hexane), dibutylmagnesium (Aldrich, 1M in heptane) and trioctylaluminum (Aldrich, 25
wt.% in hexane) were used as received. For the synthesis of the 2-((2-
(dimethylamino)ethyl)methylamino)ethyl methacrylate (DAMA) monomer, 2-((2-
(dimethylamino)ethyl)methylamino)ethanol (98%, Aldrich), methacryloyl chloride (97 %,
Fluka), triethyl amine (99 %, Merck) and dry pyridine were used without further purifica-
tion. RAFT polymerization was achieved with 2-(2-cyanopropyl)dithio benzoate (CPDB,
97 %, Aldrich) as chain transfer agent and azobisisobutyronitrile (AIBN, 98 %, Aldrich) as
initiator, which were used without further purification. Quaternization reactions were per-
formed with either methyl iodide (99 %, Merck) in case of PDAMA or dimethyl sulfate
(Me,SO4, >99%, Aldrich) for 2-vinylpyridine and were used without further purification.
Milli-Q water purified with a Millipore filtering system was used in all cases. For dialysis,
membranes made from regenerated cellulose (Spectrum Laboratories, Spectra/Por MWCO
3.5 kDa and 12-14 kDa) were used.

Synthesis of Polybutadiene-block-poly(2-vinylpyridine)-block-poly(tert-butyl methac-
rylate) (BVT) Block Terpolymers. Sequential living anionic polymerization with sec-
BulLi as initiator and THF as solvent in a laboratory autoclave (2.5 L) at low temperatures
was used for the synthesis of BVT triblock terpolymers. The procedure was carried out

analogue to our previously published procedures (see Scheme S3.1).'®*

During the
polymerization of the fert-butyl methacrylate ((BMA) block, samples were withdrawn at
different conversions, thereby creating polymers varying only in the block length of their
final block, while both previous blocks are of the same length. In detail, 1.6 L of dry THF
were placed in a 2.5 L laboratory autoclave (Biichi) and titrated at -20 °C with 1.6 mL of
sec-BuLi solution (1.4 M in hexane) to remove any protic species that might terminate the
polymerization and left to warm to room temperature overnight. The so-formed alkoxides
exhibit stabilizing effects on the living chain end and in the case of /BMA well-defined
polymers are accessible without addition of LiC1.** After cooling the reaction solution to -
70 °C, 0.69 mL of sec-BuLi (1 eq., 9.66 X 10 mol) were added, followed by the addition
of 63.5 mL of butadiene (41.91 g, 800 eq., 0.7748 mol) and polymerization for 8 h at -25
°C and further 2 h at -10 °C. 2-Vinylpyridine (21.68 g, 210 eq., 0.2062 mol) was added at -
70 °C and stirred for 2 h, before 0.85 mL of DPE (5 eq., 4.815 x 10™ mol) was injected
and the solution stirred for 2.5 h at -50 °C. Then, at -70 °C, 167.9 g of fBMA (1200 eq.,
1.181 mol) were added to the solution, which led to an immediate rise in the temperature to
-60 °C. The reaction temperature was increased to -50 °C and approximately 1/3 of the
reaction solution was withdrawn and quenched in degassed isopropanol (200 mL) after 40

min, 2 h and 8 h of reaction time, respectively. The final polymer was obtained after pre-
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cipitation from THF containing butylated hydroxytoluene (BHT) as stabilizer into a 1/1
mixture of methanol and H,O. The degrees of polymerization (DP) of each block were cal-
culated from a combination of MALDI-ToF-MS of the polybutadiene block and 'H NMR
of the final triblock terpolymer and determined to be Bsg3oVisoTa00 (40 min) and
Bs30VisoTi3s0 (8 h) for the two polymers used in this work, respectively. Size exclusion
chromatography (SEC) of the two polymers showed bimodal distributions in the elution
curves of both polymers (Figure S3.1), which come from a small amount of terminated BV
diblock copolymer during the injection of fBMA monomer. The polydispersity indices
(PDI) were determined to be 1.04 and 1.08 for Bg3oVis0T400 and BgszoVisoT1350, respective-
ly.

Preparation of Polybutadiene-block-poly(1-methyl-2-vinylpyridinium methylsulfate)-
block-poly(methacrylic acid) (BVqQMAA) Precursor Micelles. In a typical reaction, 100
mg of the desired BVT triblock terpolymer were dissolved in 100 mL of dioxane and 200
equiv of Me,SO,4 compared to the moles of 2-vinylpyridine units were added to the solu-
tion (Scheme S3.1). After stirring at 40 °C for 5 d, 200 equiv of HCI (concentrated HCI,
37%) per mol of tBMA units was added, and the mixture was refluxed at 110 °C for 24
and 48 h in case of the Bs30Vis0T400 and Bg3oVigoT1350, respectively. Self-assembly of the
resulting BVQMAA polymers was achieved through dialysis (MWCO = 12-14 kDa) to pH
10 buffer with an ionic strength of approximately 0.05 M over a period of at least three
days.

Synthesis of 2-((2-(dimethylamino)ethyl)methylamino)ethyl methacrylate (DAMA). In
a 1 L two-neck-flask equipped with a magnetic stir bar, 300 mL of dry pyridine, 67 mL of
2-((2-(dimethylamino)ethyl)methylamino)ethanol (0.414 mol, 1 equiv) and 115 mL of tri-
ethylamine (0.828 mol, 2 equiv) were mixed, sealed with a septum, and purged with argon
for 30 min. Then, the reaction mixture was cooled to 0 °C and 81 mL of methacryloyl
chloride (0.828 mol, 2 equiv) was added slowly via a dropping funnel. The reaction mix-
ture was allowed to warm to room temperature and stirred for 24 h before excess of
methacryloyl chloride was converted to isopropyl methacrylate through addition of 15 mL
isopropanol. After evaporation of the volatile components, the crude product was separated
via column-chromatography using an eluent of chloroform/methanol/concentrated ammo-
nia in a ratio of 100/10/1. The DAMA monomer was obtained after vacuum distillation as
a clear colorless liquid in rather low yields (~ 20 %) and purity was proven with 'H NMR
spectroscopy (Figure S3.2).

RAFT polymerization of DAMA. In a typical reaction 1.00 g DAMA (4.67 mmol, 200
equiv), 5.20 mg 2-(2-cyanopropyl)dithio benzoate (CPDB, 2.35 x 102 mmol, 1 equiv),
1.00 mg AIBN (6.09 x 10 mmol, 0.25 equiv) and 4.00 mL anisole were placed in a round
bottom flask sealed with a rubber septum and equipped with a stir bar. After purging the
reaction mixture with argon for 30 min, the polymerization was started by placing the flask
in an oil bath at 70 °C. Periodically, aliquots of 0.1 mL were removed with a gastight, ar-
gon-flushed syringe for '"H NMR analysis to monitor the conversion. The reaction was
stopped after 5 h and 45 min at a conversion of 42% by rapid cooling of the reaction mix-
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ture to room temperature and opening to air. Purification was achieved through dialysis to
THF and subsequent freeze-drying from dioxane.

Quaternization of PDAMA. For the quaternization 0.0562 g of PDAMA (0.52 mmol of
nitrogen atoms) was dissolved in 10 mL of deionized water and 0.25 mL methyl iodide
(4.02 mmol, 7.7 fold excess compared to nitrogen atoms) was added. The solution was
stirred for at least 48 h at room temperature. Excess quaternization agent was removed by
dialysis against 20:80 and 50:50 water:dioxane mixtures for two days, respectively. After-
ward, the quaternized PDAMAq was freeze-dried, and from 'H NMR measurements a
degree of quaternization of 100 % was determined, as indicated by the complete shift of
the corresponding signals (Figure 3.2).

Characterization

Size Exclusion Chromatography (SEC). For the PB and BV precursor polymers and
BVT triblock terpolymers, an instrument equipped with four PSS-SDVgel columns (5 pm,
8x300 mm) with a porosity range from 10% to 10> A (PSS Mainz, Germany) was used to-
gether with a differential refractometer and a UV detector at 260 nm. Measurements were
performed in THF with a flow rate of 1 mL/min using toluene as internal standard at
40 °C. The system was calibrated with narrowly distributed 1,4-PB standards. SEC meas-
urements of PDAMA were performed on a system equipped with a set of two columns
(8 um, 8%x300 mm), PL-aquagel-OH and PL-aquagel-OH-30 and a differential refractome-
ter. A mixture of 60 % H,O with 0.01 mol/L NaH,PO4 and 0.1 mol/LL NaN; at pH = 2.5
and 40 % methanol was used as eluent at an elution rate of 1 mL/min at 35 °C.
PDMAEMA samples were used for calibration.

MALDI-ToF-MS. Measurements were performed on a Bruker Daltonics Reflex III in-
strument equipped with an N, Laser (337 nm) and an acceleration voltage of 20 kV in
positive ion mode. Sample preparation was done according to the “dried-droplet” method.
In detail, matrix (DCTB, concentration 20 mg / mL), analyte (concentration 10 mg / mL)
and salt (AgTFA, concentration 10 mg / mL) were separately dissolved in THF, subse-
quently mixed in a ratio of 20/5/1 pL. Approximately 1 pL of the final mixture was
applied to the target spot and left to dry under air.

"H NMR. Spectra were recorded on a Bruker Ultrashield 300 machine with a 300 MHz
operating frequency using either deuterated chloroform or deuterated water as solvents.

Dynamic Light Scattering (DLS). Measurements were performed on an ALV DLS/SLS-
SP 5022F compact goniometer system with an ALV 5000/E cross correlator and a He—Ne
laser (A = 632.8 nm). The measurements were carried out in cylindrical scattering cells
(d =10 mm) at an angle of 90°. Angular-dependent light scattering experiments were per-
formed at angles ranging from 30° to 120° with an interval of 10°. Prior to the
measurements samples were passed through nylon filters (Magna, Roth) with a pore size of
5 um to remove impurities/dust particles. The CONTIN algorithm was applied to analyze
the obtained correlation functions. Apparent hydrodynamic radii (harmonic z-average ra-
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dius, <Ry>,4pp.) Were calculated according to the Stokes—Einstein equation and polydisper-
sities were obtained via the cumulant analysis where applicable.

C-Potential. The zeta potential of micellar solutions was determined on a Malvern
Zetasizer Nano ZS. The electrophoretic mobilities (1) were converted into zeta potentials
via the Smoluchowski equation T = un/eoe, where 1 denotes the viscosity and €o¢ the per-
mittivity of the solvent (water). Values were determined in triplicate from the same
sample.

Cryogenic Transmission Electron Microscopy (cryo-TEM). For cryo-TEM studies, a
drop (~2 pL) of the aqueous micellar solution (¢ ~ 0.5 gxL™") was placed on a lacey car-
bon-coated copper TEM grid (200 mesh, Science Services), where most of the liquid was
removed with filter paper, leaving a thin film spread between the carbon coating. The spec-
imens were shock vitrified by rapid immersion into liquid ethane in a temperature-
controlled freezing unit (Zeiss Cryobox, Zeiss NTS GmbH) and cooled to approximately
90 K. The temperature was monitored and kept constant in the chamber during all of the
preparation steps. After freezing the specimens they were inserted into a cryo-transfer
holder (CT3500, Gatan) and transferred to a Zeiss EM922 OMEGA EFTEM instrument.
Measurements were carried out at temperatures around 90 K. The microscope was operat-
ed at an acceleration voltage of 200 kV. Zero-loss filtered images (AE = 0 eV) were taken
under reduced dose conditions. All images were recorded digitally by a bottom mounted
CCD camera system (Ultrascan 1000, Gatan), and processed with a digital imaging pro-
cessing system (Gatan Digital Micrograph 3.9 for GMS 1.4).

Results and Discussion

We have previously shown that polybutadiene-block-poly(1-methyl-2-vinylpyridinium)-
block-poly(methacrylic acid) (BVgQMAA) triblock terpolymers form multicompartment
micelles in aqueous media with a polybutadiene core, an im-IPEC shell consisting of
P2VPq and PMAA and a negatively charged corona of PMAA (when the degree of
polymerization was higher for PMAA than for P2VPq). BVQMAA with different lengths
of the PMAA segment were used and further complexation with VqQEO or DqEO diblock
copolymers or with quaternized PDMAEMA(q led to multi-layered micellar IPECs, in case
of DqQEO even with a clearly distinguishable second IPEC shell.***° Herein, we investigate
the complexation between BVQMAA with two different lengths of the corona segment
(400 and 1350 repeating units) and poly(2-((2-(dimethylamino)ethyl)methylamino)ethyl
methacrylate) (PDAMA(q, Scheme 3.1), a polycation carrying two positive net charges per
monomer unit and with a high structural similarity to PDMAEMAQq. First, we shortly de-
scribe the structure of the BVqQMAA before we focus on the preparation of PDAMAq
using reversible addition fragmentation transfer (RAFT) polymerization, followed by sub-
sequent quaternization. Afterward, PDAMAq and BVqQMAA are mixed at different ratios
of positive to negative charges, Z.,, and the resulting structures are analyzed in detail with
microscopic and light scattering techniques.
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Characterization of the precursor micelles (BVqMAA 4 and BVqQMAA;350)

The synthesis of the polybutadiene-block-poly(2-vinylpyridine)-block-poly(tert-butyl
methacrylate) (BVT) triblock terpolymers has been described previously and was achieved
through sequential living anionic polymerization in THF at low temperatures (see
Scheme S3.1).'*** However, slight termination occurred upon addition of fBMA, shown in
the SEC traces in Figure S3.1. We expect traces of the BV diblock copolymer to be incor-
porated in the final micellar structures. The degrees of polymerization, DP, for each block
and the characterization data of the two triblock terpolymers used for this study are given
in Table 3.1. We describe materials with identical lengths of the first (PB) and second
(P2VP) block, only differing in the length of the third segment, PPBMA.

Table 3.1. Molecular Characterization of BVT and BV@QMAA Triblock Terpolymers.

M, block weight fractions (PB;
polymer? pPDIY
[kg/mol] P2VP/P2VPq; PIBMA/PMAA)
Bs30VisoT400 121b) 1.04 037, 016, 0.47
B830V130T1350 256b) 1.08 018, 007, 0.75
Bg30Vq180MAA400 1010 - 045, 021, 0.34
B830Vq180MAA1350 1830 - 024, 012, 0.64

“Subscripts denote the degrees of polymerization of the respective blocks. " Calculated from a combination
of MALDI-ToF-MS and 'H NMR data. © Calculated from degrees of polymerization without taking the
counterions of P2VPq into account. ¥ Determined from SEC measurements with THF as eluent and linear
polystyrene as calibration standard.

The transformation of BVT to BVQMAA was carried out according to procedures re-
ported earlier.””" Briefly, the P2VP segment was quaternized using dimethyl sulfate,
followed by hydrolysis of the PIBMA block to yield PMAA. The respective weight frac-
tions of the constituting blocks before and after this modification route are also shown in
Table 3.1. For BVqQMAA4n, the PB has the largest weight fraction (45%), followed by
PMAA (34%). On the other hand, for BVqQMAA 350, the PMAA segment with 64% has the
largest weight fraction. Micelle formation was achieved through dialysis to aqueous buffer
solution at pH 10, and the resulting MCMs were characterized with cryogenic transmission
electron microscopy (cryo-TEM) and dynamic light scattering (DLS) (Figure 3.1).
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Figure 3.1. Cryo-TEM micrographs of BVqMAA4ym (A, concentration = 1.2 g/L) and
BVqMAA 35 (B, concentration = 0.29 g/L) MCMs in pH 10 buffer with an ionic strength of ca.
0.05 M. Insets show enlargements of single micelles with the scalebar representing 50 nm. C) In-
tensity weighted CONTIN plots of the same micellar solutions from DLS measurements,
BVqMAA 0, U, <Ry>,4pp. = 164 nm, DI = 0.14; BVqQMAA 1350,0, <Ry>,4pp. = 187 nm, DI = 0.15.
D) Schematic illustration of the proposed general MCM structure. The dimensions of individual
compartments are not drawn according to scale.

Both BVqQMAA4y and BVqQMAA 359 feature a PB core, a P2VPq/PMAA im-IPEC shell,
and a PMAA corona, the latter being distinctly longer in case of BVqQMAA 350. From DLS
measurements, BVqQMAA 4o micelles are slightly smaller with <Rp>, 45, = 164 nm (disper-
sity index, DI = 0.14) as compared to BVqQMAA 350 with <Ry>; 4pp. = 187 nm (DI = 0.15).
In case of BVqQMAA 350, a minute fraction of aggregates at higher hydrodynamic radii can
be seen. The size of the micellar core and corona was separately determined from the cryo-
TEM micrographs by counting of at least 30 micelles (Table 3.2).
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Table 3.2. Number-Average Compartment Sizes with Standard Deviation of the BVqQMAA Mi-
celles as Determined from cryo-TEM Micrographs

compartment BVqMAA4p [nm] BVqMAA;35 [nm]

Ruicelle 114+9 128 £16
Reore 46+ 6 313
Deorona 55+7 -
Ruicelle = Reore 68 97
Nagg. 5500 1700

We have used the half-distance between two micellar cores in Figure 3.1 as an estimate
of the micellar radius, Rpicelle, confirming the trends from DLS measurements, although the
overall sizes are smaller in cryo-TEM as compared to DLS data. This can be explained as
the value from DLS represents a harmonic z-average radius, while cryo-TEM provides a
number average. Furthermore, confinement of the micelles in the thin film during cryo-
TEM measurements could lead to underestimation of the true micelle size in case of close-
ly packed micelles. The core radii of BVqQMAA4p and BVgMAA 350 micelles differ
significantly, even though the core-forming block is of the same length. BVqQMAA ;350 mi-
celles have a core radius of 31+ 3 nm, which is smaller than in case of BVqMAA4
(46 £ 6 nm). From the core radius we roughly estimated the aggregation number, N,g,,
according to eq 3.1, where we assumed the core to consist of pure PB. This assumption
probably leads to an overestimation of the true N,g, since we did not take solvent mole-
cules (e.g., dioxane) into account, which might be still trapped inside the core. Since we
are mainly interested in the relative values of the two micelles the possible errors will can-
cel.

3
N _ Meore _4'7T'NA'pp5'Rcore
agg. — mChain - 3 Mchain
PB *Mpp

3.1)

The calculated N,g, of BVqQMAA4 is approximately more than three times larger than
that of BVqQMAA 35. This is in accordance with theoretical prediction and our previous
studies, where N, also decreased with increasing corona length.**** Because of the rather
weak contrast, it was only possible to roughly determine the corona size of BVqMA Ay,
but not that of BVqQMAA35. However, when subtracting R from the overall micelle
radius, Rmicelle, ONE can obtain an estimate of the corona size. Not surprisingly, this is con-
siderably larger for BVQMAA 350 than for BVqMA A4, by about 30 nm, highlighting the
difference in hydrophilicity between the two triblock terpolymers presented here.
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Synthesis of PDAMA

In comparison to our previous work using PDMAEMA(q for further IPEC formation, here
we were interested in polycations of similar structure, but with higher charge density.
Poly(2-((2-(dimethylamino)ethyl)methylamino)-ethyl methacrylate) (PDAMA,
Scheme 3.1) carries two amino groups per monomer unit. We were particularly interested
in structural characteristics of micellar IPEC layers formed between PDAMAq and PMAA
where we would expect a change in the IPEC compartment to a more dense structure due
to the higher charge density in PDAMAQq. The synthesis of PDAMA was first described by
Sherrington et. al. by free radical polymerization and used as a chelating agent and poly-
meric support for copper complexes in the catalytic decomposition of the nerve agent
Sarin.”® Homo- and copolymers of PDAMA have already been used as non-viral gene

transfection agents.*®®
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Scheme 3.1. RAFT polymerization of DAMA and quaternization of PDAMA.

We used RAFT polymerization to synthesize PDAMA of desired molecular weight. 2-
(2-Cyanopropyl) dithiobenzoate (CPDB) was used as chain transfer agent (CTA) with
AIBN as initiator in anisole as solvent, shown in Scheme 3.1. The DAMA/CTA/AIBN
ratio was 200/1/0.25; the polymerization was conducted at 70 °C. After an induction period
of about 50 min the polymerization started and the linearity of the first-order time-
conversion plot (Figure S3.3) indicates a controlled polymerization. The reaction was
quenched after 5.5 h, and a conversion of 42% was determined from NMR measurements
corresponding to a theoretical DP of 83 for PDAMA (M theor. = 17 900 g/mol). SEC meas-
urements of the resulting material proved to be rather difficult, presumably due to strong
interaction of PDAMA with the column material in THF, DMF, and DMAc as solvents.
Even with a water/methanol mixture as eluent the interaction between column material and
analyte was probably not fully suppressed and when using a PDMAEMA calibration a
large deviation between theoretical and apparent molecular weight (M, app. = 65 500 g/mol;
My app. = 97 400 g/mol; PDI = 1.48) was observed. We therefore used the molecular weight
of 17 900 g/mol calculated from conversion for the further description of PDAMA.
Quaternization to PDAMA(q was carried out by methylation of both tertiary nitrogens with
methyl iodide. The 'H NMR spectra before and after quaternization are given in Fig-
ure 3.2. Full quaternization was achieved, as can be seen from the complete shift of the -
CHjs signals e and h (9 protons at 2.0-2.3 ppm to 15 protons at 3.1-3.6 ppm) and -CH;- sig-
nals g, f and d (6 protons at 2.3-2.8 ppm to 6 protons at 3.8-4.3 ppm).
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Figure 3.2. "H NMR spectra of PDAMA before (top) and after quaternization (bottom) in DHO.

Micellar IPECs of BVqMAA 1350 with PDAMA(q
We first mixed PDAMAqQ with BVgQMAA 350 micelles in pH 10 buffer solution, where

PMAA is completely dissociated. The mixing ratio Z,,. is defined as the number of positive
charges from the added polycation divided by the number of residual negative charges in
the BVQMAA micelles (eq 3.2). The total amount of MAA units in the corona of the
BVgMAA 350 micelles is reduced to 1170 by the im-IPEC formation with the 180 P2VPq
units of the middle block. Therefore, Z,. = 0 refers to the pure BVqQMAA 350 precursor
micelles, while a ratio of 1 assumes that all MAA units are complexed.

7 _ Ncationic _ 2- NpaMAq
+/— = -

Nanionic ~ "maa — Nvgq (3.2)

In the past, we observed remarkably slow kinetics for the IPEC formation when poly(1-
methyl-2-vinylpyridinium methylsulfate)-block-poly(ethyle oxide) (VqEO) was used for
complexation.” To ensure that complex formation was complete, here, the micellar IPECs
were stirred for at least one week after the addition of PDAMAGg. Subsequently, the struc-
tures were analyzed using a combination of cryo-TEM and DLS (Figure 3.3). Stable
micellar solutions were obtained for Z,,. < 0.75, while macroscopic precipitation occurred
at Z.,. = 0.9, probably due to insufficient stabilization of the particles by PMAA. Zeta po-
tential measurements of the micellar solutions in pH 10 buffer solution gave strongly
negative values below -30 mV for all Z,, values, ranging from 0 to 0.75 (see Table S3.1),
indicating that sufficient uncomplexed PMAA remains in the corona to stabilize the mi-
celles. According to the cryo-TEM micrographs, low charge ratios (Z.= 0.1) lead to a
slight increase in the overall contrast within the corona, and the occurrence of small protru-
sions, attributed to IPEC compartments (Figure 3.3A, the inset shows a single object).
More drastic structural changes can be seen at Z,. = 0.25, where newly formed IPEC
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patches can be clearly distinguished (Figure 3.3B). We expect these patches to consist of
IPECs of PMAA and PDAMAQq, collapsed due to charge neutralization, in analogy to ear-
lier observations using PDMAEMAGQ.® However, instead of observing a rather
homogeneous IPEC shell as before, distinct patches of a certain size are found. The pro-
posed structure of such micellar IPECs with a patchy second IPEC shell is schematically
illustrated in Figure 3E. With increasing Z.,., the patch size increases, as is expected for a
further incorporation of PDAMA(q chains. However, growth of the patches seems to pro-
ceed anisotropically along the im-IPEC/corona interface rather than radially outwards from
the original patch. This is most prominent at Z,,. = 0.5 (Figure 3.3C), where up to 3 patch-
es per particle can be observed.

To better illustrate the growth of the patchy compartments with increasing Z.,. values, we
counted the micelles from the available cryo-TEM images and sorted them into four cate-
gories (Table S3.2) according to their compartment size. The four categories used are no
visible compartment, small compartment(s) enclosing less than half of the core, large com-
partment(s) enclosing more than half of the core and a complete shell. At low Z,,. values,
only small compartments are formed, which grow in size with increasing amounts of added
PDAMAq. When even more PDAMA(q was added (Z.. = 0.75, Figure 3.3D), the majority
of the structures features a complete second IPEC shell. In DLS experiments, I versus q°
plots gave a linear relationship for all tested Z.,. values (Figure S3.4) and the autocorrela-
tion functions decreased monotonously (Figure S3.5). The <Ry>,.pp. at a scattering angle
of 90° first decreases from 187 nm for Z,,.. = 0 (Figure 3.1) to 116 nm at Z,,. = 0.5, while it
again increases to 182 nm at Z,. = 0.75 (Figure 3.3F). The initial decrease is probably a
result of corona contraction, while the increase of <Ry>, 4pp. and the dispersity index, DI, at
higher Z,,-ratios hints towards some aggregation.
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Figure 3.3. A-D) Cryo-TEM micrographs of micellar IPECs of BVqQMAA 350/PDAMA(q with in-
creasing charge ratios, Z,,. = 0.1, 0.25, 0.5 and 0.75 in pH 10 buffer and an ionic strength of ca.
0.05 M; the scale bars represent 200 nm. The insets show single objects at higher magnification,
the scale bars representing 50 nm. E) Schematic representation of the proposed general structure of
the micellar IPECs with two patches. F) DLS CONTIN plots of micellar IPECs at different Z.,.
(black 0J: Z.=0.1, <Ry>app. =166 nm, DI=0.07; red O: Z.,. =0.25, <Ry>,qpp. = 145 nm,
DI =0.05; blue A: Z,. = 0.5, <Ry>,4pp. = 116 nm, DI = 0.06; green V: Z,. = 0.75, <Ry>,4pp. = 182
nm, DI =0.18).

The spontaneous formation of anisotropic structures from a centrosymmetric precursor
MCM through ionic interactions is rather unexpected. One possible explanation could be
that the structures are kinetically trapped due to rapid initial IPEC formation as has been
observed for BVqQMAA micelles after the complexation with VqEO diblock copolymers.™
As a result, insufficient chain mobility would prevent the relaxation to more energetically
favorable structures, i.e., a homogeneous distribution of the IPEC around the core. To in-
crease chain mobility, we increased the ionic strength of micellar IPECs from
BVqQMAA 350/PDAMAQq with Z.,. = 0.5 to approximately 0.55 M through the addition of
NaCl (pH 10 buffer with additional 500 mM NaCl). Under these conditions, the charges of
the polyelectrolytes are screened and the IPEC shell is dissolved, resulting in a coexistence
of BVQMAA 350 micelles and free PDAMAQq chains. This is shown in Figure 3.4A, where
the former patchy IPEC (PMAA/PDAMAQ) has vanished and BVqQMAA 350 micelles can
be found. From these micrographs it is impossible to determine whether all PDAMAq
chains are free in solution or if some PDAMA(q still remains within the micellar corona.
Even bare BVQMAA 350 micelles (Z;. = 0) show a certain corona contraction due to
charge screening under these conditions (data not shown), resulting in similar structures in
cryo-TEM. Subsequently, the same sample was dialyzed against pH 10 buffer without ad-
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ditional salt, allowing the IPEC shell to be slowly formed again. After dialysis we again
observed micellar IPECs with a patchy IPEC shell (Figure 3.4B) similar to the structures
observed before. Consequently, the patchy IPEC structure seems to be energetically fa-
vored and is not a result of kinetic trapping effects.

BVqMAA ,./PDMAEMAq BVqMAA,,/PDAMAq

Il /m-IPEC on top of PB core H 2" IPEC (PMAA/PDAMAQ)
H 2" IPEC (PMAA/PDMAEMAQq) H PmaA

B PvAA

Figure 3.4. A) Cryo-TEM micrographs of micellar IPECs of BVqQMAA 35¢/PDAMAq in pH 10
buffer at Z,,. = 0.5 with 500 mM NaCl and an ionic strength of ca. 0.55 M; B) the same sample
after dialysis to pH 10 buffer solution without additional salt (ionic strength = 0.05 M); C) micro-
graphs of BVqQMAA 135/PDMAEMA(q micelles in pH 10 buffer solution (ionic strength = 0.05 M)
at Z,. = 0.5; D) micrographs of BVqMAA4/PDAMA(q micelles in pH 10 buffer solution (ionic
strength = 0.05 M) at Z.,. = 0.25. The insets show single objects at higher magnification, the scale
bars representing 50 nm. Schematic representation of the micellar IPECs of BVqMAA 350/
PDMAEMA( (E) and BVqMAA4/PDAMA(q (F).
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To check whether the patches originate from the increased charge density offered by
PDAMAq, we also used PDMAEMAq¢,™" as a polycation. As can be seen in Figure 3.4C,
comparable micellar IPECs were obtained, exhibiting several localized IPEC patches in-
stead of a homogeneous IPEC shell.

Since neither kinetic trapping of the IPEC, nor the increased charge density of
PDAMAq are responsible for the peculiar morphology of the micellar IPECs, we also in-
vestigated the influence of the PMAA corona length. The BVgQMAA 350 used here has an
exceptionally long corona compared to any of the previously used BVGQMAA polymers. As
compared to BVqQMAA 350 with 1170 net negative charges BVqQMA A4y has only 400 -

180 =220 net negative charges per PMAA chain. When mixed with PDAMAq at Z,,.. =
0.25, stable micellar solutions were obtained and subsequently analyzed by cryo-TEM
(Figure 3.4D). In this case, well-defined structures adopting a core-shell-shell-corona mor-
phology with a continuous IPEC shell of PMAA/PDAMA(q and a corona of excess PMAA
were observed. These structures are indeed very similar to those observed previously,
where continuous IPEC layers were found for BgooVqi9oMAA34s, BsooVqiooMAA4es and
BsooVqiooMAAssg MCMs upon complexation with PDMAEMAQ.*® Thus, the corona
length seems to be the critical factor for the formation of the observed patchy IPEC shell.
For an estimation of the hydrophilic-to-hydrophobic balance of the terpolymer micelles the
weight fractions of the corona- and core-forming blocks are compared. Consequently, the
im-IPEC of P2VPq/PMAA is included within the hydrophobic part while counterions are
not taken into account for the calculation. According to this rough estimation, the materials
used in our previous study (BVqMAAs4s5, BVGMAA4es, and BVgQMAAssg) exhibit rather
large hydrophobic weight fractions, wy, between 0.73 and 0.86. In the case reported here,
BVgMAAy is in the same range with w, = 0.81, whereas BVqQMAA 350 has a predomi-
nant hydrophilic weight fraction with wy, = 0.45. This seems to affect further IPEC
formation, i.e., the formation of a patchy second IPEC shell. Since we already excluded
that the structures are kinetically trapped or influenced by the nature of the polycation, it
seems to be energetically favorable for the system to form isolated IPEC patches rather
than a thin continuous layer. This effect is also supposed to play a role during the for-
mation of localized IPEC patches within the im-IPEC shell of different BVqQMAA
MCMs.*’ A more detailed explanation can be given considering the respective interfaces:
the newly formed IPEC shell has an interface with the micellar core consisting of PB and
the im-IPEC (IF-1, Figure 3.5, dashed yellow line), another one with the PMAA corona
(IF-2, dashed red line), and at high Z,,-ratios an additional interface with the surrounding
medium (water) would be formed (IF-3, Figure 3.5B, dashed purple line).
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Figure 3.5. Schematic illustration of the potentially relevant interfaces in the formation of an addi-
tional IPEC shell in BVQMAA micelles with a short (A, B) or long (C, D) corona, leading to either
continuous (A, C) or patchy (B, D) IPECs. The relevant interfaces of the newly formed IPEC are
highlighted as dashed lines and are between the IPEC and the core (yellow), the corona (red), or
water as the selective solvent (purple).

Four different cases of IPEC formation involving BVqMA A4 (Figure 3.5A and 3.5B)
and BVqQMAA 350 (Figure 3.5C and 3.5D) micelles can now be considered. When micellar
IPECs with a continuous shell are formed, the interfaces IF-1 and IF-2 are maximized,
while IF-3 is absent (Figure 3.5A, C). On the other hand, when patches are formed, IF-1 is
minimized. However, in case of a short PMAA segment this leads to the generation of a
significant interface IF-3 (Figure 3.5B) and, potentially, a loss of colloidal stability, where-
as long-corona micelles can minimize IF-1 without creating an additional IF-3 (Fig-
ure 3.5D). It therefore seems that micelles with a very long ionic corona, as demonstrated
for BVQMAA 350, preferentially form patchy IPEC compartments when complexed with
oppositely charged polycations at low to intermediate Z,,. -ratios. We are aware that this
explanation is solely based on simple considerations of the respective interfaces and does
not include other effects like chain entropy or partial dissociation of the IPEC domains.
However, our tentative model is supported by the results obtained for the systems
BVqMAA 350/PDAMAQ and BVQMAA 1350/ PDMAEMAQ.
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Conclusions

The formation of micellar IPECs between negatively charged BVQMAA precursor mi-
celles and either PDAMAq or PDMAEMA(q polycations leads to well-defined core-shell-
shell-corona structures. We demonstrate that the formation of a compartmentalized addi-
tional IPEC shell in micellar IPECs can be favorable at low to intermediate Z.,. ratios when
MCMs with a long corona-forming PMAA block are used. We propose an explanation for
the structure formation based on the generated interfaces for different corona lengths of the
underlying BVQMAA precursor micelles. In more general terms, this work represents a
facile route for the formation of well-defined particles where the size can be adjusted by
the underlying MCM system (e.g., molecular weight of BVgQMAA) and compartmentaliza-
tion of the shell is controlled by charge stoichiometry and corona length. Such structures
represent very interesting models for pH-responsive soft and patchy colloids or multifunc-
tional delivery vehicles. We are currently investigating the drug delivery properties of
BVgMAA micelles. Furthermore, the presence of surface patches of unlike charge stoichi-
ometry and hydrophilicity might turn out to be advantageous for the pH-dependent
interaction with living matter, e.g., cell cultures when performing transfection or uptake
studies.
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Scheme S3.1. Synthesis of BVT triblock terpolymers by sequential living anionic polymerization
in THF at low temperatures and their conversion to BVqQMAA triblock terpolymers through
quaternization and subsequent acidic hydrolysis in dioxane.

1. Me,SO,
2. HCl conc.

X =400 or 1350

BVQMAA

Table S3.1. Zeta potential of BVqQMAA 35/ PDAMA( micelle solutions. Values represent mean +
s. d.

BVqMAAl 350/ PDAMAq

Z.. value 0 0.1 0.25 0.5 0.75
Zeta Potential [ mV] -34.0+12 -332+2.6 -33.9+0.6 -31.8+1.5 -31.8+23
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Table S3.2: Distribution of micelle types (no compartment, small compartment(s), large compart-
ment(s) and complete shell) in BVqQMAA 35/ PDAMAQ samples at different Z,,. values counted
from cryo-TEM micrographs. At least 70 micelles were counted per sample.

BVqMAAl 350 /
PDAMAq

Zy.=0 100% 0% 0% 0%
Zy.=0.1 82% 18% 0% 0%
Z,.=0.25 15% 76% 9% 0%

Z,.=0.5 2% 6% 79% 13%
Z,.=0.75 0% 0% 18% 82%

Elution Volume [mL]

Figure S3.1. SEC elution curves of Bg3gVig0T400 (solid line) and Bgs;oVis0T1350 (dotted line) triblock
terpolymers in SEC with THF as solvent (RI signal).
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Figure S3.2. '"H NMR spectrum of DAMA in CDCl; after purification by column chromatography.
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Figure S3.3: First order kinetic plot for the RAFT polymerization of DAMA.
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Figure S3.4: T versus q” plots for BVGMAA 135¢/PDAMAq micelles at various Z.,. values.
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Figure S3.5: Autocorrelation functions of BVqQMAA 135/PDAMA(Q micelles at various Z.,. values
from DLS measurements at a scattering angle of 90°.
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Abstract

The demand for ever more complex nanostructures in materials and soft matter nanosci-
ence also requires sophisticated characterization tools for reliable visualization and
interpretation of internal morphological features. Here, we address both aspects and pre-
sent synthetic concepts for the compartmentalization of nanoparticle peripheries as well as
their in-situ tomographic characterization. We first form negatively charged spherical mul-
ticompartment micelles from ampholytic triblock terpolymers in aqueous media, followed
by interpolyelectrolyte complex (IPEC) formation of the anionic corona with bis-
hydrophilic cationic/neutral diblock copolymers. At a 1:1 stoichiometry of anionic and cat-
ionic charges, the so-formed IPECs are charge neutral and thus phase separate from
solution (water). The high chain density of the ionic grafts provides steric stabilization
through the neutral PEO corona of the grafted diblock copolymer and suppresses collapse
of the IPEC; instead, the dense grafting results in defined nanodomains oriented perpen-
dicular to the micellar core. We analyze the 3D arrangements of the complex and purely
organic compartments, in-situ, by means of cryogenic transmission electron microscopy
(cryo-TEM) and tomography (cryo-ET). We study the effect of block lengths of the cation-
ic and nonionic block on IPEC morphology, and while 2D cryo-TEM projections suggest
similar morphologies, cryo-ET and computational 3D reconstruction reveal otherwise hid-
den structural features, e.g., planar IPEC brushes emanating from the micellar core.
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Introduction

The synthetic design of complex colloidal particles underwent great progress in the
nanoengineering of particle shape (anisotropy), compartmentalization (core or surface
patches), and functionality (directional forces).'> While top-down procedures dominate
particle structuring on the micron-scale, bottom-up concepts continue to evolve as poten-
tial preparative tools on the nanoscale.*® In this regard, the self-assembly of block
copolymers offers straightforward strategies to unify multiple environments within one
nanoobject.” The number of compartments is proportional to the number of incompatible
polymer blocks, where ABC triblock terpolymers already display a rich repertoire of bulk
and solution morphologies.*” Amphiphilic block copolymers are a highly frequented
source for water-stable polymeric particles, as they spontaneously self-assemble into a hy-
drophobic core stabilized by either a non-ionic (e.g., poly(ethylene oxide), PEO) or a
polyionic hydrophilic corona.'®'* A charged corona opens up further coordination possibil-
ities, e.g., for templating, nanoparticle immobilization (inorganic or biological) or
complementarily charged polyelectrolytes. Ballauff ef al. immobilized anionic metal nano-
particles in cationic spherical polyelectrolyte brushes, creating hybrid heterogenic catalyst
systems.'® Proteins or enzymes were also captured by either cationic or anionic brushes.'*"
"7 To compartmentalize the polyionic corona brush, polymer blending® and intra- or inter-
polyelectrolyte complex (IPEC) formation have proven their efficiency.'® > Tonic polymers
coassemble with complementarily charged blocks through noncovalent electrostatic inter-
actions to form a new compartment with high incompatibility to the surrounding phases
(polymer blocks, water or interfaces).”**° Applying this concept, vesicles with IPEC walls
were coassembled from two block ionomers in organic solvents®’ as well as in water,”**’
Janus particles with IPEC cores in water° and vesicles with nano-segregated walls via salt-
induced chelation.”!

In previous works we demonstrated that polybutadiene-block-poly(1-methyl-2-
vinylpyridinium)-block-poly(methacrylic acid) (PB-b-PVq-b-PMAA, BVqQMAA) triblock
terpolymers self-assemble into multicompartment micelles with a soft PB core, intramicel-
lar IPEC (im-IPEC) patches of PVq/PMAA and a short stabilizing PMAA corona (~360
residual units of MAA).”® Complexation with polycations of comparable length to the re-
sidual anionic corona usually led to homogeneous second IPEC shells.”'** In the case of a
much longer anionic PMAA corona (~ 1170 residual units of MAA), IPECs with cationic
homopolymers collapsed as irregularly shaped, discontinuous compartments onto the mi-
cellar core.” This segregation phenomenon led us to the hypothesis that the combination of
a long PMAA corona and a bis-hydrophilic block copolymer with short polycationic
blocks could generally phase-separate into a variety of anisotropic corona morphologies
(Scheme 4.1).>**> Concepts to structure nanoparticle peripheries are desirable, because
corona compartments are directly accessible for loading and modification, they allow (in-
ter)particle recognition, and they provide directional forces for hierarchical self-

4-41
assembly.’
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Self- IPEC
Assembly formation
pH 10

Scheme 4.1. a) Chemical Structure of the Bg30Vqis0MAA 350 triblock terpolymer. b) Schematic of
the BVgQMAA multicompartment micelles with PB core (grey), PVq/PMAA im-IPEC patches (red),
and excess PMAA corona (green) in aqueous solution. ¢) Complexation of PMAA with bis-
hydrophilic cationic diblock copolymers to form particles with anisotropic IPEC domains.

Although research in many fields greatly benefits from higher structural complexity
(e.g., advanced gating materials, energy storage, nanoreactors and biomedical applica-
tions), this also demands sophisticated methods to reliably characterize and visualize
internal morphological features. In case of entirely organic nanoparticles, transmission
electron microscopy (TEM) usually is the first choice. This technique visualizes differ-
ences in electron contrast in the dried and often collapsed state. In the case of soft matter,
particle flattening or buckling (e.g., capsules) is a common drying artifact that has to be
taken into account when discussing particle morphology. Cryogenic TEM (cryo-TEM) cir-
cumvents most of these issues through vitrification and in-situ imaging of a thin solvent
film that contains the specimen.** Although cryo-TEM is a valuable characterization tool in
many scientific fields,” the obtained images are 2D projections of 3D objects. Overlapping
internal features may complicate the analysis of complex nanostructures and may lead to
false interpretations. Cryogenic transmission electron tomography (cryo-ET) on the other
hand emerges as a powerful and versatile tool to obtain structural information in three di-
mensions.” Here, a series of 2D image projections is captured from the same vitrified
particle (or area) at different viewing angles. After image alignment of the 2D images a 3D
tomogram can be reconstructed using computational methods. Although this technique is
well established for biological matter characterization with nanometer resolution, cryo-
ET only gradually progresses to other research fields.***® In particular, soft matter materi-
als could benefit from in-situ characterization, where particles become increasingly
complex. Tomographic particle visualization is still challenging, because the contrast dif-
ference of (mostly) hydrocarbon constituents is usually low as compared to, for example,
electron-dense inorganic nanoparticles, and long exposure times increase the risk of elec-
tron beam damage of particles or solvent film. So far, cryo-ET unfolds its full potential in
aqueous solution, where contrast differences between solvent and hydrocarbon specimens
are acceptable and vitrified films allow for sufficiently long exposure. It was only recently
when Sommerdijk ef al. used cryo-ET to resolve the structure of spherical polymer aggre-
gates with an internally curved bicontinuous morphology self-assembled from amphiphilic
double-comb diblock copolymers.* These and other works in the field of (cryogenic) to-
mography impressively demonstrated the benefits of 3D reconstruction for the
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interpretation of particle features towards a deeper understanding of the underlying for-
mation mechanism.”®>*

Here, we pursue two objectives, the structuring of compartmentalized organic nanopar-
ticles as well as their in-depth tomographic characterization. We utilize ionic grafting of
complementarily charged polyions to create ordered IPEC nanodomains within the charged
corona of multicompartment micelles. A predefined mismatch in polyion chain length fa-
cilitates dense grafting of defined numbers of diblock copolymer chains per corona chain
up to the point of charge neutralization. The large quantity of polymer chains and dense
chain packing of the non-ionic block causes massive overcrowding within the corona that
suppresses a collapse of the IPEC to globules, but instead forces corona chains to stretch
into anisotropic IPEC morphologies. We then resolve the periodic 3D arrangements of the
purely organic nanophases with cryogenic transmission electron tomography as an emerg-
ing in-situ technique for soft matter characterization.

Results and Discussion

Components for IPEC Formation. The triblock terpolymer Bsi;oVqisoMAA 350 (sub-
scripts denote the degree of polymerization; see Chart 4.1 and Table S4.1 of the Supporting
Information) self-assembles into spherical multicompartment micelles in aqueous solution
with an aggregation number of N, = 650 Bs30VqisoMAA 350 chains per micelle (see the
Supporting Information for calculations). As was shown earlier for a polymer with shorter
PMAA block,21 these Bg3oVqisoMAA 350 precursor micelles exhibit a hydrophobic PB
core, intramicellar IPEC (im-IPEC) patches of PVq/PMAA on the surface, and an anionic
corona of excessPMAA (Figure 4.1a). Dynamic light scattering (DLS) gives a hydrody-
namic radius of <Ry>,.,p =172 nm after im-IPEC formation (Figure S4.1) originating
from the 1170 units of charged and noncoordinated MAA per corona chain. At pH > 7 the
MAA units are sufficiently deprotonated®® (&-potential ~-32 mV) and are accessible for
quantitative intermolecular complexation with cationic polymers (&-potential ~ 0 mV).*'
For that, we use two bis-hydrophilic cationic diblock copolymers (Chart 4.1 and Ta-
ble 4.1), poly(L-lysine)-block-poly(ethylene oxide) (LL4EO270) and quaternized poly(2-
(dimethylamino)ethyl methacrylate)-block- poly(ethylene oxide) (Dqs,EO114).
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LL4')E0270 D(ISZEOII-i

Chart 4.1. Chemical structures of the used triblock terpolymer and diblock copolymers.

Both diblock copolymers, LL4EO,7 and Dqg;EO;14, have comparable molecular
weights and contain one cationic (PLL or PDq) and one non-ionic water-soluble block
(PEO). The block length of the polycation regulates the number of polymer chains that
ionically graft per anionic PMAA corona chain, whereas the PEO block length determines
the volume requirement of the grafted brush and acts as the new stabilizing corona. The
differences in the length of both blocks should have distinct effects on chain packing and
the resulting corona morphology.

Table 4.1: Specification of Cationic Bis-Hydrophilic Diblock Copolymers

Polymer  DP (polycation) DP(PEO) Mn [kg/mol]” PDI”

LL4EO27 40 270 17.7 1.05

“ Calculated from 'H-NMR using the M, of the PEO block provided by the supplier. ” Determined with SEC
in DMF (protected LL4EO,79) or THF (Dg;EQO;14) as eluent and PEO standards.

To calculate the mixing ratio of polyion chains, we define the charge ratio, Z,/., in
eq4.1. A value of Z.. =0 corresponds to the PMAA corona without addition of poly-
cations and Z;,. = 1 to quantitative complexation with the polycationic block copolymers
(charge neutralization).

n. ... n
Z _ “cationic __ LL (or Dq)
H- = = @.1)

Nonionic  Mviaa — Mg

In the following we will first give a detailed morphological characterization of IPECs
formed by complexation of the Bg3oVqisoMAA 350 precursor micelles with LL4EO,7 and
Dqs2EO114 and then discuss particle composition and chain arrangements.
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Self-Assembly of IPEC1. Figure 4.1b shows the self-assembly strategy as well as the re-
sulting nanostructure after IPEC formation of the BVqQMAA ;79 precursor micelles with
LL4oEO270 (1170 units of MAA are left after im-IPEC formation). At quantitative complex-
ation of the micellar corona (&-potential = -2 mV), we observe an overall spherical shape
with ray-like protrusions, the appearance of which is reminiscent of sea urchins. We re-
ported about this IPEC morphology in a previous work, where we focused on the
application of the highly PEGylated micelles as remarkably effective drug carrier systems
in photodynamic cancer therapy.’” Here, we subject this intricate morphology to a detailed

structural characterization to determine its origin.

a Bs3o Vqis0 MAA350

Self-assembly
in solution

{

i
fL_500nm__|

Figure 4.1. Formation of BYqQMAA precursor micelles and IPEC1 (BVqMAA ;7¢/LL4EQ37).
a) Solution self-assembly of BVqQMAA 7, cryo-TEM image, and schematic of the micelles with
PB core (gray), PVqQ/PMAA im-IPEC patches (red), and excess PMAA corona (green) in pH 10
buffer solution. b) Complexation of PLL (brown) with PMAA (green) results in bottlebrush for-
mation of IPEC1 (orange) stabilized by PEO brush (blue). The inset shows one of the IPEC1
micelles at higher magnification.

According to eq 4.1, 29.3 equiv of LL4EQO»7 is required to reach charge neutral condi-
tions, Z,. = 1. Considering the N,g, = 650 of the BVqQMAA ;179 micelle, 650 PMAA chains
in the corona of one micelle accommodate approximately 19 000 diblock copolymer
chains. As illustrated in Figure 4.1b, the PMAA chains (green) undergo IPEC formation
with the PLL block (brown) and most likely form a cylindrical brush (orange) stabilized by
the PEO corona (blue). Two main parameters dominate the formation of an anisotropic
IPEC: (i) the mismatch of chain lengths of polyionic blocks, PMAA and PLL, and (ii) the
resulting overcrowding and dense packing of diblock copolymer chains within the con-
fined space of the particle corona. To validate these observations and gain a deeper insight
into the morphology, we further characterized these micellar IPECs by means of cryo-ET.

101



Chapter 4

Cryo-ET Characterization of IPEC1. To extract more information on the architecture
and to confirm the proposed cylindrical brush morphology of IPEC1, we performed cryo-
ET, i.e. a series of 2D cryo-TEM images of the same area at tilted angles from -69° to
+69°, allowing 3D reconstruction after image alignment (Figure 4.2, see Methods and
Supporting Movies, SM4.1 and SM4.2). For cryo-ET, a high electron acceleration voltage
(here 300 kV) is beneficial to minimize beam damage to the sample and matrix. Yet, this
poses challenges for visualizing soft matter, because less interaction of the electron beam
with the organic material also reduces contrast. The soft nanoparticles proved surprisingly
resilient against electron beam damage, and we recorded a total of 46 images in 3° incre-
ments (while observing noticeable degradation of the supporting carbon film in some
cases). Figure 4.2a shows one particle measured with cryo-ET, and Figure 4.2b the calcu-
lated 3D reconstruction using the maximum entropy iterative method (see Methods and the
Supporting Information). The isosurface model shows a compartmentalized corona struc-
ture, where single rays support the assumption of “sea urchin-like” morphology (Figure
4.2c). At first sight, the arrangement of the cylindrical IPECs seems chaotic, but from side
view we see an onset of a hexagonal order (Figure 4.2d). Also the top view of the middle
slice supports single IPEC rays protruding from the spherical core (Figure 4.2¢,f). The
overall shape of the otherwise spherical micellar IPEC appears slightly flattened, reminis-
cent of a bulgy cylinder, which is an effect of sample preparation. The soft particles are
deformed by the limited thickness of the solvent film that is close to the diameter of the
particle (<Dy>,qpp =~ 280 nm). Nevertheless, the reconstruction unambiguously proves the
cylindrical brush morphology of IPEC1. The cylindrical IPEC brushes on a sphere occupy
a considerable volume within the confined space of the corona. The hydrophilic PEO
chains phase separate and intercalate between the charge-neutral, hydrophobic IPEC do-
mains. The large quantity of polymer chains and the hydrolytic pressure within the water-
soluble PEO phase force the corona chains into a stretched conformation.” At the same
time, the PEO brush provides steric stabilization for the IPEC, which then adapts the cy-
lindrical brush morphology instead of the usually observed collapsed homogeneous shell.”
The PEO chains not only occupy the space between individual IPEC domains but also
form an additional corona surrounding and stabilizing the entire micellar IPECs.
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C Isosurface model

Figure 4.2. Cryo-ET reconstruction of IPEC1 (BVqQMAA ;79/LL4EQO,7). a) Cryo-TEM image
of the reconstructed micelles. b) Overview of reconstruction. The colored frames indicate entire
reconstruction (white), top slice (red) and middle slice (blue). ¢) Isosurface of entire reconstructed
micelle. d) Side and tilt view of top slice (red). e) Top view of middle slice (blue). f) Isosurface of
micelle cropped to hemisphere. Scale bars in reconstruction images correspond to 50 nm.

Self-Assembly of IPEC2. For the formation of IPEC2 we chose a diblock copolymer,
Dqs2EO114, where the cationic chain is twice as long as for LL4EQO270, while the PEO
block has less than half the length (Figure 4.3). According to eq 4.1, we reach charge neu-
tralization by grafting 14.3 chains of Dqs,EQO;14 to each BVqQMAA 179 chain (&-potential =
-5 mV). With Ny = 650, about 9 300 chains of Dqg:EO,14 are required for quantitative
complexation. From the alternating bright and dark regions found in cryo-TEM (Fig-
ure 4.3), one might assume a similar cylindrical brush morphology to that described above,
however with slight differences in appearance. Most notably, the elongated rays of IPEC2
are thicker, more pronounced, and fewer in number as compared to IPEC1. We again as-
sume that PEO chains are located between the IPEC domains as well as expand to the
outside of the whole micellar IPEC. However, the zoom-in of Figure 4.3b,c depicts one
IPEC2 particle where continuous stripes are present across the entire core. The pronounced
stripes clearly differ from the rays of IPECI. Blurring of only some corona segments
points toward an anisotropic morphology and random orientation of particles toward the
observation direction (Figure S4.2), further corroborating the assumption of anisotropy.
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Figure 4.3. Cryo-TEM of IPEC2 (BVqQMAA 17¢/Dqs:EO114). a) Cryo-TEM overview of IPEC2
with striped structural features. b,e) Zoom-in of selected micelles with high (b) and low (c) IPEC
brush density.

Cryo-ET Characterization of IPEC2. In the following, we will first elaborate on the
larger particle (Figure 4.3b d =300 nm) and classify its morphology, and then proceed to
discuss peculiarities regarding the smaller (Figure 4.3¢ d <200 nm) particles. Figure 4.4
summarizes the cryo-ET of IPEC2, featuring a high IPEC brush density (see also Support-
ing Movies SM4.3 and SM4.4). Surprisingly, we learn from the 3D reconstruction (Fig-
ure 4.4b-f) that the corona is a rather complex construct of lamellae. The reconstructed
topographic isosurface of the entire particle suggests that the IPEC lamellae are oriented
perpendicular to the curved particle core with an overall appearance of a “turbine” (Fig-
ure 4.4c). Moving along the stack of lamellae (from particle center to poles), the lamellae
first run parallel and become progressively more bent when approaching the particle poles
(Figure 4.4d). The cross-section in Figure 4.4e and the reconstructed isosurface in Figure
4f show regions of equal electron density (in Figure 4.4e displayed as yellow = medium
and red = high). Both the IPEC lamellae and the bumpy im-IPEC shell on the particle core
have similar contrast, which can be expected since both phases consist of similar polyelec-
trolytes. Since reconstruction visualizes differences in electron densities and the PB core
has a contrast close to that of the background, the isosurface model of Figure 4.4f exclu-
sively shows the IPECs with a seemingly hollow core. The flattening of the poles is again
an effect of the finite thickness of the solvent film that compresses and deforms the parti-
cle. The existence of poles might also be an indication for defects that must occur when
two immiscible phases (IPEC and PEO) arrange on a spherical substrate (particle core).
The lamellae may thus curve to obey defect rules,” which could be the explanation why
for some particles the lamellar features are well-visible, while they overlap and blur on the
others (even within the same particle; see also Figure S4.2).
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0 cwotreco ? C Isosurface model of entire particle

g

Figure 4.4. Cryo-ET reconstruction of IPEC2 (BVqMAA 17¢/Dqs;EO114). a) Cryo-TEM image
of the reconstructed micelles. b) Overview of reconstruction. The colored frames indicate entire
reconstruction (green), top slice (red), and middle slice (blue). ¢) Isosurface of entire reconstructed
micelle. d) Side and tilt view of top slice (red). e) Top view of middle slice (blue). f) Isosurface of
micelle cropped to hemisphere. Scale bars correspond to 50 nm.

Figure 4.5a,b show the cryo-TEM image and the 3D reconstruction of the smaller IPEC2
particles that originate from lower aggregation number. Cryo-ET reveals that on the small-
er particle core with high curvature and lower surface area (as compared to larger particles)
the lamellae are bent so that they fuse into one continuous spiral from top to bottom of this
particle (Figure 4.5¢,d and Supporting Movie SM4.5). Figure 4.5¢ shows the reconstruc-
tion as solid isosurface with the core erased for clarity as to visualize the remaining IPEC2
spiral. The red ribbon is a guide to the eye, which is also displayed as separate item in Fig-
ure 4.5d. This morphology is surprising given the rigid properties ascribed to polyionic
complexes’' and the seemingly stiff morphologies we discussed so far. We hypothesize that
the helical arrangement of the IPEC is actually the favored structure, which we are not able
to distinguish for the larger particles due to particle deformation within the solvent film.
The smaller particles are located entirely in the vitrified film, allowing visualization of the
undisturbed helical conformation of the IPEC2 particles (see also Figure S4.3 for image
series at varying angles).
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Figure 4.5. Characterization of the IPEC2 spiral morphology. a) Cryo-TEM showing a spheri-
cal core and IPEC lamellae bent toward the core. b) Reconstruction of the particle in (a). ¢) Core-
subtracted isosurface of reconstruction (blue) with a red spiral as guide to the eye. d) The red spiral
of (c) progressing from top to bottom.

Thermodynamic Stability of IPEC2. To establish whether IPEC2 is the thermodynami-
cally favored morphology or is kinetically trapped by the fast complexation with
Dqs2EOq14 (possibly relaxation of IPEC lamellae to cylinders), we followed the develop-
ment of phase separation into lamellae by studying different Z,,. values and, thus, grafting
density (Figure S4.4). At Z,.. = 0.25 (low grafting density), the corona is barely visible as a
shadow in cryo-TEM. With increasing DqsEO;14 content (Z.,. = 0.5), the phase separation
of the newly formed hydrophobic IPEC2 from the PEO/water phase becomes more evident
in form of a dark (higher electron density) striped halo surrounding the micellar core. At
Z..=1, the IPEC nanophase is fully developed and can be distinguished from the
PEO/water phase. Following the complexation with DLS, the hydrodynamic radius de-
creases from <Ry>,app = 172 nm for the (Z. = 0) precursor micelles with a fully stretched
PMAA corona to <Rp>;app = 99 nm for the contracted, densely grafted IPEC after quantita-
tive complexation with Dqg:EO114 (Z+. = 1). In order to verify whether the proposed IPEC
lamellae are the energetically favored structure, we increased the ionic strength from ap-
proximately 50 mM of the original buffer solution to 1000 mM by addition of NaCl
(Figure S4.5). The screening of charges leads to the complete breakup of the IPEC mor-
phology, and although the lamellar features completely vanish, the Dqg:EO114 chains are
assumed to remain entangled within the PMAA corona visible as a homogeneous, fuzzy
shell. The added salt enhances chain mobility and causes the order-disorder transition from
well-organized packed chains into a diffuse shell. Very similar structures were reported
before by Schacher et al. complexing shorter corona chains with longer cationic homopol-
ymer.”! After reducing the ionic strength by dialysis, the lamellar IPEC morphology is fully
restored, indicating that the structure is energetically favored and not kinetically trapped.
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Origin of the Structural Differences between IPEC1 and IPEC2. On the basis of the
results of cryo-TEM and cryo-ET, we summarize the structural peculiarities of IPECs 1
and 2 in Figure 4.6 and give schematic suggestions for chain complexation and packing.
Figures 4.6a-d compare both IPEC types with the help of isosurface models and schematic
drawings. The isosurface models were calculated from the 3D reconstruction using an al-
gorithmic approach (see Methods and the Supporting Information). From the isosurface
models and the schematic drawings one can derive communalities between both particle
types regarding the chain arrangement within the IPEC and the resulting nanophases (Fig-
ure 4.6e-f). Clearly, the dimensions of the IPECs are very different in both cases. The
IPEC1 cylinders are longer and thinner compared to the IPEC2 lamellae. In general, the
width of the cylinders or lamellae is too large for one single PMAA/polycation chain, but
suggests that several ionically grafted chains bundle together (Figure 4.6e). To compensate
the electrostatic repulsion among multiple PMAA chains, the polycations must protrude
into the corona bundles and interdigitate with the polyanionic chains to reach charge neu-
trality. This observation is directly related to the block length of the polycations used for
complexation reactions. For IPEC1 a shorter polycationic block is used, which is unable to
penetrate as deep into the polyanion bundle as the longer polycationic block for the for-
mation of the IPEC2 particles.

Figure 4.6. Summary of particle features. a,b) Isosurface model of the (a) “sea-urchin” micelles
and (b) “turbine” micelles. ¢,d) Corresponding schematic cross-sectional cartoons. e,f) Both parti-
cle types have the block copolymer chain arrangements (e) in common as well as the distinct order
of nanophases (f): (1) PB core, (2) im-IPEC, (3) secondary IPEC, (4) intercalated PEO brush, and
(5) outer PEO corona.
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To understand the formation of cylinders and lamellae, we determined the volume fractions
of collapsed, hydrophobic IPEC domains, ¢yprc, from the isosurface reconstructions (see
the Supporting Information for calculations). We obtain a volume fraction of ¢pec; = 0.21
for IPEC1 and ¢prca = 0.43 for IPEC2 (Figures S4.6 and S4.7), which are close to typical
values for cylinder and lamellar bulk morphologies for highly incompatible blocks. This
supports our hypothesis that the observed brush morphologies indeed originate from the
occupied volumes of IPEC and PEO domains. Irrespective of the geometry of the IPEC,
we classify five distinct nanodomains for all particles (Figure 4.6f): (1) The central hydro-
phobic PB core; (2) a patchy intramicellar IPEC shell surrounding the core; (3) the
secondary IPEC brush (cylinder or lamellae) growing perpendicular from the core; (4) a
PEO brush located between the hydrophobic IPEC domains; and (5) an outer PEO corona
surrounding the entire particle.

Conclusions

We demonstrated the phase separation of organic nanoparticle coronas through interpoly-
electrolyte complexation into anisotropic cylindrical and lamellar brush morphologies
stabilized by a newly formed PEO corona. Mismatches in chain length of the participating
polyions cause dense packing and overcrowding within the nanoparticle corona. This is
accompanied by an immense volume requirement of the water-swollen nonionic block that
provides steric stabilization for the IPEC and drives segregation into anisotropic geome-
tries. Although the studied particles appear similar in cryo-TEM imaging, cryo-ET and
computer-aided 3D particle reconstruction allowed to identify cylindrical and lamellar
IPEC morphologies, depending on the length of the polycation block of bis-hydrophilic
diblock copolymer used for the complexation. The volume fraction of the hydrophobic
IPEC over solvent-swollen PEO corona thereby governs the resulting morphology. Strik-
ingly, both IPEC structures are oriented perpendicular to the surface of the particle core.
With the aid of cryo-ET we identify a spiral-on-sphere morphology where the IPEC lamel-
lae fuse into a continuous spiral on the spherical core. The smaller particles are vitrified
with an undisturbed corona morphology, indicating that the helical arrangement is the fa-
vored arrangement of the lamellar IPEC brush. The ability to dissect complex
nanostructures into single structural components is necessary advancement for future char-
acterization of complex soft matter.
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Methods
Materials

N,N’-Dicyclohexylcarbodiimide (DCC, 99%, Fluka), 4-dimethylaminopyridine (DMAP,
99%, Acros), 1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTETA, 97 % Aldrich),
copper(I)chloride (CuCl, 99,9 % Acros) and pH 10 buffer solution (Titrinorm, VWR Inter-
national) were used as received. Prior to use, 2-(dimethylamino)ethyl methacrylate
(DMAEMA, 98%, Aldrich) was passed through a neutral silica column to remove stabi-
lizer. Dioxane, dichloromethane and acetone were of analytical grade and used as received.
a-Methoxy-w-amino-PEG (PEG-NH2, Mn = 12,000 g/mol, PDI = 1.03) was purchased
from NOF Corporation (Tokyo, Japan), and monomethoxy-PEG (PEG-OH, Mn = 5,000
g/mol, PDI =1.02) was purchased from Aldrich. Concentrated hydrochloric acid (37%)
was used as received. Quaternization reactions were performed with either methyl iodide
(99 %, Merck) in case of PEO-b-PDMAEMA or dimethyl sulfate (Me2SO4, >99%, Al-
drich) for BVT and were used without further purification. Milli-Q water purified with a
Millipore filtering system was used in all cases. For dialysis, membranes of regenerated
cellulose (Spectrum Laboratories, Spectra/Por MWCO = 3.5 kDa and 12-14 kDa) were
used.

Synthesis of Bg30V1s0T1350 Triblock Terpolymer and Conversion to Bg3oVqis0MAA3s0.
The BVT triblock terpolymer was synthesized via sequential living anionic polymerization
as reported elsewhere.’® The polymer was characterized by a combination of MALDI-ToF-
MS (molecular weight of PB), "H-NMR (for the composition of Bg3gVig0T1350) and size
exclusion chromatography for the PDI (1.08). The conversion of BVT to BVqQMAA micel-
lar solutions was reported in a previous publication.*

Synthesis of PEO;14 Macroinitiator. The PEO;4-Br macroinitiator was synthesized via
Steglich esterification. To a 100 mL three-neck round-bottom flask equipped with a mag-
netic stirrer, 5.0 g (1.00 mmol) monomethoxy-poly(ethylene glycol) (M,=5 000,
PDI = 1.02), a catalytic amount of DMAP (24.4 mg, 0.02 mmol) and 1.03 g (5 mmol) DCC
were added, and all reactants were dissolved in 30 mL of dry DCM. The mixture was
stirred at RT until complete dissolution of PEO. This solution was put in an ice bath and
0.47 g (3.00 mmol) 2-bromoisobutyric acid dissolved in 5 mL dichloromethane was added
dropwise under a nitrogen atmosphere. The reaction solution was stirred at room tempera-
ture for 18 h, and produced salt was filtered. DCM was removed with a rotary evaporator.
The white residue was dissolved in 40 mL ethanol by heating (50 °C). The clear yellowish
solution then was rapidly cooled down with liquid nitrogen, and recrystallized PEO,;4-Br
centrifuged in order to remove the soluble compounds by decantation while the product
remained precipitated. This procedure was repeated several times until the solution became
clear and colorless. Finally the product was dissolved in dioxane and freeze dried over-
night. In this manner 4.10 g of white macroinitiator could be obtained corresponding to a
yield of 95 %.
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Synthesis of PEO14-)-PDMAEMAg, Diblock Copolymer. The PEO-b-PDMAEMA di-
block copolymer was synthesized by ATRP in acetone. The PEO macroinitiator with M,, =
5000 g/mol (3.00 g, 1.5 mmol), CuCl (149 mg, 1.5 mmol), DMAEMA (17.686 g,
113 mmol), and 40 ml of acetone were added to a 100 ml screw cap glass equipped with a
magnetic stir bar. In another 10 ml screw cap glass the ligand (HMTETA, 0.81 g, 3 mmol)
was dissolved in 2 ml of acetone (plus 5 mL acetone as excess for degassing). Both solu-
tions were purged with nitrogen separately for about 20 min to remove traces of oxygen.
The ligand then was transferred to the 100 ml screw cap glass with a nitrogen-flushed sy-
ringe, and the solution was immersed in a thermostated oil bath at 50 °C. The reaction was
continued under stirring for two hours and quenched by cooling to room temperature and
exposure to air. In order to remove the catalyst, the solution was diluted with THF and
passed through a neutral silica column. The eluent was concentrated using a rotary evapo-
rator. The highly viscous PEO-b-PDMAEMA was dissolved in a small amount of THF and
precipitated in cold n-hexane (-30 °C) followed by freeze-drying from water. From SEC
measurements a PDI of 1.17 was obtained, using PEO standards for calibration and from
"H-NMR measurement a composition of PEO4-b-PDMAEMAg, was determined.

Quaternization of PDMAEMA. The quaternization of the PEO-b-PDMAEMA block co-
polymer was performed with methyl iodide in aqueous solution. In a typical experiment,
100 mg of the PEO-b-PDMAEMA diblock copolymer was dissolved in 10 mL of deion-
ized water. Then, 10 equiv of methyl iodide (compared to DMAEMA units) was added to
the solution while stirring. After 2 days, the polymer solution was dialyzed against diox-
ane/water (50:50 v/v) and then THF to remove excess methyl iodide and finally back to
Milli-Q water. The resulting PEO-b-PDMAEMA(q (Dqs,EO114) was recovered as a powder
by freeze-drying.

Synthesis of PEQ,79-b-PLL4y Diblock Copolymer. The synthesis of the PEO-b-PLL di-
block copolymer was described in detail in a previous publication.” In short, the N-
carboxy anhydride of the trifluoroacetyl protected [ -lysine was first dissolved in dry DMF
under an argon atmosphere. Afterward, a-methoxy-m-amino PEG dissolved in DMF was
added to the protected _-lysine, and the mixture was stirred at 25°C for 72 h until the
polymerization was completed. After dialysis against methanol and freeze-drying from
dioxane, the PLL block was deprotected under basic conditions (NaOH containing MeOH)
by stirring for 10 h at 35 °C. Purification was performed by dialysis against pH 4 aqueous
solution with subsequent freeze-drying. A PDI of 1.05 of the protected diblock copolymer
was measured with SEC using DMF as eluent. From '"H-NMR measurement a composition
of PEO,79-b-PLL4y was determined.

Preparation of IPEC1 Solutions. For complexation reactions of IPECI1, the precursor
micelles were first transferred to a PBS buffer solution (pH 7.4 with additional 140 mM
NaCl). After addition of a certain amount of a 10 g/L stock solution of LL4EO;79 in PBS,
the mixture was stirred for at least 7 days. Additionally cross-linking with N-(3-
dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride was performed according to a
recipe described elsewhere.*

110



Cryo-ET of Compartmentalized Micelles

Preparation of IPEC2 Solutions. Dgs;EO;14 was first dissolved in buffer pH 10 to give a
5 g/L solution. Afterward, a defined amount of the Dqs,EO114 solution was added to 2 mL
of a 0.56 g/L solution of BV@QMAA precursor micelles in pH 10 buffer solution while stir-
ring to reach full complexation and a Z,,.-value of 1. The IPEC-solution was stirred for a
week at room temperature before analysis.

Characterization

"H-NMR. Spectra were recorded on a Bruker Ultrashield 300 spectrometer with a 300
MHz operating frequency using either deuterated chloroform or deuterated water as sol-
vents.

Size Exclusion Chromatography (SEC). Size exclusion chromatography measurements
were performed on a set of 30 cm SDV-gel columns of 5 mm particle size having a pore
size of 10°, 10%, 10°, and 10* A with refractive index and UV (1 = 254 nm) detection. SEC
was measured at an elution rate of 1 mL/min with THF as eluent. For LL4EQO;79 a Tosoh
instrument (Yamaguchi, Japan) calibrated with PEG standards and equipped with three
TSK columns (TSK guard column HHR-L; TSKgel G4000HHR; TSKgel G3000HHR) and
a refractive index detector (RI) at 40 °C was used. DMF with 10 mM LiCl was used as
eluent at a flow rate of 0.8 mL/min.

Dynamic Light Scattering (DLS). Measurements were performed on an ALV DLS/SLS-
SP 5022F compact goniometer system with an ALV 5000/E cross correlator and a He—Ne
laser (4 = 632.8 nm). The measurements were carried out in cylindrical scattering cells
(d =10 mm) at an angle of 90°. Prior to the measurements samples were passed through
nylon filters (Magna, Roth) with a pore size of 5 um to remove impurities/dust particles.
The CONTIN algorithm was applied to analyze the obtained correlation functions. Appar-
ent hydrodynamic radii (<Ry>;, app) Were calculated according to the Stokes—Einstein
equation, and polydispersities were obtained via the cumulant analysis where applicable.

C-Potential Measurements. Measurements were performed with disposable capillary cells
(DTS1061) on Malvern Zetasizer, using approximately 800 uL of the aqueous micellar
solutions. The (-potential was calculated from electrophoretic mobility applying the
Smoluchowski equation.

Cryogenic Transmission Electron Microscopy (cryo-TEM). Cryo-TEM measurements
were performed at the University of Bayreuth as well as at the Aalto University. For cryo-
TEM studies in Bayreuth, 3 puL of the aqueous micellar solution (¢ = 0.5 g/L) was placed
on a lacey carbon-coated copper TEM grid (200 mesh, Science Services), where most of
the liquid was blotted with filter paper, leaving a thin film spread between the fibers of the
carbon network. The specimens were shock vitrified by rapid immersion into liquid ethane
in a temperature-controlled freezing unit (Zeiss Cryobox, Zeiss NTS GmbH) and cooled to
approximately 90 K. The temperature was monitored and kept constant in the chamber dur-
ing all of the preparation steps. After freezing the specimens they were inserted into a cryo-
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transfer holder (CT3500, Gatan) and transferred to a Zeiss EM922 Omega EFTEM instru-
ment. Measurements were carried out at temperatures around -183°C. The microscope was
operated at an acceleration voltage of 200 kV. Zero-loss filtered images (4E = 0 eV) were
taken under reduced dose conditions. All images were recorded digitally by a bottom
mounted CCD camera system (Ultrascan 1000, Gatan), and processed with a digital imag-
ing processing system (Gatan Digital Micrograph 3.9 for GMS 1.4). For cryo-TEM
measurements at Aalto University, imaging was carried out using JEM 3200FSC field
emission microscope (Jeol) operated at 300 kV in bright field mode with an Omega-type
Zero-loss energy filter. The images were acquired with an Ultrascan 4000 CCD camera
(Gatan) and with Gatan Digital Micrograph software (version 1.83.842), while the speci-
men temperature was maintained at -187 °C. Vitrified samples were prepared using a FEI
Vitribot placing 3 puL sample solution on 200 mesh holey carbon copper grids under 100%
humidity, then blotted with filter paper 0.5-1.5 s, and immediately plunged to -170 °C
ethane/propane mixture and cryotransfered to the microscope.

Cryogenic Transmission Electron Tomography (cryo-ET). Cryo-ET measurements
were performed at the Aalto University with the same transmission electron microscope
that was used for cryo-TEM imaging. Electron tomographic tilt series were acquired with
the SerialEM software package (version 3.2.2). Samples were tilted between £69° angles
with 2—-3° increment steps. For a detailed description of the alignment and reconstruction
procedure see the Supporting Information.
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Supporting Information
fo

Hidden Structural Features of Compartmentalized Nanoparti-
cles Revealed by Cryogenic Transmission Electron Tomography

by Tina I. Lobling, Johannes Haataja, Christopher V. Synatschke, Felix H. Schacher,

Melanie Miiller, Andreas Hanisch, André H. Groschel*, and Axel H. E. Miiller*
Supporting Movies:

SM4.1: Cryo-ET tilt series of IPEC1. The movie shows a holey carbon grid with vitrified
film containing several IPEC1 particles. The grid is rotating around an axis with 45° angle.

SM4.2: Isosurface model of IPECI. This clip shows the reconstructed isosurface of one
selected IPEC1 particle. The particle rotates around the z-axis while being cropped.

SM4.3: Cryo-ET tilt series of IPEC2. The movie shows a holey carbon grid with vitrified
film containing several IPEC2 particles. The grid is rotating around an axis with 45° angle.

SM4.4: Isosurface model of IPEC2. This clip shows the reconstructed isosurface of one
selected IPEC2 particle. The particle rotates around the z-axis while being cropped.

SM4.5: 3D reconstruction of IPEC2 showing spiral-on-sphere structure. SM5 shows the
reconstructed volume of one selected IPEC2 particle with spiral morphology. The particle
first rotates 180° around the z-axis and then 180° around the x-axis.

Cryo-Electron Tomography

Alignment and Reconstruction. For image alignment purposes, the TEM grids were dipped
in gold nanoparticle solution before sample deposition (6 = 3—10 nm, stabilized by 11-
mercapto-1-undecanol ligand).! Prealignment of tilt image series was done with IMOD?
and the fine alignment and cropping with custom-made Silicon Graphics JPEGANIM-
software package.” The images were binned twice to reduce noise and computation time.
Maximum entropy method (MEM) reconstruction scheme was carried out with custom-
made script on Mac or Linux cluster with regularization parameter value of = 1.0E>.

Electron Tomography: Mathematical Considerations. Tomography is a method for recon-
structing 3D objects from a set of its 2D projections. In transmission electron tomography
(ET) and in cryo-ET the series of projection images is recorded with TEM at various an-
gles between +¢max. The typical value for ¢nax is 70° due to the obstruction of electron
beam by the support mesh of the grid. Because of this boundary condition, ET is classified
as limited-angle tomography and the reconstructed volume has an anisotropic resolution
due to the limited data acquisition. The discretized forward model of ET can be described
analogously to the forward model of light microscopy tomography by the linear operator
A¢i: - RKM
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y=A4Asf

, where f € RV is the piecewise continuous density volume of the structure of interest (N
voxels, i.e. volumetric pixels) and y = [y, ..., yx] € RX¥M is the set of piecewise continu-
ous density images (each M pixels). The Ay = [ATl, ...,A;K] is a set of products of three
linear operators, which are the projection matrix, 3D convolution matrix, and rotation-
translation matrix, along each respective projection angle [¢;, ..., dx].* The 3D convolu-
tion matrix describes the optical imperfections (spherical and chromatic aberration) of the
electron microscope and the rotation-translation matrix accounts the movement of the
sample during the image acquisition process. For this work maximum entropy method
(MEM) was selected for reconstructing features in a low-amplitude background.” In MEM
entropy of the volume E(f) = — YN, filog f;/fo, where fy > 0is a given constant, is
used as regularizing term in the Tikhonov functional

2
ly = A4 £1" + 6 E(H)
, i.e., the regularization term is minimized by maximizing the entropy of the volume.

Visualization of 3D Reconstruction. Volumetric graphics and analyses were performed with
the UCSF Chimera package.® The isosurface models of the particles were prepared by us-
ing Trainable Weka Segmentation’ plug-in for the FIJI open-source software package® and
then consequently low-pass filtered with Chimera’s Gaussian filter with 5.0 voxel radius.

118



Cryo-ET of Compartmentalized Micelles

Polymer Specifics

Table S4.1. Characteristics of the used polybutadiene-block-poly(2-vinylpyridine)-block-poly(tert-
butyl methacrylate) (BVT) and polybutadiene-block-poly(1-methyl-2-vinylpyridinium)-block-
poly(methacrylic acid) (BVqQMAA) triblock terpolymer.

Polymer” M, [kg/mol] | PDI? | <Ry>,qp, [nm]? [ﬁfﬁre Nage?
Bg3oVisoT 1350 256" 1.08 - - -
B830Vq180MAA1350 1830 - 172 22.945.1 650

“ Degrees of polymerization are denoted as subscripts. ” Calculated from a combination of MALDI-ToF-M$
(for the PB block) and 'H NMR data. ¢ Calculated from degrees of polymerization without taking the coun-
terions of PVq into account. 9 Determined from SEC measurements with THF as eluent and linear
polystyrene as calibration standard. ¢ Hydrodynamic radius determined from DLS.” PB core diameters de-
termined from cryo-TEM images. ¢ The number of chains, Nage, Was calculated from R according to
equation S4.1.

Aggregation number, V,g:

m 47N PR’

N —_ core __ core
agg — chain ~ chain
m 3IM
PB PB (S4.1)
Meore: Mass of the micellar core; m&L*™: mass of an individual PB chain; N,: Avogadro

constant; ppp: density of polybutadiene; R,,,: radius of the core; MSE": molecular

weight of an individual PB chain
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R [nm]

happ

Figure S4.1. a) Cryo-TEM image of BVqQMAA precursor micelles in pH10 buffer solution at a
concentration of 0.56 g/L. b) Intensity weighted DLS CONTIN plot of the micelles
(<Ry>7app = 172 nm; DI=0.12) and (c) schematic illustration of the BVqQMAA micelles.
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Figure S4.2: Cryo-TEM images of IPEC2 micelles in various directions at 0° tilt angle: a) The
lamellae of the particle is perpendicular to the observation plane, so that the IPEC has a “ray-like”
appearance. b,¢) The lamellae of the particle is not perfect perpendicular leading to blurring. d) The
lamellae of this particle are parallel to the observation plane and the IPEC appears as a homogene-
ous shell around the spherical PB core. The scale bars correspond to 200 nm. e) Overview image of
IPEC2 micelles showing different orientations. The scale bar corresponds to 500 nm.
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Figure S4.3. Supporting characterization of IPEC2 spiral. a) Semi-transparent reconstruction of
the entire particle showing a spherical core and lamellae with varying angle towards the core cen-
ter. b) Top view of reconstruction shows the lamella going around the spherical core, indicated by a
purple line. ¢) Core-substracted isosurface of the particle illustrating the spiral’s origin and its path
(the red spiral is a guide to the eye). d) Isosurface of the reconstruction viewed from on top views
and rotated to side and bottom (rotation around x-axis in 45° steps from £180°).
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Rh,app [nm]

Figure S4.4. Morphological Evolution of IPEC2 wit Increasing Z-Value. a-c) Cryo-TEM series
of IPEC2 morphology evolution with increasing grafting density from Z.,. = 0.25 (a), Z.,. = 0.5 (b)
to Z... =1 (c). The scale bars are 100 nm. d) DLS CONTIN plots of the BV@QMAA precursor mi-
celles in buffer pH 10 solution (<Ry>,ap = 172.0 nm; DI=0.12), IPEC2 at Z,=0.25
(SRy>zapp = 147.2 nm; DI=0.09), Z,,=0.5 (<Ry>,pp = 126.6 nm; DI=0.05) and Z.=1
(<Ry>2app = 98.7 nm; DI=0.07).
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— = — pH 10 buffer
* 1000 mM salt
N 4 — pH 10 buffer (dialyzed back)

fFigure S4.5. Thermodynamic Stability of Lamellar Brushes. a-c) Cryo-TEM images of IPEC2
with Z,=1 in (a) pH10 buffer solution (b) at 1000 mM salt concentration (NaCl) and (c) after dia-
lyzing back into buffer pH 10 solution; scale bars represents 500 nm. d) Corresponding DLS
CONTIN nplots of the IPECs in buffer pH 10 (<Ry>,app = 98.7 nm; DI=0.07), 1000 mM salt
(SRy>zapp = 130.1 nm; DI=0.10) and after dialyzing back to buffer pH 10 solution
(SRy>2app = 102.6 nm; DI=0.09).
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Calculation of volume fractions of IPEC and PEO,aq (¢ipec and ¢pro,aq)

IPEC1:

Due to the missing wedge-effect, we estimated the volume fractions from a section of the
micellar segment for a more accurate estimate (shown in Figure S4.6). First, the micellar
core (7qore) Was erased and the volume of the resulting IPEC isosurface Viprc was measured
with UCSF Chimera volume tools. Then the volume of PEO Vpgo was approximated by

subtracting the Vipgc and V. =0257R’__h from the volume of bounding cylinder
Vioua =0257R?, -

bound.”” *

VPEO = ‘/bound. - VIPE - ‘/core
, which resulted in a PEO volume fraction of
oo = _ Vewo =0.793=80%.
VPEO + VIPEC

Figure S4.6. Volume segment. Isosurface of one forth of the IPEC1 particle excluding the particle
core (PB+im-IPEC) to calculate the volume fraction of the IPEC, @peci, and the solubilized PEO
corona.
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IPEC2:
Using the same procedure as for IPEC1, we obtain a PEO volume fraction for IPEC2.

Yoo =0.573=57%.

Do =

VPEO + IPEC

Figure S4.7. Volume segment. Isosurface of one fourth of the IPEC2 particle excluding the parti-
cle core (PB+im-IPEC) to calculate the volume fraction of the IPEC ¢pgc; and the solubilized PEO
corona.
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Abstract

Block copolymers self-assemble into a variety of nanostructures that are relevant for sci-
ence and technology. While the assembly of diblock copolymers is largely understood,
predicting the solution assembly of triblock terpolymers remains challenging due to com-
plex interplay of block/block and block/solvent interactions. Here, we provide guidelines
for the self-assembly of linear ABC triblock terpolymers into a large variety of multicom-
partment nanostructures with C corona and A/B cores. The ratio of block lengths NC/NA
thereby controls micelle geometry to spheres, cylinders, bilayer sheets and vesicles. The
insoluble blocks then microphase separate to core A and surface patch B, where NB con-
trols the patch morphology to spherical, cylindrical, bicontinuous and lamellar. The
independent control over both parameters allows constructing combinatorial libraries of
unprecedented solution nanostructures, including spheres-on-cylinders/sheets/vesicles, cyl-
inders-on-sheets/vesicles, and sheets/vesicles with bicontinuous or lamellar membrane
morphology (patchy polymersomes). The derived parameters provide a logical toolbox
towards complex self-assemblies for soft matter nanotechnologies.
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Introduction

Upon pursuing increasingly functional materials, one approach aims at bridging the gap
between simplistic self-assemblies and the sophisticated level of structural control that is
characteristic for biological systems. Therein, multiphase synthetic building blocks that
involve a rich interplay of interactions have demonstrate progressively complex self-
assembly behaviour' . In that regard, block copolymers find widespread application in
materials science due to their ability to form nanostructures with progressively complex
composition, shape and function® . The solution self-assembly of AB diblock copolymers
is comparably straightforward, because solvent selectivity divides the blocks into micellar
core and corona. Structural diversity is thereby controlled by block lengths and limited to
the geometry that ranges from spheres to cylinders to bilayer sheets and vesicles (poly-

10712 For the next degree of complexity, i.e., multiphase particles13’14 or

mersomes)
hierarchical assemblies, three or more polymer blocks are required so that at least two
blocks phase separate inside the micellar core. Established synthetic techniques provide the
necessary building blocks through sequential block extension to linear ABC triblock ter-
polymers (and beyond). And although some intricate multicompartment nanostructures

. . . . 15-1
have been experimentally verified in solution®”'®

, the multitude of independent interac-
tion parameters between polymer blocks and solvent still complicates rational structuring
of terpolymers in solution. As a result, multiphase nanostructures are often perceived as
exotic or surprising. So far, only few approaches offer precise control over block position-
ing in solution self-assembly of ABC triblock terpolymers, creating well-defined core-
segmented cylinder micelles and spherical “patchy” micelles, therein'® . Nanostructured
bilayer sheets and vesicles have been observed only in isolated cases.”® > Controlling the
polymorphism of both micelle geometry and patch morphology still remains a generic

challenge.

Here, we provide guidelines for the self-assembly of linear ABC triblock terpolymers
that allow the separate tuning of micelle geometry and patch morphology. The separate
control enables us to construct a library of solution nanostructures, where classical micelle
polymorphs such as spheres, cylinders, bilayer sheets and vesicles, are further subclassified
by their patchy morphology. We identify 13 out of the 16 possible micelle/patch combina-
tions, which are rationalized by a scaling theory that predicts structural transitions and
stability regions for each respective combination.

Results

Self-assembly system. As model system we chose polystyrene-block-polybutadiene-block-
poly(tert-butyl methacrylate) (PS-b-PB-b-PT or SBT) in acetone/isopropanol mixtures
(Fig. 5.1a). Specifics for all polymers are summarized in Supplementary Table 5.1. Block
solubilities and measurements to determine a swelling factor, ¢, to correct the PS volume
in dependence of the acetone content are summarized in Supplementary Figs. 5.1-5.4 and

Supplementary Tables 5.2-5.3. In an analogy to lipids and diblock copolymers®*~', we ex-
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pect the amphiphilic balance, i.e., the volume ratio of corona over core (related to the block
PT), to direct self-assembly into spherical micelles, cylinders, and bilayer sheets and vesi-
cles (Fig. 5.1b). Concurrent microphase separation of the insoluble and immiscible core
blocks, PS and PB, then lead to an inner PS core and a PB surface pattern (Fig. 5.1¢).***’
The separate control over micelle geometry and patch morphology allows constructing
combinatorial libraries of multicompartment solution nanostructures, e.g. spheres-on-
cylinders or cylinders-on-sheets, and so on. To target these and other combinations, we
synthesized a series of SBT triblock terpolymers with systematically varied block lengths
abbreviated as Ns, Ng and Nt (e.g. Ss40B173T137).

morphology micelle
geometry

spherical cylindrical bicontinuous lamellar

Figure 5.1. Parameters controlling micelle geometry and patch morphology. a, Chemical
structure of the polystyrene-block-polybutadiene-block-poly(tert-butyl methacrylate) triblock ter-
polymer (SBT). b, Suggested structural control: the length of the soluble PT corona (green chain)
controls the micelle geometry to spheres, cylinders, bilayer sheets and vesicles; the block lengths of
the insoluble and immiscible blocks, PS (grey) and PB (black), determine the patch morphology to
spherical, cylindrical, bicontinuous and lamellar.

Self-assembly procedure. In our particular system, i.e. PS-b6-PB-b-PT in ace-
tone/isopropanol mixtures, PT is always soluble, PB insoluble, and the collapse of PS is
controlled by the solvent composition. We employ a two-step self-assembly process to di-
rect each block into the desired location within the solution nanostructure.”' Starting in
N,N-dimethylacetamide (DMAc), the PB middle block selectively collapses to form the
core of precursor micelles with a corona composed of PT and PS blocks. Dialysis against
acetone/isopropanol mixtures as non-solvent for both PB and PS induces aggregation of
the precursor micelles to form spherical multicompartment micelles with a PS core, spheri-
cal PB patches stabilized by a PT corona (see Supplementary Fig. 5.5 for assembly path).
'H-NMR during dialysis (see Supplementary Fig. 5.6 for kinetic plot) proves that after
90 min the entire starting solvent, DMAc, had been replaced with the final solvent mixture.
During solvent exchange and in the final solvent mixture, all polymer blocks remain in a
soft and dynamic state, which reduces the probability of kinetic trapping and facilitates
structural rearrangement (7, pg < -20°C, acetone plasticises PS). As will be discussed be-
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low, depending on the length of the stabilizing corona, the spherical multicompartment
micelles undergo a morphological evolution towards higher order superstructures over
time. This slow structural rearrangement occurs on the order of days and is attributed to
slow rearrangement of the PS domains. All samples were allowed to equilibrate until no
further structural evolution could be detected anymore in TEM (days to weeks depending
on the sample). We will first discuss the control over micelle geometry and patch mor-
phology and characterize the structural features of each identified nanostructure
individually, before we go into more detail about the self-assembly kinetics later.

Controlling micelle geometry. We first address the effect of corona length, Nt, on micelle
geometry (Fig. 5.2). Previously, we used scaling arguments to define stability criteria for
the special case of spherical micelles with spherical patches®'. Here, we extend this theory
to rationalize the polymorphism of patchy micelles, i.e., to account for morphological tran-
sition from spheres-on-spheres to spheres-on-cylinders and further to spheres-on-bilayer
sheets/vesicles (Supplementary Fig. 5.7). Polymorphism could be expected given the deli-
cate balance between the gain in the conformational entropy of the core-forming PS blocks
and the penalty in curvature-dependent part of repulsive interactions in the solvated coro-
nal PT domains. These transitions would occur when the radius of the corona becomes
smaller than the core radius (Hcorona < Rps), 1.€., the micelles have the crew-cut shape. By
acquainting the free energies per chain for different morphologies, we find the binodal
(transition) lines as

(NT /(qN§/3))(Sp.Hcyl.,cyl.Hlam.) - (Vs /53)(3/”/501%“%2)1/3(% /53)—1/3, 5.0)
where numerical coefficients are omitted, Ns g 1 are the degrees of polymerization, and ng
the volumes of the monomer units of the respective blocks; nr~ I is the excluded volume
parameter under good solvent conditions, / the length of the monomer unit (the Kuhn seg-
ment), and kzTgps;o. 1S the surface tension at the PS/solvent interface. The correction
factor, g, accounts for selective swelling of the PS domain (Supplementary Figures 5.2-5.4
and Supplementary Note 5.1). A more detailed and generalized theory is given in Supple-
mentary Note 5.2 and Supplementary Figures 5.7-5.8. Unlike in the bulk where the volume
fractions of the blocks and incompatibility parameters control the morphology, in solution
self-assembly the solvent is the dominating factor. Thus, the length ratio of the blocks,
their selectivity towards the solvent and the degrees of swelling become more relevant.’’
Hence, a decrease in the length of the soluble PT blocks (or increase of PS) should lead to
successive transitions from spheres-on-spheres to cylinders and further to bilayers, all with
PS core. For the micelle geometry, the PB block only enters through the correction term,

Ny =N, —AN; , equal to the number of monomer units in a segment of the PT block pro-

truding from the PB domain up to the inter-patch distance, D. As we will see later, this
correction term becomes relevant when Nsng = Ngng.
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We experimentally approach this theory by successively decreasing the parameter
Nt/(gNs*?), here from 1.69 to 0.15, while maintaining constant block lengths of Ns and N,
which should give spherical PB patches for Ngng >> Ngng. For Ni/(gNs**) = 1.69, we ob-
serve spherical micelles in transmission electron microscopy (TEM) with spherical PB
patches on top of the PS core (Fig. 5.2a). The PB phase (dark) was selectively stained with
OsOy4 to enhance contrast. This sphere-on-sphere configuration or “patchy spherical mi-
celle” has been observed before whenever a voluminous corona was present to stabilize the
spherical shape of the solvophobic core."”'** Applying our generalized parameter,
N¢/NA*? (Supplementary Note 5.2), to these literature examples, both literature and our

23> 1. For instance,

own values suggest a stability region for spheres-on-spheres of N¢/Na
a No/Nao™" of 1.9 and 6.4 led to the formation of spherical multicompartment micelles in
case of polystyrene-b-polybutadiene-b-poly(2-vinyl pyridine)** and polybutadiene-b-
poly(2-vinyl pyridine)-b-poly(tert-butyl methacrylate).”® Also in a previous publication,
we examined a large set of terpolymers without observing structural evolution to patchy

cylinder micelles, which we now can explain given their No/Nx*? of 4-10.%'

Here, by reducing Ni/(gNs>?) <1 (e.g. 0.48), we indeed observe the transition to spheres-
on-cylinders as suggested by our theory (Fig. 5.2b). The supramolecular nature of the as-
semblies and the plasticized core phases (acetone for PS, and Tg,ps < -20 °C) facilitate
structural rearrangement into this structure. The employed two-step assembly procedure
further aids in prearranging the polymer chains, reduces the conformational freedom of the
participating blocks and promotes reaching equilibrium conditions.”' Interestingly, the self-
assembly proceeds in a hierarchical manner, where first spherical multicompartment mi-
celles form that progressively merge into several micrometre-long patchy cylinder micelles
at N1/(gNs>?) = 0.48 covered with a dense arrangement of small spherical PB patches.
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reconstruction reconstruction

Figure 5.2. Micelle polymorphs with spherical patches. Samples were prepared from ace-
tone/isopropanol 60:40 (v/v) unless otherwise noted. a, Spheres-on-spheres of Sij9sB237T¢sa.
Schematic of block arrangement shows PS core (grey), PB patches (black) and PT corona (green);
this domain sequence applies to all nanostructures and the PT corona always emanates from the
dark PB domains. Scale bars are 200 nm and 50 nm in the inset. b, Spheres-on-cylinders of
Ss40B173T137; close-up shows the small PB patches. Scale bars are 1 pm and 100 nm in the inset ¢,
Spheres-on-sheets of Ss4B;73T137 in acetone/isopropanol (85:15 v/v), close-up recorded at 54° tilt
angle and tomographic reconstruction showing PB patches in green. Scale bars are 500 nm and 200
nm in the inset d, Spheres-on-vesicles of Ss40B173Tss; close-up recorded at 50° tilt angle and tomo-
graphic reconstruction showing PB patches in green. Scale bars are 200 nm and 50 nm in the inset.

Reducing Nr/(gNs*?) further below 0.3, spheres-on-sheets become thermodynamically
stable with a PS core of constant thickness and spherical PB patches decorating both sides
of the sheets/discs (Fig. 5.2c). The characteristic arrangement of the patches indicates hex-
agonal packing, but the close proximity of the nano-sized patches and the overlapping
features make visualization challenging in conventional TEM projection. We therefore use
transmission electron tomography to resolve the patch morphology (Supplementary Fig.
5.9 and Supplementary Movie 5.1). The 3D reconstruction gives an electron density map
of high-contrast PB domains (OsOy staining, green in inset of Fig. 5.2¢) that indeed shows
onset of hexagonal packing of the PB patches and confirms the bilayer structure. The tem-
plate-free assembly of amorphous polymer into 2D sheets is rather unusual, because sheets
(discs) are not the expected thermodynamic equilibrium morphology and mostly observed
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for low-entropy motifs above the superstrong segregation limit (e.g. liquid-, semi-
crystalline, and perfluorinated blocks).>>® One other successful approach to form stable
2D polymer disks utilizes the co-assembly of cylinder- and vesicle-forming diblock copol-
ymers (e.g. AB+AC). There the two immiscible blocks B/C form the phase-separated core,
where the cylinder-forming diblock stabilizes the high energy edges of the planar phase.*
In our case, the PB surface pattern seems to stabilize the sheet edges against roll-up. On
closer inspection of the reconstruction, we can identify a ring of single layer PB patches at
the sheet edge (Supplementary Fig. 5.9), whereas on the planar part is formed by a double
layer of PB patches. The TEM images also support this assumption, because the contrast
clearly is lower at the edges reminiscent of a ring surrounding the disc.

At smallest values of Ni/(gNs**)=0.15, we find vesicles (polymersomes) with a com-
partmentalized shell, i.e. spherical PB patches are located on both sides of the vesicle
membrane (Fig. 5.2d). These patchy vesicles adopt a homogeneous round shape with size
distribution typical for block copolymer vesicles. The isotropic spherical PB patches do not
influence the vesicle shape. As we will show later on vesicles with other patch morpholo-
gies, this is not always the case. Nanostructured vesicles are likewise very intriguing,
because a generic concept to control the membrane morphology through self-assembly
would impact their application as nanoreactors, drug delivery vehicles and artificial cell
prototypes.** As we will show in the following, our approach also allows tuning the mi-
crophase of the core or membrane forming blocks.

Controlling the patch morphology. We next explored the possibility to maintain constant
micelle geometry, while tuning the patch morphology, i.e. from spherical to cylindrical,
bicontinuous and lamellar PB patches, by increasing Ny relative to the corona length, Nt
(Fig. 5.3). Equation (5.1) applies and spheres-on-cylinders are thermodynamically stable as
long as Rpg < D < Hcorona- For shorter soluble PT blocks and/or longer insoluble PB blocks,
the size of patches becomes comparable to — or larger than — the extension of the corona
(Supplementary Fig. 5.8). In this regime one can expect shape transformation of the PB
domains. This transition is driven by the gain in the conformational entropy of the PB
blocks, which is balanced by an increase in the overlap and repulsions between the PT
blocks protruding from the surface of the PB domains. The exact numerical factors, which
quantify the difference in the conformational entropy of the PB blocks confined in spheri-
cal or cylindrical segmental domains are, however, not available. If Nsns >> Ngng, the
transition from spherical PB patches to PB cylinders and further to a PB lamella (layered
PS/PB) occurs on the surface of planar (or vesicular) PS domains. The length of the PS-
block has virtually no influence on the position of the transition (¢),

(N I NG =g YTyt 16 50

where Vs accounts for surface tensions on both PB/solvent and PS/PB interfaces. How-

ever, at Ngvs =Ny and for sufficiently short PT block, the PB patches may merge into a
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cylindrical patch, whereas the PS core still retains a cylindrical shape and hence, a peculiar
double-cylindrical patch on a cylindrical core can become thermodynamically stable.
Moreover, for nearly symmetrical insoluble blocks one could expect interference of mor-
phological transitions in the PS and PB domains (triggered, e.g. by variation in the solvent
strength for the soluble PT block).

On cylindrical micelles the patch morphology indeed changes as a function of Ng (Fig.
5.3). While all cylindrical micelles exhibit comparable diameter (D = 50-70 nm) as sug-
gested by Nr/(gNs*?), varying Ni/Ng?* from 4.41 to 1.15, systematically alters the PB
patch morphology (overview images in Supplementary Fig. 5.10). For Nt/Ng** = 4.41, we
first find small spherical PB patches with diameter dpg = 12.6 nm (Fig. 5.3a) that evolve
into larger spherical PB patches with dpg = 24.2 nm for Nt/Ng>* = 2.33 (Fig. 5.3b). Those
pack in a dense hexagonal pattern and begin to arrange on a helical trajectory induced by
the surface confinement of the cylindrical PS core®. Under proper solvent conditions (ace-
tone/isopropanol 80:20 v/v) the large spheres fuse into a continuous PB double helix and
both patch morphologies coexist on the same cylinder micelle (Supplementary Fig. 5.11).
As the increasing PB patches (relative to PS) require exceedingly large interfacial area, the
spherical domains move closer together, overlap and fuse into the double helix winding
around the PS cylinder core (Fig. 5.3c). Due to the relatively slow self-assembly kinetics of
the micellar building blocks, structural rearrangement (fusion and fission) proceeds over a
period of several days until the double helix is well developed. Supplementary Fig. 5.12
shows the time-dependent formation of cylindrical micelles decorated with the PB double
helical patch. While after one and three days still precursor or multicompartment micelles
are observed, the structure is fully developed after one week of aging. Such long time-
scales for self-assembly are not entirely surprising as demonstrated before by Liu ef al. on
visually remarkable similar double helix micelles (assembly of 90 days). There, core-shell-
corona cylinder micelles intertwine to form the final double helix. These double helices are
thus merely visually similar, but with entirely different arrangement of the polymer
blocks.. Likewise, Wooley, Pochan et al. found polymeric helices in aqueous solution
where an organic molecular linker electrostatically drives cylindrical core-shell-corona
micelles to curl either into a single-stranded helix or a double helix of two core-shell cylin-
ders (solvent in the centre). At Nt/Ng>* = 1.53, cylindrical core-shell-corona micelles were
expected, but instead the PB double helix persists with increased diameter of
dps = 22.8 nm (Fig. 5.3d). Even at Nt/Ns*” = 1.15 the PB double helix rather continues to
grow (dpg = 26.7 nm) than transforming into the core-shell morphology (Fig. 5.3¢). The
delicate interactions of unfavourable interfaces, PS/PB, PS/solvent and PB/solvent most
likely suppressed the transition. The slightly repulsive PS/solvent interface (PS swollen)
would be replaced on the expense of creating unfavourable PS/PB interface ()psps = 0.06)
and energetically much less favoured PB/solvent interface (xpp/solvent = 1.6-2.9). The transi-
tion can thus be realized by decreasing the incompatibility between PB and the solvent, as
demonstrated here by exchanging acetone with n-hexane (good solvent for PB). In n-
hexane/isopropanol 50:50 (v/v), PS still remains collapsed in form of cylindrical micelles,
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but PB now swells with n-hexane inducing the transition to cylindrical core-shell-corona
micelles (Fig. 5.3f). These multicompartment nanostructures are merely bound by supra-
molecular forces and changes in solvent polarity allow transitions between morphologies,
e.g. reversible switching from double helical to core-shell cylinders (Supplementary Fig.
5.13).
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Figure 5.3. Cylinder micelles with controlled patch morphology. a, Small PB spheres of
Ss40B173T137 in acetone/isopropanol (60:40 v/v) and b, large PB spheres of Ss10Bs3;oT;s4 in ace-
tone/isopropanol (85:15 v/v). c-e, Ss19Bs39T 154 form thin, S;07B355Ts; medium and S;3¢7Bs30T7s thick
PB double helices all in acetone/isopropanol (60:40 v/v). f, Core-shell-corona for S;0;Bs30T75 in n-
hexane/isopropanol (50:50 v/v). Scale bars are 100 nm.

Sheets and vesicles with membrane morphology. We also investigated the phase behav-
iour of patch morphologies on bilayer sheets and vesicle membrane (Fig. 5.4). As
discussed in Fig. 5.2, by shortening Nr cylindrical micelles become unstable and sheets
with a PS core are more favourable. By simultaneously increasing N, the patch morpholo-
gy likewise transforms from spherical to cylindrical and further to bicontinuous and core-
shell (lamellar) morphology.

140



Complex Multicompartment Nanostructures

Figs. 5.4a-c illustrate the morphological transition from spheres-on-cylinders to cylinders-
on-sheets and vesicles when we reduce the corona length Ni/(gNs*?) from
0.38>0.28->0.18 and N1/Ng>* 4.41>2.33. On PS cores with reduced curvature (sheets),
the spherical PB patches adapt to the decreasing overall surface area and merge together
into cylindrical PB patches (Fig. 5.4b, Supplementary Movie 5.2). Tomographic recon-
struction clarifies the strictly parallel and equidistant spacing of cylindrical PB patches
(displayed in cyan) that locate on top and bottom of the PS sheet (also Supplementary Fig.
5.14). These cylinders-on-sheets grow larger as compare to the sphere-on-sheets in Figure
1, most likely facilitated by the surface pattern that works against the roll-up. These parti-
cles have numerous spheres-on-cylinder arms attached to their edges reminiscent of “jelly-
fish” intermediates. A larger selection of these particles is summarized in Supplementary
Fig. 5.15. In a mechanism that is remarkably similar to what is observed for the solution

self-assembly of diblock copolymers®>*®

, cylinder-on-sheets also grow to a critical size
until the edge energy becomes unfavourable and sheets roll up to vesicles. Here, the teth-
ered cylinder micelle arms continue to merge into the sheet fuelling membrane growth
(Supplementary Fig. 5.16). Fusion and fission of the soft phases accompanied by equilibra-
tion and chain rearrangements facilitate vesicle closure. The cylindrical PB patches on top
and bottom of the sheet is thereby transferred to the in- and outside of the vesicle mem-

brane.

So far, only two works utilized the versatility of block terpolymers to implement morphol-
ogies into the vesicle membrane through phase separation of solvophobic blocks. Vesicles
with a membrane morphology have been shown earlier by Russell et al. through rehydra-
tion of bulk films.*®. Also the special architecture of miktoarm star terpolymers allows to
form compartmentalized vesicles, where the packing frustration of the two solvophobic
blocks created laterally structured membranes®’. However, the decoration of a vesicle
membrane with spherical and cylindrical patches is reserved for linearly sequenced poly-
mers. The resulting cylinders-on-vesicles are noticeably elongated and adopt a prolate
ellipsoidal “lemon” shape with low-curvature in longitudinal direction but pronounced in-
crease in curvature at the tips (Fig. 5.4c). We interpret the elliptic shape as balance
between curvature of the PS membrane and minimization of interfacial energies of the ani-
sotropic PB patches. In AFM, the collapsed vesicles display twice the height of the
precursor sheet (Supplementary Fig. 5.17), while not entirely deflated parts of the vesicle
are considerable higher, confirming the hollow interior. In vesicular samples, we identify
unassembled patchy precursor micelles (spheres and cylinders), all with the same height
(h = 50nm) as the sheets and the vesicle membrane. This similarity in height further cor-
roborates structural evolution from spherical micelles to cylinder micelles, sheet and
finally vesicles. Cryo-TEM imaging of the cylinders-on-vesicles also proves that the “lem-
on” shape as well as the striped patch morphology are both present in solution and are not
an effect of deposition (Supplementary Fig. 5.18 and Movie 5.3).

We chose this peculiar solution nanostructure as model to follow the formation of the
final lemon-shaped vesicles, as morphological evolution progresses through all other ge-
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ometries. The slow self-assembly kinetics not only allows us to distinguish single stages of
the self-assembly process, but also to identify various intermediate structures before reach-
ing a long-term stable nanostructure (assumed from TEM measurements after two years of
ageing). As already mentioned, the solvent exchange during dialysis is completed after
90 min, while the structural evolution proceeds over the course of weeks in case of striped
lemon-shaped vesicles (Supplementary Fig. 5.19). During the dialysis, first precursor mi-
celles with a PB core and a PS/PT corona are dominant that successively assemble to form
patchy spherical micelles (Supplementary Fig. 5.19a,b). After solvent exchange is com-
pleted, the patchy spherical micelles fuse into patchy cylinders, and progressively
transform into striped sheets with patchy cylindrical arms after 24 h of ageing (Supplemen-
tary Fig. 5.19c-e). After three weeks, a majority of the sheets has rolled up to lemon-
shaped vesicles (Supplementary Fig. 5.19f). The self-assembly from patchy spherical mi-
celles towards striped lemon-shaped vesicles intriguingly demonstrates that fusion and
fission processes of soft micellar particles are an integral part of structural evolution. The
observed massive structural rearrangements obviously require chain mobility provided by
the plasticizing solvent conditions.
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Figure 5.4. Polymer sheets and vesicles with defined patch morphology. Samples were pre-
pared from acetone/isopropanol mixtures unless otherwise noted. a, Schematic of spheres-on-
cylinders that transform to cylinders-on-bilayer sheets/vesicles. b, TEM image of cylinder-on-sheet
of Ss10Bs39T 154 (75:25 v/v), and tomographic reconstruction of PB patches on top and bottom of the
PS sheet (PB cyan, PS omitted). ¢, TEM and tomographic reconstruction of a “lemon”-shaped ves-
icle of Ss10Bs39T 54 with PB cylinders on in- and outside of the PS membrane after aging (85:15
v/v). d, Schematic of sheet and vesicles with bicontinuous membrane. e, TEM and tomographic
reconstruction of PB network within the PS sheet of S3¢7Bs30T7s (60:40 v/v) (PB cyan, PS omitted).
f, Fully evolved vesicle with bicontinuous membrane of S;0;Bs30T6; upon ageing (60:40 v/v). g,
Schematic of the core-shell sheets and (lamellar) vesicle. h, TEM image of a core-shell sheet of
S300B756 56 (n-hexane/isopropanol 50:50 v/v) and i, core-shell (lamellar) vesicle of S3p0B7s¢Ts6 in
(n-hexane/isopropanol 35:65 v/v). Scale bars are 200 nm in TEM images and 25 nm in the recon-
structions.

We also studied the transition of cylinder micelles with double-helix patches into sheets
(N1/(gNs>?) from 0.41 to 0.38 and N1/Ng>* from 1.53 to 1.15). Here, the PB double helices
change into a bicontinuous network of PB, which progresses through the PS domain from
top to bottom as visualized in cyan in the reconstruction (Fig. 5.4d-e, PS omitted for clari-
ty, Supplementary Movie 5.4). This PS/PB domain arrangement is unexpected given the
large unfavourable interface. Then again, interfacial energies are not trivial for the entire
system and morphologies under 2D quasi-confinement of the membrane may deviate from
the expected case*’. The bicontinuous sheets are nevertheless long-term stable with dou-
ble-helical arms protruding from the sheet (Supplementary Fig. 5.20). The tethered double
helices are constrained in motion and we observe self-wrapping to minimize interface with
the solvent (intermediate stage between cylinder and sheet). The slowed self-assembly ki-
netics further allow visualization of the transition from sheets to vesicles with bicontinuous
membrane progressing through “jelly-fish” intermediates with double helical tentacles
(Fig. 5.4f, Supplementary Fig. 5.20, and Supplementary Movie 5.5).

Core-shell-corona sheets and vesicles complete the morphological spectrum (Fig. 5.4g-1).
As discussed for core-shell cylinders, the chosen block sequence and thus sequence of sol-
ubilities of PS-PB-PT only allows stable core-shell-corona morphologies under solvent
conditions that promote spreading of PB on the PS core ()asoivent<)XBSolvent<XCSolvent). FOT
our system, exchange of acetone with n-hexane swells the PB domain and induces the
change to a continuous PB shell completely engulfing the PS sheet or vesicle membrane.

48,49
849 and

Core-shell micelles, cylinders and vesicles have been observed before in water
organic solvents™. Interestingly in both cases the sequence of polymer blocks also fol-
lowed XA Solvent<XB.Solvent<XC.Solvent, thus promoting the block arrangement into the core-

shell-corona structure.

Experimental phase diagram. To rationalize the observed solution behaviour, we com-
piled an experimental phase diagram where each data point corresponds to one SBT
triblock terpolymer in a specific acetone/isopropanol mixture (Fig. 5.5). The experimental
values are in good agreement with the superimposed phase boundaries as predicted by our
theory. Vertical lines represent predicted stability regions for each geometry, i.e., transi-
tions from spherical to cylinder micelles and further to bilayer sheets and vesicles. These
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are governed by the parameter Ni/(gNs>?), whereas phase boundaries are separated by a
factor (N1/(gNs>?)) P "Y/(Np/(gNs?))¥-<~1m) = 1 28 (Supplementary Note 5.2 and
Supplementary Figures 5.7-5.8). Superposition of SBT terpolymers from different solvent
mixtures requires a correction factor that accounts for selective solvent swelling of the pol-
ymer domains. Arrows connect identical polymers in different solvents. As stated in the
beginning, we chose our system because only PS is affected by the solvent composition.
The hydrodynamic radius of PT is unaffected in the employed range of compositions (as
verified in DLS measurements on PT multiarm star polymers in acetone/isopropanol mix-
tures) and the unusually high Xpp/solvent = 1.6-2.9. (Supplementary Table 5.2) suggests
completely collapsed PB blocks in all mixtures, though interfacial tensions for the PB-
domains are affected by the solvent composition. The solvent dependence thus enters as
correction factor, ¢, only for PS (Supplementary Fig. 5.2-5.4). The parameter Nt/Ng** on
the other hand controls the resulting patch morphology to spherical, cylindrical and bicon-
tinuous, as represented by the vertical dashed lines. Core-shell morphologies are omitted
from this diagram, as they are only stable under special solvent conditions. Supplementary
Table 5.4 contains all characteristics of the polymers found in the phase diagram and gives
an overview over Ni/(gNs”") as well as Ni/Ng*” values and the resulting micellar geometry

and patch morphology.
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Figure 5.5. Experimental phase diagram in dependence of relative block lengths. (®) Spheri-
cal micelles with spherical patches. (X) Cylinder micelles with spherical and double-helical patch
morphology. (®) Mixtures of cylinder micelles and bilayers (structural transition). (O) Bilayer
sheets and vesicles with patchy, striped and bicontinuous membrane morphology. (A) Large ter-
polymer particles with inverse core morphology. All data points were corrected by swelling factor
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g (Supplementary Fig. 5.1-5.4), where arrows (<) indicate same terpolymers, yet in solvents with
increasing acetone content.

Fig. 5.6 finally summarizes the entire experimental library of multicompartment nanostruc-
tures, where classical micellar geometries are divided into subclasses according to the
patch morphology (Supplementary Fig. 5.21 shows a complete schematic library). Charac-
teristics of the polymers in Fig. 5.6 can be found in Supplementary Table 5.4 and are
highlighted in green. Our combinatorial library allows deducing several trends towards a
better understanding of the nanostructure formation of linear ABC triblock terpolymers.
While curved spherical cores only support the spherical patch morphology, less curved
cylinder micelles stabilize spherical as well as cylindrical patches, the latter in form of
double helices with a synthetically controllable pitch size. For (quasi-)planar bilayer sheets
and vesicles we find close resemblance of the patch morphology to the bulk case, i.e. the
spherical, cylindrical and bicontinuous. Core-shell-corona morphologies are stable on all
micellar geometries, but only under specific solvent conditions.
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Figure 5.6. Experimental combinatorial table sub-classifying micelle geometry by patch mor-
phologies. Sphere-on-spheres, spheres-on-cylinders, spheres-on-bilayer sheets and vesicles;
cylinders-on-cylinders (double-helix patch), cylinders-on-bilayer sheets and vesicles; sheets and
vesicles with bicontinuous membrane morphology; core-shell micelles, core-shell cylinders, lamel-
lar sheets and vesicles. Solvent composition for each sample are given in Supplementary Table 5.4.
Scale bars are 200 nm.

In summary, we have demonstrated how to construct a library of solution nanostructures
from a single type of ABC triblock terpolymer, where classical micellar geometries are
divided into subclasses according to their patch morphology. It is an interesting and sur-
prising observation that the patch morphologies follow exactly the same trend as the bulk
morphologies of AB diblock copolymers: from spheres to cylinders to bicontinuous (gy-
roid) to lamellar microphases, even though the AB-blocks are confined to the nanoscale
core of the micelle. Given proper block design, these solution nanostructures may find ap-
plication ranging from templates for nano-optics and -electronics (e.g. double helices) to
advanced gating and intelligent delivery systems with controlled pharmacokinetic release
profiles (e.g. vesicles with bicontinuous/porous membrane). In a broader context, master-
ing the self-assembly of linear ABC triblock terpolymers will provide understanding
towards multiblock copolymers (ABCD, ABCDE, ...) with prospect to harvest the poten-
tial of their exponentially increasing number of conceivable self-assemblies’.

Methods

Polymer synthesis. A detailed description for the purification of chemicals and monomers
involved in synthesis of PS-PB-PT triblock terpolymers is described elsewhere **. All SBT
triblock terpolymers were synthesized via living anionic polymerization in THF at low
temperatures in presence of alkoxides. In brief, sec-butyllithium (sec-BuLi) followed by
styrene was added to THF at -70 °C and allowed to react for 10 min. After 1,3-butadiene
was added, the reaction mixture was heated to -10 °C and stirred for 6.5 h. At -50 °C a 6-
fold molar excess (compared to sec-Buli) of diphenylethylene (DPE) was added and
stirred for 1h. Then, fert-butyl methacrylate monomer was added at -70 °C and the reaction
was heated to -50 °C for 2 h. After complete monomer consumption, 2 mL of degassed
methanol was added to the polymer solution to terminate the living chain ends. Character-
istics of all synthesized polymers can be found in Supplementary Table 5.1.

Dialysis procedure. For dialysis, membranes of regenerated cellulose (Spectrum Labora-
tories, Spectra/Por MWCO = 12-14 kDa) were used. After washing with Milliq water the
membranes were washed with excess dioxane (Aldrich, analytical grade). N,N-
dimethylacetamide (DMAc, Aldrich) was p.a. grade and used as received. All other sol-
vents for dialysis experiments were of technical grade and used as received. PS-PB-PT was
dispersed in DMACc to give a concentration of 0.1 g/L.. After annealing at 70 °C over night,
dialysis against a certain solvent-mixture was performed for 24 h although complete sol-
vent exchange is reached after 90 min. Prior to analysis, the nanostructures were aged
several days to allow full development of nanostructures.
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Polymer characterization. 'H-NMR Spectra were recorded on a Bruker Ultrashield 300
machine with a 300 MHz operating frequency using deuterated chloroform as solvent. Size
exclusion chromatography (SEC) measurements were performed on a set of 30 cm SDV-
gel columns of 5 mm particle size having a pore size of 10°, 10*, 10%, and 10* A with re-
fractive index and UV (A = 254 nm) detection. SEC was measured at an elution rate of 1
mL/min with THF as eluent and polystyrene as calibration.

Transmission electron microscopy (TEM) was performed either on a Zeiss CEM 902 or
a Fei Tecnai 12 electron microscope operated at 80 kV and 120kV respectively. The sam-
ples were prepared by placing one drop of the polymer solution onto carbon coated copper
grids. Excess solvent was instantly absorbed by a filter paper. For selective staining of PB,
the TEM specimens were exposed to OsO4 vapour for 3 h.

Cryogenic transmission electron microscopy (cryo-TEM) imaging was carried out using
a JEM 3200FSC field emission microscope (Jeol) operated at 300 kV in bright field mode
with an Omega-type zero-loss energy filter. The images were acquired with an Ultrascan
4000 CCD camera (Gatan) and with Gatan Digital Micrograph software (version
1.83.842), while the specimen temperature was main- tained at -187 °C. Vitrified samples
were prepared using a FEI Vitribot placing 3 puL of sample solution on 200-mesh holey
carbon copper grids under 100% humidity, then blotted with filter paper for 0.5-1.5 s, and
immediately plunged into a -170 °C ethane/propane mixture and cryotransfered to the mi-
croscope.

Electron tomography (ET) was performed using the Fei Tecnai 12 electron microscope
recording a series of projection images at various tilt angles between +f,.x with typical val-
ues of £60° in 2° increments.

Cryogenic electron tomography (Cryo-ET) was performed with the same transmission
electron microscope that was used for cryo-TEM imaging. Electron tomographic tilt series
were acquired with the SerialEM software package (version 3.2.2). Samples were tilted
between (69° angles with 3° increment steps.

Alignment and reconstruction. The TEM grids were dipped in gold nanoparticle solution
before sample deposition (d = 3—10 nm, stabilized by 11-mercapto-1-undecanol ligand) to

ensure proper alignment of captured images with IMOD >***

. The fine alignment and
cropping was conducted with custom-made Silicon Graphics JPEGANIM-software pack-
age >°. The images were binned twice to reduce noise and computation time and maximum
entropy method (MEM) reconstruction scheme was carried out with custom-made program

on Mac or Linux cluster with regularization parameter value of / = 1.0E™ .

Visualization of 3D reconstruction. Volumetric graphics and analyses were performed
with the UCSF Chimera package *° and volume segmentation was carried out using traina-
ble weka segmentation .
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Data Availability

The authors declare that the data supporting the findings of this study are available within
the article and its Supplementary Information Files.
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Supplementary Figure 5.1. Polymer-solvent interaction parameter, ), in dependence of ace-
tone/isopropanol content. As the polymer-solvent interaction parameter Xpp-soivent 18 >1.5 we
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assume PB to be in a constant non-swollen state independent of the solvent composition. In case of
PS, xps-solvent decreases from 2.6 below 1 at high acetone contents, suggesting a plasticising effect of

acetone on the PS block, although it remains above 6-conditions () > 0.5). A summary of interac-

tion parameters for our system can be found in Supplementary Table 5.1.
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Supplementary Figure 5.3. Swelling of PS in dependence of the acetone-isopropanol content.
a, Hydrodynamic radius, Ry, of a S3¢T4s6 diblock copolymer as determined by DLS at 90° angle in
varying acetone/isopropanol mixtures and b, of a poly(fert-butyl methacrylate) star homopolymer.
While the R, of PT is not affected by the acetone content, swelling of the PS core continuously
increases the overall R, of PS-PT block copolymer micelles.
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Supplementary Figure 5.4. Volume swelling factor, ¢, of PS in dependence of the ace-
tone/isopropanol content. The volume swelling factor, ¢, was calculated from Supplementary Eq.
(5.1) and (5.2) (see Supplementary Note 5.1 and Supplementary Table 5.3) and shows a significant
swelling of the PS block with increasing acetone content leading to larger apparent PS volumes.
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Supplementary Figure 5.5. Proposed self-assembly mechanism for PS-PB-PT triblock terpol-
ymers to compartmentalized micelles. Polymer chains of PS-PB-PT are dispersed in a selective
solvent for both outer blocks (N,N-dimethylacetamide; DMAc) to form micelles with a PB core and
a PS/PT corona. The segmented PS and PT corona has valence-like directional interactions for con-
trolled self-assembly into the final multicompartment nanostructure. This self-assembly step is
triggered by solvent exchange to e.g. acetone/isopropanol which collapses the PS corona inducing
aggregation of the preformed building blocks. Unlike for the self-assembly of the diblock copoly-
mers that follows rules akin to lipids, variations in solubility of the terpolymer blocks will induce
sequential collapse in selective solvents. The structural evolution of PS-PB-PT during dialysis from
DMACc to the final solvent thus proceeds through soft amphiphilic Janus nanoparticles as the PS
block starts to collapse and phase-separate from the soluble PT corona.
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Supplementary Figure 5.6. '"H-NMR study of the time dependent solvent composition. The

solvent exchange is completed after 90 min of dialysis from »,N-dimethylacetamide to ace-
tone/isopropanol 60:40 v/v.
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Supplementary Figure 5.7. Schematic presentation of crew-cut micelles with spherical B-
patches and arbitrary geometry of the A-core, Rg << H yrona << R4. With decreasing H orons/R4 a
transition from spherical to cylindrical micelle geometry occurs and further to lamellar or vesicular
structures. For detailed description please see Supplementary Note 2.

Supplementary Figure 5.8. Schematic presentation of crew-cut patchy micelles with spherical
or cylindrical B-patches decorating the central A-core, Hgrona << Rp << R4. With increasing
Rp/H orona @ transition from spherical to cylindrical B-patches occurs and further to the core-shell
structure. For a detailed description please see Supplementary Note 2.
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Supplementary Figure 5.9. Tomography and 3D reconstruction of patchy sheets and vesicles.
a, and d, show TEM overview images of sheets with spherical patches of Ss4B173T1371n 85:15 v/v
and patchy vesicles of Ss4B173Tssin 60:40 v/v acetone/isopropanol. b, and e, show a patchy sheet
and vesicle subjected to electron tomography. Scale bars are 500 nm in the overview and 200 nm in
the insets respectively. ¢, and f, Reconstruction confirming bilayer thickness for sheets and hollow
interior for the vesicles. For TEM tomography, samples are prepared on carbon coated copper grids
that have been pre-cast with gold particles with a diameter of d =10 nm. The gold particles are
fixed markers and later help to align the series of recorded TEM images of the same area taken
between + 60° in 2° increments. 3D reconstruction yields a density map, where brighter colours
correspond to higher electron contrast, i.e., the OsOy stained PB phase is displayed in bright green.
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Supplementary Figure 5.10. TEM overviews of patch morphologies on cylinder micelles. a,
Sperical patches of Ss4B173T1371n acetone/isopropanol 60:40 v/v, b, thin double helical patches of
Ss510Bs39T 154 in acetone/isopropanol 60:40 v/v, ¢, medium double helical patches of S;¢7B3s5Ts; in
acetone/isopropanol 60:40 v/v and d, core-shell cylinders of S3p7Bs3;0T7s in n-hexane/isopropanol
50:50 v/v. Scale bars are 500 nm.
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Supplementary Figure 5.11. Simultaneous appearance of PB spheres and helices on cylindrical
micelles. Ss510Bs39T 54 in acetone/isopropanol 80:20 v/v forms PS cylinders with a mixture of PB
spheres and helices. This solvent mixture demonstrates the crucial influence of solvent composition
on the resulting nanostructure. The close up shows the transitions from large spheres to a double-
helical arrangement of PB which is also shown in the schematics. Scale bars are 200 nm.
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Supplementary Figure 5.12. Time-dependent morphological evolution of S3);B3ssTs; in ace-
tone/isopropanol 60:40 v/v. The slowed self-assembly process of amphiphilic colloids compared
to single polymer chains is demonstrated through time-dependent TEM measurements of one sam-
ple. a, Directly after dialysis few cylindrical micelles are visible mixed with smaller building
blocks. b, The cylindrical micelles are more pronounced after 3 days of ageing although still small-
er fragments are visible throughout the sample. ¢, After 5 days of ageing no small fragments are
visible and the final structure does not noticeably change after 7 days. Scale bars are 500 nm.
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Supplementary Figure 5.13. Reversible dewetting/wetting of PB phase. a, The PB phase in
S307Bs30T7s can be reversibly switched from a double helical arrangement to b, a homogeneous
shell by changing from acetone/isopropanol 60:40 v/v to isohexane-isopropanol 60:40 v/v. Scale
bars are 500 nm in the overview and 100 nm in insets.
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Supplementary Figure 5.14. Tomographic 3D reconstruction of striped sheet of Ss;9Bs39T1s4. a,
TEM image of a striped sheet particle subjected to transmission electron tomography. b, Top-view
of the entire sheet and ¢, slice from the middle section. d, Side view of 3D reconstruction of the
striped sheet morphology. The hexagonal packing of the cylinders is visible through the offset of
the cylinders on top and bottom side of the sheet in the side view. The scale bars are 200 nm.
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Supplementary Figure 5.15. Overview images of different striped sheets and vesicles. a, TEM
overview of striped sheets of Ss10Bs39T 54 in acetone/isopropanol 75:25 v/v. b, SEM overview im-
age of SsioBs3oT1s4 in acetone/isopropanol 75:25 v/v. ¢, Ss10Bs39T154 in acetone/isopropanol 85:15
v/v gives predominately striped vesicles after aging for several months. d, The vesicles of sample
in (c) show characteristic folding pattern upon deflation. Scale bars are 1000 nm.
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Supplementary Figure 5.16. Morphological transition from patchy cylinder to striped vesicles
of Ss10Bs39T1s4. a, TEM image of a cylinder-on-sheet particle with “tentacles” of cylinders carrying
thick PB patches. The schematic shows the fusion of cylinders into a sheet through side to side
addition of cylinders. b, A zoom-in shows a cylinder with PB patches attaching to a sheet already
carrying PB cylinders. After attaching to the sheet, the PB patches fuse into PB cylinders as
demonstrated by the schematics. ¢, When sheets grow large enough the unfavorable line energy of
the edges force sheets to fold and roll up to vesicles. The TEM image shows the intermediate state
also referred to as “jelly-fish” morphology. d, TEM image of a deflated vesicle. A slice from the
middle section of the 3D reconstruction shows cylinders are on top, bottom and in the middle of the
deflated vesicle. The scale bars are 200 nm (a, ¢, d) and 100 nm (b and e).
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Supplementary Figure 5.17. AFM height profile measurements of Ss;0Bs3Tis4 in ace-
tone/isopropanol 85:15 v/v. Although the decrease of the corona block length yields striped sheets
and later vesicles at high fraction, we still find residues of the lower dimensional particles that have
not evolved as of yet. Since we first assemble polymer chains to nanoparticles that in turn form the
final structure, one should keep in mind that the drastically reduced diffusion rate slows down self-
assembly kinetics. We thus often find a mixture of micelles at different stages of self-assembly at
specific time frames that continuously develop into the final structure over time. a, The height pro-
files of sphere, cylinders, sheets and vesicles. b, Spherical micelles carrying PB spheres with height
of heypp=53.4 nm. ¢, Cylindrical micelles with spherical PB patches and height of 4.,=57.5 nm and
diameter comparable to spherical micelles of (a). d, The sheets have continuous height of
hs=48.4 nm across the entire plane. The striped morphology of PB surface patches is faintly visi-
ble. e, The vesicle also carries PB cylinders noticeable at the rim. Vesicles deflate during drying
and vesicle walls of bilayer thickness collapse on top of each other. In height measurements, we
thus detect almost twice the height of the sheet. Also not entirely deflated areas show considerably
increased height supporting the hollow interior. The scale bars denote 500 nm.
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Supplementary Figure 5.18. Cryo-TEM image of a striped vesicle of Ss;0Bs3T;s54 in ace-
tone/isopropanol 85:15 v/v. The cryo-TEM image shows a holey carbon film with a sheet and
lemon-shaped vesicle with striped patch morphology embedded in vitrified (amorphous) ace-
tone/isopropanol mixture. The scale bar is 500 nm.
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I precursor micelles (PB core) [l patchy cylinder M vesicle
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Supplementary Figure 5.19. Time-dependent morphological evolution of Ss19Bs39T1s4 in ace-
tone/isopropanol 85:15 v/v. The slowed self-assembly process of amphiphilic colloids compared
to single polymer chains is demonstrated through time dependent TEM measurements. During di-
alysis, first some ill-defined structures are formed a, before after 60min of dialysis spherical
multicompartment micelles are observed b,. After 120 min, besides spherical micelles, also the
onset of cylinder and sheet formation is visible ¢, that develop and grow in size as can bee seen
after 10 h d,. After 24 h large fraction of sheets with cylindrical arms attached have formed e,. Fi-
nally lemon-shaped vesicles developed after three weeks of ageing f,. Scale bars are 200nm (a-d)
and 500 nm (e, ).
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(- : —

Supplementary Figure 5.20. Bilayer sheets with bicontinuous morphology and jelly-fish in-
termediates. a, S;y7Bs30T75s in acetone/isopropanol (60:40 v/v) forms sheets with bicontinuous
patch morphology. b, Sheets often contain “tentacles” that are helically wrapped after ageing for
two months. ¢, and d, “Jelly-fish” intermediates of S;0;Bs30Te;in acetone/isopropanol 60:40 v/v
before final closure to a vesicle. Scale bars are 500 nm (a, b) and 200 nm (c, d) respectively.
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Supplementary Figure 5.21. Theoretial library of classical solution geometries sub-divided
with internal morphologies. From left to right: Spheres, cylinders, sheets and vesicles with (from
top to bottom) spherical, cylindrical/helical, bicontinuous and lamellar (core-shell) patch morphol-

ogy.
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Supplementary Table 5.1: Overview and characteristics of used SBT triblock terpolymers.

Code Composition” Ny Ng¢ N+° xr! . Ni/N®  NyNg2®  PDI
S300B756Ts6 S3oBs; Tjo™ 300 756 56  0.05 0.58 1.25 0.67 1.08
S307Bs30Te3 S4B T15” 307 530 63 0.07 0.50 1.38 0.96 1.03
S307B3ssTs6 S53B3 15" 307 385 56  0.07 0.42 1.23 1.06 1.03
S307Bs30T7s S4sBaoT1s! 307 530 75 0.08 0.50 1.65 1.15 1.04
S300B756T104 S36B47 T 300 756 104 0.09 0.58 2.32 1.25 1.09
S307B3ssTs1 SsoB3 T 307 385 81 0.10 0.42 1.78 1.53 1.04
Ss40B173Tss S7B1Ti6" 540 173 88 0.1 0.15 1.33 2.83 1.03
Ss10Bs30T1s4 S51BasTy '™ 510 539 154 0.13 0.37 2.41 2.33 1.07
Ss40B173T137 SesB11 T2 540 173 137 0.16 0.15 2.07 4.41 1.03
Ss10Bs39T3s1 S4B T35 510 539 351 025 0.37 5.50 5.30 1.06
Ss10Bs39T 407 S3sBa Tyt 510 539 407 0.8 0.37 6.38 6.15 1.10
Ss10Bs39T 463 S36BaoTas' 510 539 463 031 0.37 7.25 6.99 1.12
S631B73T377 S4B 11 Ts"* 631 73 377 0.29 0.20 5.12 8.96 1.10
S300B756T1s9 S33By3Ta? 300 756 159 0.13 0.58 3.54 1.92 1.10
S110sB237Tess  Ss:BeTi™ 1105 237 654  0.33 0.06 6.12 17.08 1.10

“ Subscripts denote the degree of polymerzation, N of the respective blocks. “Substripts denote the
weight fraction of each block, whereas the superscript is the molecular weight in kg/mol. © degree
of polymerization, calculated from a combination of SEC and 'H-NMR. ¢ Molar fraction of the
corona PT units. © Volume fraction of block PB as core segment (¢ps+¢pp = 1).
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Supplementary Table 5.2: Polymer-solvent interaction parameters Y. [supplementary ref 1].
The y-parameter for SBT are ypspg = 0.061, %pspr =0.025 and xpppr = 0.007 [supplementary ref
2].

solvent Xps (T) Xes (T)
acetone 0.81 (25°C) 1.64 (40°C)
isopropanol 2.60 (40°C) 2.93 (40°C)
ethanol 1.80 (162°C) 3.41 (40°C)
n-hexane 0.97 (40°C) 0.37 (40°C)
cyclohexane 0.51 (24°C) 0.22 (40°C)

Supplementary Table 5.3: Volume swelling of the PS phase. Based on results of DLS measure-
ments a volume swelling factor, ¢, can be calculated (see Supplementary Fig. 4 and Supplementary

Note 1).

Acetone Micelle radius, Size increase. s Volume swelling
[vol %] R, [nm]* ’ factor, q
0 72.1 1.00 1.0
10 73.8 1.10 1.3
20 75.7 1.21 1.8
30 77.5 1.31 22
40 79.3 1.41 2.8
50 81.2 1.52 3.5
60 83.0 1.63 4.3
70 84.9 1.74 5.3
80 86.6 1.83 6.1
85 87.5 1.89 6.8
90 88.6 1.95 7.4

“Values adapted by interpolation of the the linear fit in Supplementary Fig. 3a.
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Supplementary Table 5.4: Experimental Details for the Formation of Tailored Nanostruc-
tures. The green rows mark polymers shown in the experimental table in Fig. 5.6.

Polymer Ace/IPA Np/Ng2? Geometry N/Ng?? Patch Morphology
Ss10Bs39T351 60/40 1.28 sphere 5.30 spherical
Se31B73T377 60/40 1.19 sphere 8.96 spherical
Ss510Bs39T 497 60/40 1.48 sphere 6.15 spherical
Ss510Bs39T 463 60/40 1.69 sphere 6.99 spherical
S1105B237T 654 60/40 1.42 sphere 17.08 spherical
Ss510Bs39T351 70/30 1.04 sphere 5.30 spherical
Se31B73T377 70/30 0.97 sphere 8.96 spherical
Ss510Bs39T 497 70/30 1.20 sphere 6.15 spherical
Ss510Bs39T 463 70/30 1.37 sphere 6.99 spherical
S1105B237T 654 70/30 1.15 sphere 17.08 spherical
Ss510Bs39T351 80/20 0.90 sphere 5.30 spherical
Se31B73T377 80/20 0.84 sphere 8.96 spherical
Ss510Bs39T 497 80/20 1.05 sphere 6.15 spherical
Ss510Bs39T 463 80/20 1.19 sphere 6.99 spherical
Si105B237T6s4 80/20 1.00 sphere 17.08 spherical
Ss40B173T137 60/40 0.48 cylinder 441 spherical
Ss40B173T 137 70/30 0.39 cylinder 4.41 spherical
Ss40B173T 137 85/15 0.15 sheet 4.41 spherical
Ss40B173Tss 60/40 0.31 vesicle 2.83 spherical
S307B3ssTs1 60/40 0.41 cylinder 1.53 helical
Ss10B539T 154 75/25 0.28 cylinder/sheet 2.33 spherical/cylindrical
S307B385Ts1 70/30 0.34 cylinder/sheet 1.53 helical/bicontinuous
Ss10Bs39T 154 85/15 0.18 vesicle 2.33 cylindrical
S307Bs30T75 60/40 0.38 cylinder/sheet 1.15 helical/bicontinuous
S307Bs30T75 70/30 0.31 cylinder/sheet 1.15 helical/bicontinuous
S307Bs30 T3 60/40 0.32 vesicle 0.96 bicontinuous
S307Bs30T63 70/30 0.26 vesicle 0.96 bicontinuous
S307B385T 56 60/40 0.29 vesicle 1.06 bicontinuous
S307B385T 56 70/30 0.23 vesicle 1.06 bicontinuous
S300B756 T 104 20/80* NA sphere 1.25 continuous
S300B756 T 104 50/50° NA cylinder 1.25 continuous
S300B756 56 50/50° NA sheet 0.67 continuous
S300B756 T 56 35/65° NA vesicle 0.67 continuous

* n-hexane/isopropanol
® cyclohexane/isopropanol
¢ corrected values according to volume swelling factor, g.
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Supplementary Note 1: Determination of solvent swelling factor, ¢, of polystyrene

To determine a swelling factor, g, of the PS block in acetone/isopropanol mixtures, dynamic light
scattering (DLS) measurements of polystyrene-block-poly(tert-butyl methacrylate) (SseeTass) di-
block copolymer micelles were performed in different acetone/isopropanol ratios. For this purpose,
the refractive index and the dynamic viscosity was of the solvent mixtures were determined using a
refractometer and an ubbelohde viscosimeter (Supplementary Fig. 5.2) and used to evaluate the
DLS data.
The hydrodynamic radius linearly increases with increasing acetone content and from the linear fit
the swelling factor could be calculated for each solvent composition (Supplementary Fig. 5.3a). To
exclude a volume change of the corona forming PT block, a PT homopolymer star (3 arm star pre-
pared with ATRP, M, .m =50 kg/mol) was investigated giving no change in the hydrodynamic
radius (Supplementary Fig. 5.3b).
From TEM measurements of the diblock copolymer in isopropanol (assuming a non-swollen state
of the PS block), a radius of the PS core is determined to be Reoreipa= 14.8+1.0 nm. Subtracting this
value from the micellar hydrodynamic radius, Ry, in isopropanol a thickness of the PT corona of
deorona = 54.7 nm was estimated. The size increase, s, and the volume swelling factor, ¢, of the PS
core are calculated according to supplementary equations (5.1) and (5.2) with R, being the hydro-
dynamic radius at certain acetone content. All calculations are based on a constant aggregation
number of the micelles, N,gq.
Rx — dcorona
S, = R (5.1)

(x=0) - dcorona

q,=s. (5.2)

Supplementary Note 2: Generalized theoretical description of polymorphism of
patchy micelles and morphology of patches

The following theoretical arguments aim at rationalizing the polymorphism of patchy micelles of
ABC triblock terpolymers. Our theory is general and based on the scaling approach proposed in
refs. [19, 28]. Let Na, Ng, Nc be the degrees of polymerization of the respective blocks; vy, v are
the volumes of the monomer units of the insoluble A- and B-block. The second virial coefficient

(excluded volume) of the C-monomer unit, v, ~ JART positive under good solvent conditions and

¢ is the monomer unit (or the Kuhn segment) length, which is assumed to be the same for all the
blocks.

Polymorphism of patchy micelles. The morphological transitions from patchy spherical to patchy
cylindrical micelles and further to patchy bilayers (lamellar) are governed by a delicate balance
between the gain in the conformational entropy of the core-forming A-blocks and the penalty in
curvature-dependent part of repulsive interactions in the solvated coronal C-domains. These transi-
tions occur when the thickness of the corona, H, gets smaller than the radius R4 of the central A-
core, Heoona < Ra, that is, the micelles have the crew-cut shape (Supplementary Fig. 5.7).

The free energy

F=F +F +F (5.3)

corona core interface
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(in kT units) of patchy crew-cut micelle with arbitrary morphology i (i = 3, 2, 1 corresponds to
spherical, cylindrical or lamellar structure of the A-core, respectively) comprises the following
contributions:

=F) +8F" (5.4)

corona corona corona

accounts for repulsions between coronal blocks where

FO =mIn(D/R)+N.(S, /)" (v./ ) (5.5)

corona

is the free energy per chain in the aggregate with large, Ry >> H orona >> Rp, curvature radius of the
central A-core, Rg and D are the radius of the B-patch and semi-distance between centers of the

neighboring patches, respectively; N «=N,.—AN_, where the correction term AN is specified
below (Supplementary Fig. 5.7), and
FO =—(i-)FY HO /R .i=123 (5.6)

corona corona corona

is the morphology-dependent increment to the corona free energy. The term F .. accounts for the
conformational entropy losses in the core-forming insoluble A-blocks

FY =bR: /N, (5.7)

core

where the numerical coefficients are b, = T’/ 8,b, = T’/ 16,0, = 37> /80 [Supplementary Ref.
3].

Enterface = yBSSBS + }/ASSAS + ’}/ABSAB (58)

accounts for the excess free energy of the interfaces between A and B blocks and solvent as well as
that of the interfaces between A and B domains. Here {Sgs, Scs, Sgc} are the interfacial areas and
{¥ss, Ycs, ¥ac} are the respective surface tensions in kg7 units. For patchy micelles the interfacial
free energy (Supplementary Eq. 5.8) can be represented as

~ -1/3 3\2/3
F;nterface = yBSm (VBNB / 4 ) + /YCSSC (59)

where following ref [19] we have introduced notation ¥, =7, (1—cos 0)**(1+(cosO/2))"

and cos@=(Y .~V ,;)/ Vs - By minimizing the free energy with respect to m and Sx we find

equilibrium values of the number of chains per patch and the area of the A-core per chain. By ac-
quainting the free energies (per chain) in the structures with different morphologies of the A-core,

F9 = F™ i=12, we find the binodal (transition) lines between spherical and cylindrical (i=2)
patchy micelles or between cylindrical patchy micelles and patchy lamellae (i=1).
2/3
NV

Nésph.e}cyl.,cylx—)lam.) ~ £3 A ,J/L/; VC / £3)—1/3 (510)
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and Ng” hoal) ) N écylﬁl‘”"‘) ~1.28, that is a decrease in the length of the soluble C-blocks (or the

solvent quality) leads to successive transitions from patchy spherical to patchy cylindrical micelles
and further to patchy A-sheets. The parameters of the B-block enter the correction term,

AN =T 1V IN v, 1 )P N (v /)" equal to the number of monomer units in a

segment of the C-block protruding from the B-domain up to the inter-patch distance D = (S Am)l/z.

Morphology of patches. The patchy micelles are thermodynamically stable and the above equa-
tions apply as long as Rg < D < Hoona- This is the case, if

N_2(Nyv, )" (v ) (5.11)

For shorter soluble C-blocks or/and longer insoluble B-blocks the size of patches Rp becomes
comparable to or smaller than the extension of the corona Hcyona- In this regime (Supplementary
Fig. 5.8) one could expect transformation of quasi-semi-spherical B-domains to semi-cylindrical
ones and further to core-shell structure. This transition is driven by the gain in the conformational
entropy of the B-blocks, which is balanced by an increase in the overlap and repulsions between
the C-blocks protruding from the surface of the B-domains.

The coronal contribution to the free energy can be presented as

/ ~ ; (D -
FD =F) [1-(j-DH) /R,j=123 (5.12)
where
F = NSy /Y (v 1 ) (5.13)

and j=3,2,1 correspond to semi-spherical patches, cylindrical stripes or continuous layer formed by
B-blocks at the A/S interface. Supplementary Eq. (5.8) for the interfacial free energy assumes the
=S

form F
interface

55V ps Where 7,0 = (¥ o+ BY 1) with the B-domain geometry-dependent coef-

ficient ﬁj and we have neglected contribution of the A/S interface assuming distance between

neighboring B-domains D— R, = H W< R, . The exact numerical factors, which quantify the

difference in the conformational entropy of the B-blocks confined in spherical or cylindrical seg-
ments adjacent to the surface of the A-core (similar to Supplementary Eq. 5.7) are not available.
However, one could expect that the transitions from B-patches to B-stripes and from B-stripes to
layered structures occur at

2/3

NPy,
N = Zs—vB Tase/ )7 (5.14)

The latter equation does no include any dependence on the length of the A-block, since it pre-
assumes that the curvature radius of the A-core exceeds by far that of the B-domains decorating its

surface. This is the case if N v > N, v, . However,at N v = N v, this condition is violated

and more refined analysis is required to unravel interference between morphological transitions in
the A- and B-core domains.
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Abstract

The solution self-assembly of amphiphilic diblock copolymers into spheres, cylinders and
vesicles (polymersomes) has been intensely studied over the past two decades and their
morphological spectrum is well understood. Linear ABC triblock terpolymers with two
insoluble blocks A/B, on the other hand, display a more complex morphological spectrum
that has been recently explored by synthetic block length variations. Here we describe fac-
ile post-polymerization routes to tailor ABC triblock terpolymer solution morphologies by
altering block solubility (solvent mixtures), blending homopolymers, and performing
block-selective chemical reactions. The feasibility of such processes is demonstrated on
polystyrene-block-polybutadiene-block-poly(methyl methacrylate) (SBM) that assembles
to patchy spherical micelles, but can be modified to evolve into double and triple helices,
or patchy and striped vesicles. These results demonstrate that post-polymerization reac-
tions give access to a broad range of morphologies from single triblock terpolymers
without the need for multiple polymer syntheses.
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Introduction

Amphiphilic diblock copolymers feature two covalently linked blocks with different chem-
ical structure that in selective solvents and in dependence of the length ratio of the
solvophobic and solvophilic block form spherical micelles, cylinders or vesicles." Two
decades ago, Eisenberg et al. were among the first to study morphological transitions from
micelles to vesicles for polystyrene-block-poly(acrylic acid) (PS-b-PAA).” Ever since, re-
search efforts have been undertaken to control and manipulate block copolymer assemblies
to achieve particular solution nanostructures.’ Solvophobic blocks with a low glass transi-
tion temperature, 7, have a high chain mobility and thermodynamic equilibrium structures
can be reached by direct re-hydration of bulk films."* By contrast, solvophobic blocks with
a high T, require plasticizing solvent/non-solvent mixtures to enhance chain mobility with-
in the micellar core to prevent kinetic trapping of ill-defined intermediates.” In general,
solvent mixtures are a great tool to tune the final morphology, because proper co-solvents
influence the volumes of both the corona and the core-forming blocks, as well as the inter-

facial tension.®™®

Solution blending of homo- and block copolymers is another
straightforward concept to control the morphology by expanding the volume of the micel-
lar core.” ' To increase the structural complexity towards multicompartment micelles,

314 For instance, ABC miktoarm

several synthetic strategies have shown great versatility.
star terpolymers consist of three incompatible blocks connected in one junction point lead-
ing to packing frustration of the core-forming blocks when brought into selective solvents.
This frustration results in the formation of a myriad of multicompartment morphologies
ranging from spherical and linear multicompartment micelles to nanostructured bilayers or
“woodlouse” micelles. These morphologies can likewise be modified after assembly by
blending with compatible diblock copolymers, variation of pH or counterions."”'? In con-
trast, ABC triblock terpolymers with linear sequence and two solvophobic blocks mainly

20-23 242 .
7 and in rare

form spherical multicompartment micelles™ ~°, core-segmented cylinders
cases core-shell toroids® or single- and double-stranded core-shell helices™~’. All these
structures have in common that the sequence of polymer phases follows the linear ar-
rangement of the blocks, i.e., A-core, B-patch (or shell) and C-corona (different in
miktoarm star terpolymers).

We recently showed that by synthesizing linear triblock terpolymers with properly de-
signed length ratios of the blocks, a wide range of compartmentalized morphologies are
obtained, i.e., cylinders, two-dimensional sheets and vesicles, all equipped with distinct
patch morphologies.”’ There, the two insoluble blocks A/B were nanoconfined to the core
and stabilized by the corona-forming block, C. Through synthetic block length variation
we screened all patch morphologies, which follow rules for the self-assembly of AB di-
block copolymers in bulk. Still, a more facile way to induce morphological transformations
without the need for multiple polymer syntheses is desirable to facilitate targeting certain

particle shapes and/or patch morphologies.
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Here, in order to allow a facile route for libraries of solution nanostructures, we describe
concepts to tune self-assemblies of solvent-dispersed ABC triblock terpolymers in a wide
range by controlling the post-polymerization conditions, while keeping the composition of
the block copolymer fixed. We alter the solvophobic/solvophilic balance of polystyrene-
block-polybutadiene-block-poly(methyl methacrylate) (PS-PB-PMMA, SBM) triblock ter-
polymers in order to modify the multicompartment morphology of patchy spheres,
cylinders, sheets and vesicles. We therefore discuss the effects of solvent conditions,
blending with homopolymer and chemical modification on the resulting nanostructure.
Similar to diblock copolymers, controlling the solvophobic/solvophilic ratio guides the
formation of certain micellar nanostructures, as schematically shown for SBM in Fig-
ure 6.1a. To illustrate the impact of corona length on morphology, we synthesized three
SBM triblock terpolymers, S306B151M340, Ss10B2ssMaso and Ssi6B14oM76 (subscripts denote
degree of polymerization) with decreasing molar fractions of the PMMA corona, xpwm-
ma = 0.43, 0.25 and 0.10 (for detailed polymer characterization see Table S6.1). The self-
assembly pathway includes a two-step procedure (see Experimental Section).** First, SBM
is dispersed in a non-solvent for PB, here N,N-dimethylacetamide (DMAc), to form mi-
celles with a PB core and a mixed PS/PMMA corona. The final compartmentalized
nanostructures are then obtained through solvent exchange with adequate ace-
tone/isopropanol mixtures. Upon dialysis, the PS block starts to collapse and phase-
separates from the PMMA coronal chains resulting in transient Janus micelles. These Janus
particles are the colloidal subunits that aggregate via the PS patch into the final superstruc-
tures during the dialysis process due to insufficient stabilization by the PMMA corona.***°
Decreasing the block length of the solvophilic PMMA corona from xpyva = 0.43 to xpm-
ma = 0.25 and further to xpmma = 0.10 is accompanied by a morphological transition from
patchy spherical (or multicompartment) micelles to patchy cylinders and finally, to patchy
vesicles (Figure 6.1b-d). The PB fraction was kept small for all SBM terpolymers so that
spherical PB patches would form on top of the PS core. The PMMA coronal chains emerge
from the PB patches and direct the self-assembly into the observed geometry through
chain-chain repulsion as well as the occupied chain volume. While a large corona of xpwm-
ma = 0.43 allows stabilization of spherical, high-curvature micelles, a decrease in corona
size to xpmma = 0.25 (through shortening the block) drives the formation of less curved
cylindrical micelles. This topology has a smaller core/corona interface and the corona pro-
vides sufficient protection of the solvophobic core. Further reduction of xy; = 0.10 leads to
formation of vesicles, where the spherical PB patches aim at adopting a hexagonal pattern
to homogeneously shield the solvophobic core from the solvent.
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Figure 6.1: Polymorphism of patchy micelles. (a) SBM triblock terpolymer and schematics of par-
ticle shape changing from patchy spheres to cylinders to vesicles with increasing
solvophobic/solvophilic ratio. (b-d) Compartmentalized nanostructures of SBM in ace-
tone/isopropanol 60:40 (v/v). (b) Patchy spherical micelles of S;0¢B151M349, (¢) patchy cylinders of
Ss510B25sMago and (d) patchy vesicles of SsisB14oM7s. All samples are stained with OsOy4 (PS: light
grey; PB: dark-grey; PMMA: not visible due to e-beam degradation). Scale bars are 500 nm in
overview images and 100 nm in insets.

The composition of the acetone/isopropanol mixture has a crucial impact on the mor-
phology and can be utilized to fine-tune the nanostructure without the need of multiple
polymer syntheses. Acetone is a good solvent for the PMMA corona, a near g-solvent for
PS and a non-solvent for PB, whereas isopropanol is a near g-solvent for PMMA and a
non-solvent for both PS and PB.* Previously, we have shown that the PS volume increases
with increasing acetone content due to swelling.’' DLS experiments with a PMMA homo-
polymer of high molecular weight show that also the PMMA volume is affected and
increases with acetone content (Figure S6.1). Compared to PS and PMMA, the PB phase is
assumed to be unaffected by the solvent composition ()pBacetone aNd XPB isopropanol > 0.5).32
Figures 6.2a-d show morphological transitions of Ss;0B2ssMaeo induced by decreasing the
solvent quality (i.e. by increasing the isopropanol (IPA) content). Starting with ace-
tone/IPA 80:20, Ss10B2ssMaeo forms patchy spherical micelles (Figure 6.2a), while patchy
cylindrical micelles are stable at acetone/IPA 70:30 (Figure 6.2b). Although the contrac-
tion of the PS phase with increasing IPA content should promote the formation of spherical
micelles, we assume that volume changes (contraction) of the largely expanded dissolved
PMMA are much more pronounced. The contracted PMMA chains can only stabilize a
lower total surface area favoring the evolution from spherical micelles to cylinders. The
formation of spherical micelles at low IPA contents might be also explained in terms of the
interfacial tension, y, that scales with the polymer-solvent interaction parameter yx
( y~ XI/Z
action parameter, Xssolvent, decreases from 1.17 in acetone/IPA 80:20 to 1.35 in

) and decreases with decreasing IPA content (Figure S6.2). The PS-solvent inter-

acetone/IPA 70:30, which corresponds to a decrease in interfacial tension. This in turn
promotes the formation of spherical micelles with higher total interfacial area as compared
to cylindrical micelles. At acetone/IPA 60:40 the cylinder morphology is preserved, how-
ever, the spherical PB patches adapt a hexagonal dense packing motif until spherical
patches overlap and morphological transition into a double helix occurs (Figure 6.2c¢).
With increasing I[PA content the PS core contracts accompanied by reduced surface area of
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the cylindrical micelles. As a consequence the PB patches have to adapt to the decreased
surface area, they come in close proximity and finally fuse into a double helix. This has
been observed before for the transformation of cylindrical micelles to bilayer sheets in pol-
ystyrene-block-polybutadiene-block-poly(tert-butyl methacrylate) where the overall
surface area and the surface curvature changes.’' Interestingly, at acetone/IPA 40:60 cylin-
ders with PB triple helices emerge (Figure 2d). The formation of a triple helical patch
morphology is rather unusual, but has been found for SBM in the bulk state.”® Theoretical
calculations for frustrated triblock terpolymer systems in bulk further confirm the stability
of double and triple helices on cylinders.** The free energy of double and triple helices and
the packing frustration is reduced as compared to e.g. the formation of straight cylinders, a
mono helix or a ring-like arrangement. Although a morphological transformation to sheets
or vesicles was expected at acetone/IPA 40:60, the cylindrical micelles instead start to
bundle into larger agglomerates and sediment. The observed diameter of the cylinders in-
creases from 45 £ 3 nm in acetone/IPA 60:40 to 55 + 3 nm in acetone/IPA 40:60. We
assign this to a slight flattening of the cylinders given the tendency to transform into bi-
layer sheets at this solvent composition (contraction of PMMA corona chains to the point
of collapse; Figure S1). An onset of sheet formation is evident in this sample as shown in
Figure S3. However, the rearrangement to sheets may be kinetically hindered at high IPA
contents, because of the reduced plasticizing effect of acetone for the glassy PS core. The
dense protective corona of the triple helix may also interfere with cylinder-cylinder fusion
into sheets.

20%

Figure 6.2: Solvent-induced morphological change of (a-d) Ss;0B2ssMago and (e-h) SsiB140My;s in
acetone/IPA mixtures. (a) Patchy spherical micelles at IPA =20%, (b) patchy cylinders at
IPA =30% and (c) cylinders with a mixture of PB patches and PB double helices at IPA = 40%.
(d) At IPA = 60% bundles of PS cylinders with PB triple-helices form. The schematics in (c, d)
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show the PS cylinder in light grey and the PB helices in black, red and yellow. The PMMA corona
is omitted for clarity. (¢) Large patchy spherical micelles of S73B;;My¢'* at IPA = 20%, (f) patchy
cylinders at IPA = 30% and (g) a mixture of patchy cylinders, patchy sheets/vesicles at IPA = 50%.
(h) At IPA =60% S73B;;M¢"* exclusively forms patchy vesicles. All samples are stained with
0s0y. Scale bars are 200 nm in overview images and 100 nm in insets.

In order to screen the whole morphological spectrum from spherical patchy micelles to
patchy vesicles, we chose Ss16B140Mi;5, where both the PMMA and the PB block lengths
are shorter as compared to the previously discussed Ss;oB2ssMaso. Morphological changes
may be facilitated through the shorter PMMA corona while the again short PB block
should lead to spherical PB patches in all micellar geometries that will not interfere with
structural transformations. Starting with acetone/IPA 80:20, large patchy spherical micelles
are observed (Figure 6.2¢). The micelles are less homogeneous in shape and size as e.g. for
Ss10B2ssMaeo (Figure 6.1a), because the large plasticized PS core (73 wt.-%) might notice-
able flatten upon drying on the TEM grid. At acetone/IPA 70:30, the corona chains start to
contract and the decrease in corona volume as well as an increased interfacial tension pro-
mote a morphological shift towards cylindrical micelles with PB patches. Further increase
to acetone/IPA 60:40 first leads to a mixture of patchy cylinders, sheets and vesicles, until
exclusively patchy vesicles are observed at acetone/IPA 40:60. These observations demon-
strate that specific morphologies can be targeted by careful adjustment of solvent
conditions that control swelling and contraction of participating blocks as well as interfa-
cial tension.

Blending block copolymers morphologies with homo- and diblock copolymers is anoth-
er tool to alter existing or create new bulk and solution morphologies.'*****" Here SBM
is blended with a PS homopolymer to increase the volume of the core-forming PS phase
(for details see Experimental Section). The PS homopolymer was added in proper ratios to
SBM precursor micelles with PB core in the DMAc solution. During solvent exchange,
both the PS homopolymer and the PS block of SBM collapse at similar [PA concentra-
tions, which enriches the newly formed PS core with homopolymer chains. We
investigated the morphological evolution of Ss;9B2ssMago by blending PS;9, homopolymer
that exhibits lower molecular weight than the PS block of SBM. Shorter chains ensure
chain mixing conditions in the “wet brush” regime and allow the homopolymer to uniform-
ly swell the PS phase (see Figure S6.4).>**° The total weight fraction of the PS block, fps,
in SBM increases as a function of mixing ratio. An overview of the contribution of PS¢, to
the total fps and the resulting apparent changes in PS and PB weight fractions and molar
fraction of the PMMA corona are summarized in Table S6.2.

Ss10B2ssMaso  (fps = 0.57,  xpmma = 0.25)  exclusively forms cylinders in ace-
tone/isopropanol 50:50 (v/v), where both spherical PB patches and double helices are
present (Figure 6.3a). Blending the PS core with PS;¢; to reach fps=0.61 and xpym-
ma = 0.23, predominantly results in patchy cylinders with onset of sheet formation
(Figure 6.3b). Upon volume increase of the core, de-wetting of PB helices into PB patches
occurs on both the sheet and cylinders. This order-order transition counteracts a loss in
conformational entropy of the PB chains in case of stretching of the double helix to adapt
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to the larger surface area of the cylinders driving the formation to spherical PB patches.*
At fps=0.65 and xpmma = 0.21 the number and size of sheets grow and onset of vesicle
formation is observed (Figure 6.3c). At fps = 0.70 and xpmma = 0.14 (Figure 6.3d), we ex-
clusively identify patchy vesicles with pronounced hexagonal arrangement of PB patches.
Since the self-assembly process progresses via transient Janus particles, the effect of PS
blending on the solvophobic/solvophilic balance of these amphiphilic colloidal building
blocks can be explained considering apparent packing parameters for Janus building blocks
(Figure 6.3e). Without added PS homopolymer, the large PMMA corona (as compared to
PS) results in patchy cylindrical micelles. Israelachvillis theory for packing of low molecu-
lar weight surfactants showed that cylindrical micelles occur for a packing parameter of
13<p<1¥
tants, these building blocks might inherit similar packing parameter to give cylindrical

When comparing the amphiphilic colloidal Janus building blocks to surfac-

micelles. Addition of PS homopolymer now expands the apparent volume of the PS phase
thereby shifting the solvophobic/solvophilic balance towards the solvophobic site, which
corresponds to an increase of the packing parameter e.g. towards p = 1. The blending of
PS¢, thus induces a gradual change from cylindrical to bilayer structures (i.e. sheets and
vesicles).

Blending with PS
homopolymer

N

1/3<p<1
Figure 6.3: Morphological evolution through blending of PS homopolymer. (a-d) Successive in-

crease of the PS phase fps=0.57 of Ss;0BassMayg in acetone/isopropanol 50:50 (v/v) through
swelling with PS¢, leads to: (a) Patchy cylinders without PS homopolymer, (b) a mixture of patchy
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cylinders and sheet at fps= 0.61, (c) larger sheets and onset of vesicle formation at fps= 0.65, and
(d) exclusively patchy vesicles at fps= 0.70. Scale bars are 200 nm in overview images and 100 nm
in insets. All samples are stained with OsOs. (e) Illustration of increase of hydrophobic PS volume
through PS homopolymer chains and its effect on packing parameter, p, of amphiphilic colloids.

Finally, we explore the possibility to selectively tune the PB patch morphology by
chemical modification. Thiol-ene chemistry is a versatile tool to alter the chemical struc-
ture and block volume after polymerization in order to modify the nanostructures.”’
Ss16B140M 115 with predominately 1,2-addition of the PB units is accessible to thiol-ene ad-
dition and was modified as schematically shown in Figure 6.4a (see Experimental Section).
Exemplified on hexyl mercaptan, the chemical modification of Ss;6B140Mjs results in
Ss16H140M 113, where the modified PB block is now denominated as PH. The success of the
modification was confirmed by a shift of the molecular weight in SEC traces as well as
with "H-NMR spectroscopy (Figure S6.5 and S6.6). The combined weight fraction of both
solvophobic blocks increases from fpsipg = 0.84 to fpsipu = 0.87 after click reaction, while
PH maintains a comparably low solubility in acetone/isopropanol. Accordingly, the mor-
phology changes from a mixture of compartmentalized cylinders and vesicles to
exclusively vesicles (Figure 6.4b,c). The PS/PB volume ratio decreases from Vps/Vpp = 6.5
to Vps/Vpu = 2.1 after modification and induces a morphological change of the PB phase
from spherical patches to PH cylinders on the vesicle surface (in- and outside). Thiol-ene
chemistry thus is not only a versatile tool to change the geometry of solution nanostruc-
tures, but also the patch morphology due to influence on both the solvophobic/solvophilic
ratio and the volume ratio of the two solvophobic blocks.

a

- [ CI|,—(CH,),—SH — [ ir
7H> ﬁ chemlcal ?’H»
-
</\/\

modification

H M

Figure 6.4: Influence of post-polymerization reaction on resulting morphology. (a) Schematic of
thiol-ene click reaction of hexyl mercaptan to the 1,2-PB double bonds of Ss;sB14Mjs to give
Ssi6H140M115. The post-polymerization reaction alters the morphology from a mixture of patchy
cylinders and vesicles to (b) exclusively striped vesicles with PB cylinders on the in- and outside of
the vesicle membrane (c). The samples are in acetone/isopropanol 60:40 (v/v) and stained with
0s0y. Scale bars are 500 nm in overview images and 200 nm in insets.
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In this study we demonstrated that morphological transformations for linear SBM
triblock terpolymers could be achieved from patchy spherical micelles to cylinders and
vesicles through changing solvent mixtures, homopolymer blending and block selective
post-polymerization reaction, while keeping the block lengths fixed. The solvent composi-
tion plays a major role in structure formation due to swelling and interfacial tension effects
that drive the self-assembly outcome. A good solubility of the corona and the presence of a
plasticized core facilitate the formation of stable and reproducible structures and prevent
kinetic trapping during self-assembly pathways. Changing the morphology using homo-
polymer blending or block-selective modification via thiol-ene chemistry represent model
processes and provide a toolbox towards applications where tailor-made nanostructures are
needed. Addition of homopolymers increases the volume of the solvophobic phase and
induces a morphological change from patchy cylinders to vesicles but might likewise be
used as selective staining agent to one of the phases e.g. by introducing fluorescent labeled
polymers. The chemical modification of the PB block in SBM with hexyl mercaptan in-
duced a shift of the overall geometry from cylindrical micelles to vesicles but also caused
PB patches to change from spheres to cylinders due to the volume increase. Thiol-ene
chemistry might be helpful to introduce new chemistries that change the polarity or even
switch morphologies in-situ. We demonstrated that targeting specific nanostructures with-
out synthetic effort and precise tailoring of the triblock terpolymer compositions could be
achieved by influencing the solvophobic/solvophilic ratio. The corona length guides the
overall geometry of the micelles from spheres to cylinders and vesicles, while a change of
the volume ratio of the solvophobic blocks allow altering the patch morphology from
spherical to cylindrical patches. The shown post-polymerization processes allow a facile
approach towards libraries of complex multicompartment self-assemblies.

Experimental Section

Materials and characterization methods are given in the Supporting Information.

Preparation of micelle solutions. The SBM triblock terpolymer was first dissolved in
DMACc at a concentration of 0.1 g/l and annealed over night at 70 °C to ensure formation
and equilibration of micelles with PB core and PS/PMMA corona. The solution was then
dialyzed against the final acetone/isopropanol mixture for one day to induce the formation
of multicompartment nanostructures. For blend-experiments with PS homopolymer, a
stock solution of PS was first prepared in DMAc (1 g/L), mixed with the SBM triblock
terpolymer in desired ratios and stirred for one day prior to dialysis.

Chemical modification. For the thiol-ene reaction, 200 mg of Ss;6B140M 153 were first dis-
solved in 6 mL THF. After complete dissolution, a 15-fold excess (compared to the PB
double bonds) of hexyl mercaptan was added. The mixture was degassed for 20 min and
then irradiated for 24 h using a UV-lamp with a cut-off filter of /=300 nm. Taking the
weight of the clicked moiety into account, the composition of the modified polymer
changes to SsisH140M113 and the volume ratio of Ves/Vpg = 3.5 to Ves/Ven = 2.1. The block
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volumes are calculated by multiplying the molar volume of the monomeric unit
(PS =99.0 cm’/mol; PB=156.2 cm’/mol; PH=174.5 cm’/mol) with the degree of
polymerization of the respective blocks.

Associated Content

Supporting Information

Materials, Methods, DLS experiments, calculation of volume swelling, additional TEM
images, SEC traces of chemical modification and calculations to blend-experiments. This
material is available free of charge via the Internet at http://pubs.acs.org
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Supporting Information

to

Control of Multicompartment Nanostructures of Linear

Triblock Terpolymers by Post-Polymerization Processes

by Tina I. Lobling, Olli Ikkala, André H. Groschel”, Axel H. E. Miiller”

Materials and Methods

Materials. Hexyl mercaptan (Aldrich) and THF (Aldrich) were used without further puri-
fication. Dioxane and N,N-dimethylacetamide (DMAc) were of analytical grade and
purchased from Roth. For dialysis, acetone and isopropanol of technical grade were used.
Dialysis tubes of regenerated cellulose with a molecular weight cut-off of 12,000—14,000
g/mol were purchased from Roth, equilibrated in deionized water for 10 min and washed
with excess dioxane before use.

Polymer Synthesis. All polymers were synthesized via living anionic polymerization in
either toluene (PS192, S306B151M340) or THF (S510B258M260, S516B140M76,
S516B140M118, PMMAS5700) as reported elsewhere in detail.'> Subscripts denote the
weight fractions of the blocks and superscripts the number-average molecular weight in
kg/mol. The polymers were characterized by combination of SEC and 1H-NMR as sum-
marized in Table 1.
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Table S6.1: Characteristics of the used polymers including degree of polymerization (DP),
weight fractions of the blocks, overall molecular weight and polydispersity index.

Sample’  DP (S) 3;; DP(M)  xu fs fo M, [kg/mol]”  PDI
PS10 192 - - - 1 - 20 1.02
PMMA 700 - - 5700 1 - - 570 1.12
S:6BisiMa 306 151 340 043 043 0.1 74 1.06
SsiBassMagy 510 258 260 025 057 0.15 93 1.04
SsiBuoMzs 516 140 76 0.10 078  0.11 69 1.05
SsiBigoMus 516 140 118 015 073 0.11 73.5 1.05

“ Subscripts denote degree of polymerization. ” Calculated from a combination of SEC and 'H-
NMR. ¢ Determined from SEC with THF as eluent and PS as calibration standard in case of PSio,
and SBM, while a PMMA calibration was used for PMMA 57¢0.

"H-NMR Measurements. Spectra were recorded on a Bruker Ultrashield 300 machine
with a 300 MHz operating frequency using deuterated chloroform as solvent.

Size Exclusion Chromatography (SEC). SEC measurements were performed on a set of
30 cm SDV-gel columns of 5 mm particle size having a pore size of 10°,10%,10%, and 10* A
with refractive index and UV (4 = 254 nm) detection. SEC was measured at an elution rate
of 1 mL/min with THF as eluent and with PS or PMMA as standards.

Transmission Electron Microscopy (TEM). Bright field transmission electron microsco-
py with an acceleration voltage of 80 kV was carried out using a Zeiss CEM 902 electron
microscope. Samples were prepared by placing one drop of the polymer solution (0.1 g/L)
onto carbon-coated copper grids. Excess solvent was instantly absorbed by a filter paper.
To enhance the contrast of PB phase, the samples were stained with OsO4 for 3h at ambi-
ent conditions.
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Figure S6.1: Dependence of hydrodynamic radius of PMMAs799 homopolymer (PDI = 1.20) on the
acetone content in acetone/isopropanol mixtures. The polymer is insoluble at acetone contents be-
low 42 vol.-%.
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Figure S6.2: Change of )ps solvent in acetone/isopropanol mixtures. Calculated based on values for
XpS.acetone— 0.81 and XPS,IPA= 2.6.°
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Supporting Figures and calculations for blend experiments

“wet brush” regime

Block Copolymer
- Chains

“dry brush” regime

W

mopolymer
Chains

Figure S6.4: Schematic description of the “wet brush” and “dry brush” regime in the core of block
copolymer micelles. Short homopolymer chains can interpenetrate the block copolymer chains and
homogeneous distribute in the phase (“wet brush” regime). Long homopolymer chains accumulate
in the middle of the micellar core since they cannot penetrate the block copolymer brush (“dry

brush” regime).

Table S6.2: Calculation of the apparent change of the molar fraction, xy, of PMMA, the weight
fractions fps and fpg of PS and PB in the SBM triblock terpolymer and the total molecular weight

upon blending with PS¢, homopolymer.

Sx+x'ByMzMn “ xPMMAb fi PSb i PBb [kg/lrl;lbol]
Ss7+0B1sMas ° 0.25 0.57 0.15 93
Ss7+4B14Mas' 0.23 0.61 0.14 103
Ss74sB12Mp3'? 0.21 0.65 0.12 113
Ss713B1oMzo' 0.14 0.70 0.10 173

“ x,y,z denote the weight fraction of the blocks in %. The superscript shows the apparent molecular weight in

kg/mol.

b Apparent change of the molar fraction of the PMMA block, xy the weight fractions, fps and fpg of PS and

PB and the overall molecular weight Mn.
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Modification of PB with hexyl mercaptan

74 N
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Figure S6.5: SEC traces of S;3B1 1My " before (dotted) and after (solid line) thiol-ene click reac-
tion.
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Figure $6.6: 'H-NMR spectra of S73B;;M;¢’* before (black) and after (green) thiol-ene click reac-
tion. Vanishing of the 1,2-PB double bond peaks between 4.5-5.5 ppm shows that the click reaction

was quantitative. There is a marginal peak between 5.0-5.5 originating from 1,4-PB moieties that
are not accessible for click reaction (1.1 wt.-% 1,4-PB within the SBM triblock terpolymer).
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Abstract

The self-assembly of block copolymers in the bulk phase enables the formation of complex
nanostructures with sub 100 nm periodicities and long-range order, both relevant for nano-
technology applications. Here, we map the bulk phase behavior of polystyrene-block-
polybutadiene-block-poly(tert-butyl methacrylate) (SBT) triblock terpolymers on a series
of narrowly distributed polymers with widely different block volume fractions, ¢s, ¢s and
¢r. In dependence of ¢, we find the lamella-lamella, core-shell cylinder, cylinder-in-
lamella and core-shell gyroid morphology, but also a rarely observed cylinder-in-lamella
phase. The bulk morphologies are thoroughly characterized by transmission electron mi-
croscopy (TEM) and small angle X-ray scattering (SAXS) and display unusually broad
stability regions, i.e. morphologies are observed over a broad range of compositions. We
attribute this phase behavior to the asymmetric distribution of block-block incompatibili-
ties, along the SBT block sequence, which are relatively large for S/B and S/T interfaces,
but small for B/T. The higher enthalpic penalties at the S/B and S/T interface cause B to
preferentially spread on the T microdomain thereby adopting its geometry. The morpho-
logical behavior of SBT is thus dominated by the volume ratio of the end blocks, ¢s and
¢r, which reduces the number of potential morphologies to only a few, mostly the core-
shell analogue of diblock copolymer morphologies. In general, a simplified terpolymer
bulk behavior with large stability regions for morphologies offers straightforward synthetic
targeting of specific morphologies that usually only appear in a small parameter space as
demonstrated here on the core-shell gyroid.
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Introduction

Block copolymers consist of covalently linked polymer blocks with differences in physical
or chemical properties. The resulting block-block incompatibility creates the conflict of
short-range attraction and long-range repulsion that drives self-assembly of block copoly-
mers into predictable bulk morphologies with nanometer periodicities. Important
parameters that govern the geometric arrangement of the phases are the volume fractions,
oA (wWith ¢g= 1-¢a) of the participating blocks, A and B, and their block-bock incompati-
bility, xasN, which is the Flory-Huggins-interaction parameter yap, multiplied by the
number of monomer units (degree of polymerization), N = Nx+Ng.' The microphase sepa-
ration is the result of enthalpic (interfacial energy of the two blocks) and entropic (chain
stretching) contributions and is well understood given the dedicated efforts of theoretical >~
* and experimental characterization of bulk phase diagrams.”® AB diblock copolymers can
adopt a limited number of stable bulk morphologies depending on these parameters such as
the sphere, cylinder, gyroid and lamellar morphology, often found in the strong segregation
regime above the order-disorder transition.! Except synthetic control of morphology (block
length and choice of monomers), there are several post polymerization methods to manipu-
late the phase behavior of diblock copolymers, e.g., by changing the volume fraction of
one of the blocks via blending with homo- and copolymers,”'® nanoparticles'' or via hy-

16,17

drogen bonding."*"® Also thermally induced order-order-transitions, shear

1819 and alignment in electrical fields’®** have evolved to state-of-the art tech-

alignment
niques to induce, alter and optimize long-range order or to switch between morphologies.

Compared to the straightforward phase behavior of diblock copolymers, ABC
triblock terpolymers feature higher morphological complexity due to the increased number
of interaction parameters, ¥as, Xsc, Xac, and volume fractions, ¢a, ¢g (With ¢c = 1-@a-
¢s). " Three blocks further give rise to variation in architecture (linear or miktoarm
stars)” %’ and block sequence (ABC, BAC, CAB).”* Nowadays, the synthesis of tailor-
made ABC triblock terpolymers (or multiblock copolymers) has become state-of-the-art
through continuous progress and development of controlled/living radical and ionic
polymerization techniques.*® The increased number of participating blocks complicates the
prediction of the bulk behavior, but also contributes to the tremendous variety and com-
plexity of potential morphologies.’'”* Stadler ef al. pioneered studies on ABC triblock
terpolymer self-assembly of polystyrene-block-polybutadiene-block-poly(methyl methac-
rylate) (SBM) in bulk. Besides the core-shell analogues of cylindrical and gyroid diblock
copolymer morphologies, they identified many more complex block arrangements, e.g., the
spheres-on-sphere, spheres-on-cylinder, helix-on-cylinder and a knitting pattern morpholo-
gy, amongst others.> > Since then, ternary phase diagrams of several triblock terpolymers
(e.g. SBM, SVT, BVT; S=styrene, B=butadiene, M=methyl methacrylate, V=2/4-
vinylpyridine, T=fert-butyl methacrylate) have been thoroughly investigated and highlight-
ed the vast morphological diversity.*>® These and other works demonstrate the impressive
complexity of ABC triblock terpolymer bulk morphologies.
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Block copolymer bulk morphologies found widespread interest as precisely

nanostructured templating materials for applications ranging from catalysis,”” !

photovol-
taics™ and optics®™ to fuel cells and lithography.***” The gyroid morphology is a triply
periodic minimal surface®® and attracts special attention as precursor in hybrid materials
design for applications requiring high surface area and symmetry (e.g. solar cells® or
nanofoams’). In this regard, ABC triblock terpolymers offer more sophisticated gyroid
morphologies with either core-shell’' or double gyroid configuration, i.e. two interconnect-
ed gyroid networks separated by a matrix. Especially in the latter case, separate loading of
individual gyroid phases with metal precursors gives access to bimetallic interpenetrating
networks.’> ABC triblock terpolymers that form A/C lamellar morphologies were also used
for the preparation of Janus particles of diverse geometry (sphere, cylinder, disc) through
crosslinking of the B middle block of lamella-sphere, lamella-cylinder and lamella-lamella
bulk morphologies with subsequent redispersion of the cross-linked particles.”>>® Poly-

mer-based Janus particles show enhanced interfacial activity’ ™"

as demonstrated by their
application as interfacial stabilizers in emulsion polymerization,” dispersants for carbon
nanotubes® and compatibilizers for polymer blends.’"** Given the diversity of terpolymer
morphologies, their full potential has certainly not been harnessed as of yet, and several
other morphologies could be attractive in view of applications. However to predict and
reliably target specific morphologies also requires a comprehensive understanding of the
parameters that control the bulk behavior for a given combination of blocks.

This work contributes to the understanding of the relationship between block volume
fractions, block-block interactions, and the resulting bulk morphologies within the system
polystyrene-block-polybutadiene-block-poly(tert-butyl methacrylate) (SBT). This block
combination shows large differences in the segment-segment incompatibility of S/T
(xst = 0.025%%) and B/T ()it = 0.007°*), causing the B phase to preferably spread on the T
phase. Hence, the morphology that is formed is mostly guided by the two end blocks, lead-
ing to a decreased complexity of the phase behavior and to large stability regions of the
single phases. The synthesized series of SBT triblock terpolymers with varying volume
fractions, ¢s, ¢s and ¢r, cover a wide range of morphologies ranging from lamella-lamella
to core-shell cylinder and core-shell gyroid morphology. Also a cylinder-in-lamella mor-
phology was found, that was up to now only rarely reported. All bulk morphologies were
characterized by transmission electron microscopy (TEM) and small angle X-ray scattering
(SAXS). Stability regions for the various bulk morphologies are summarized in a ternary
phase diagram. The functional SBT terpolymer offers post polymerization modifications,
e.g., the possibility to fixate the bulk structure via cross-linking of the B phase or form pH-
responsive metal coordination sites, poly(methacrylic acid), by deprotection of the T
phase. This may be interesting if combined e.g. with the gyroid morphology to create pH
responsive channels.
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Experimental Part

Materials

Sec-butyl lithium (sec-BuLi, 1.3 M solution in cyclohexane/hexane: 92:8, Acros) was used
without further purification. THF (p.a., Aldrich) was distilled from CaH, and K under dry
N, atmosphere. 1,1-Diphenyl-ethylene (Aldrich) was distilled from sec-BuLi under re-
duced pressure. Styrene was degassed with three freeze-pump-thaw cycles followed by the
addition of 1 mL di-n-butylmagnesium (1.0 M solution in heptane, Aldrich) per 10 mL
monomer. After evaporation of heptane and stirring for 1 h, the desired amount of mono-
mer was condensed into a glass ampule and stored in liquid nitrogen under nitrogen
atmosphere until use. Gaseous 1,3-butadiene (Messer-Griesheim) was passed through col-
umns filled with molecular sieves (4 A) and basic aluminum oxide. Afterwards, it was
condensed into a glass reactor and stirred over di-n-butylmagnesium at least two days prior
to use. Tert-butyl methacrylate (fBMA, Aldrich) was first degassed with three freeze-
pump-thaw cycles. After addition of tri-n-octylaluminium (25 wt.-% in hexanes, Aldrich)
until a slight yellow color occurred, hexane was evaporated under reduced pressure and the
mixture was stirred for 1 h before the monomer was condensed into a glass ampule and
stored in liquid nitrogen under nitrogen atmosphere until use.

Synthesis of SBT triblock terpolymers. All SBT triblock terpolymers were synthesized
via living anionic polymerization in THF at low temperatures according to a previous pub-
lication (Scheme 7.1).%° Sec-BuLi followed by styrene was added to THF at -70 °C. After
the reaction was completed an aliquot of the precursor was taken for SEC analysis before
1,3-butadiene was added. The reaction mixture was heated to -10 °C and stirred for 6.5 h to
ensure complete polymerization. The reaction mixture was cooled to -50 °C before a 6-fold
molar excess (compared to sec-Buli) of 1,1-diphenyl-ethylene was added. After stirring
for 1 h an aliquot of the diblock precursor was taken for SEC analysis. Then, fBMA mon-
omer was added at -70 °C and the reaction was heated to -50 °C for 2 h. During the
polymerization of the PPBMA block, larger amounts were taken at specific reaction times
(monomer conversion was monitored with online FT-NIR spectroscopy, Figure 7.1) by
direct precipitation into degassed methanol. After complete monomer consumption, 2 mL
of degassed methanol were added to the polymer solution to terminate the still living chain
ends. The characteristics of the synthesized polymers are summarized in Table 7.1.
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Table 7.1: Characteristics of the used SBT triblock terpolymers.

a) MW

Polymer [kg/mol]” PDI” s : ¢ P1” Bulk Morphology”
S31B17Ts2 108 1.09 0.30:0.18:0.52 LL
S36B20T44 148 1.12 0.35:0.21:0.44 LL
S38B21 T4 140 1.10  0.37:0.22:0.41 LL
S40B2T38 132 1.06 0.39:0.23:0.38 LL
SesB11T23 85 1.03  0.65:0.12:0.23 CYL
Ss51B2sTa1 104 1.07 0.49:0.30:0.21 CYL
S7:B12T16 78 1.03  0.71:0.13:0.16 CYL
S46Ba1T13 69 1.03 0.44:043:0.13 CL
S30Bs1Tio 80 1.08 0.37:0.53:0.10 CL
Ss6B37T7 57 1.07 0.54:0.39:0.07 CL
Ss0BasTs 64 1.04 0.48:0.47:0.05 CL
S33B43To4 94 1.10 0.31:0.45:0.24 L/GYR
Ss0B32T1s 64 1.04 0.48:034:0.18 GYR
S36B47T17 87 1.09 034:0.49:0.17 GYR
S45BaoT1s 71 1.04 0.43:042:0.15 GYR
Ss53B34T13 61 1.03  0.51:036:0.13 GYR

“ Subscripts denote the weight fractions of the corresponding blocks in % determined by "H-NMR

Y Overall molecular weight determined by a combination of SEC and 'H-NMR

“ Determined via THF-SEC using PS standards

9 Volume fractions of the corresponding blocks were calculated from the composition of the polymer using
the density of the blocks according to equation (7.1).

¢ Determined with TEM and SAXS measurements: CYL = core-shell cylinder; GYR = core-shell gyroid;
LL = lamella-lamella; CL = cylinder-in-lamella.

The volume fractions of the blocks in Table 7.1 were calculated from the degree of
polymerization (N) and the molar volume of the respective monomer unit (V) as exempli-
fied for the S block in equation (7.1):

bs = NsVms
S (NsVim,s+NBVim B+NTVin 1) (7.1)

with Vins = 99.0 cm*/mol, Vi g = 56.0 cm’/mol, and V.t = 139.4 cm’/mol calculated from
the molecular weight of the monomers and their respective densities, ps=1.04 g/cm’,
ps=0.96 g/cm’ and pr=1.02 g/cm’.**’
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Preparation of Bulk Films. All SBT triblock terpolymer bulk films were prepared the
same way. For that purpose, 100 mg of the polymer was dissolved in 2 mL THF to give a
concentration of ¢ = 50 g/L. The polymer solution was cast into a 5 mL glass vial and the
solvent was then allowed to evaporate slowly at room temperature over several days to
yield the bulk film.

Transmission Electron Microscopy (TEM). For TEM analysis, ultra-thin sections were
cut from the polymer film with a Reichert-Jung Utracut E equipped with a diamond knife
at temperatures below 7, of the PB block (90 K). TEM measurements were performed in
bright-field mode on a Zeiss CEM 902 electron microscope operated at 80 kV. Prior to
TEM imaging, the samples were stained with OsO4 vapor for four hours at room tempera-
ture to increase the contrast of the PB phase.®®

Online FT-NIR Spectroscopy. A Nicolet Magna 560 FT-IR optical bench equipped with
a white light source and a PbS detector was used to record the NIR spectra. Online moni-
toring was accomplished using a laboratory autoclave (Biichi) equipped with an all glass
low-temperature immersion transmission probe (Hellma) with an optical path length of 10
mm and connected to the spectrometer via 2 m fiber-optical cables. The probe was fed
through a port in the stainless steel top plate of the reactor and immersed into the reaction

mixture.5*7°

Nuclear Magnetic Resonance Spectroscopy (‘H-NMR). 'H-NMR Spectra were recorded
on a Bruker Ultrashield 300 machine with a 300 MHz operating frequency using deuterat-
ed chloroform as solvent.

Size Exclusion Chromatography (SEC). Size exclusion chromatography measurements
were performed on a set of 30 cm SDV-gel columns of 5 pm particle size having a pore
size of 10°,10%,10°, and 10* A with refractive index and UV (4 =254 nm) detection. SEC
was measured at an elution rate of 1 mL/min with THF as eluent and applying a calibration
with linear PS standards.

Small Angle X-Ray Scattering (SAXS). Small angle X-ray scattering (SAXS) measure-
ments of the films were performed in vacuum on a SAXS system, which includes a Bruker
MICROSTAR rotating anode X-ray source with Montel collimating optics (CuK, radiation
4=1.54 A). The X-ray beam was further collimated using four sets of 4-blade slits (JJ X-
Ray) and the diffraction pattern of the sample was collected on a 2-D area detector (Bruker
Hi-Star). The distance of the detector was 3.5 m from the sample. One-dimensional SAXS
data were obtained by azimuthally averaging the 2D scattering data. The magnitude of the
scattering vector is given by ¢ = (4n ')sin 6, where 20 is the scattering angle and to cali-
brate the g-range, silver behenate (AgBe) was used as a standard. The Lorentz correction
was applied to correct the intensities of the X-ray scattering, where the intensities are re-
duced to zero at zero diffraction angle. The electron densities of the participating blocks
are: ps=0.566 mol/cm’, pg=0.532 mol/cm’ and p1=0.561 mol/cm’.*"** Due to the low elec-
tron density difference between S and T only a weak scattering contrast is expected.
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Results and discussion

The synthetic process for the sequential living anionic polymerization of polystyrene-
block-polybutadiene-block-poly(tert-butyl methacrylate) (SBT) is summarized in
Scheme 7.1. For this study, we synthesized a total of 16 SBT triblock terpolymers with
varying weight (and thus volume) fractions as listed in Table 7.1. We abbreviate the poly-
mers with SXByTZM throughout this manuscript, where the subscripts denote the weight
fraction of each block in wt.-% (for easier comparison), and the superscript the weight-
average molecular weight in kg/mol.

Scheme 7.1: Synthesis of SBT triblock terpolymers via sequential living anionic polymerization.

2)
@

©

)

-78°C, t<1 min

O -1
z
6-fold molar excess degassed methanol

> ——»
-50°C,t=1h -70°C to -50°C,t~2 h

The monomer conversion was followed with FT-NIR spectroscopy. The solvent sub-
stracted NIR-spectra for the polymerization of PB block in S53B3aTi3%F at different
reaction times are shown in Figure 7.1a. The signal at v=6116 cm™ corresponds to the
first overtone of the vinyl C-H stretching and decreases with increasing conversion. The
inset shows the first-order kinetic plot for this polymerization, where the conversion x,, was
calculated according to eq (7.2) with Ay as the initial absorbance, 4; the absorbance at a
certain time and 4. the absorbance at 100% monomer conversion.

Ao — A¢

= 4, A,

(7.2)

Figure 7.1b shows SEC elution traces of the PS precursor polymer (grey), the PS-b6-PB
diblock copolymer (black) and the final PS-b-PB-b6-PrBMA triblock terpolymer
(Ss3B34T) N green). The final SBT polymer shows a narrow distribution with only minor
remains of PS homopolymers due to termination of few chains during addition of the buta-
diene block. The complete shift of the trace maintaining peak shape after addition of -BMA
suggests quantitative initiation of the third block.
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Figure 7.1: Polymerization Kinetics exemplified on the S53B34T1361 triblock terpolymer. a)
NIR-spectra of 1,3-butadiene polymerization in THF at -10 °C after subtraction of the solvent
background between t =0 min and t = 360 min. The inset shows the corresponding linear first or-
der kinetic plot. b) SEC elution traces the PS precursor (grey), the PS-6-PB diblock copolymer
(black) and the final PS-5-PB-b-PBMA triblock terpolymer (green).

The overall molecular weights were chosen to be larger than 50 kg/mol so that sufficiently
high Flory-Huggins-interaction parameters drive microphase separation above the order-
disorder transition. For the present SBT system, the y-parameters for S/B and S/T are
xss=0.061"" and ysr=0.025." respectively. For B/T a value of yar=0.007 is
estimated,® but this value inherits uncertainty as calculations are solely based on solubility
parameters. The volume fractions, ¢s, ¢s and ¢r, are calculated in Table 7.1 and used
throughout the manuscript as a measure to border each morphology as well as to discuss
morphological transitions.

In the following, we discuss the phase behavior of SBT triblock terpolymers and their
self-assembly into four distinct morphologies. The last section then summarizes the stabil-
ity regions of the observed bulk phases in a ternary phase diagram.

Lamella-Lamella (LL) Morphology. SBT terpolymers with equal S and T volume frac-
tions, ¢s~ ¢r, result in the lamella-lamella bulk morphology as exemplified by the
transmission electron microscopy (TEM) images of S4B2,Tss"~ in Figure 7.2. The sample
was stained with OsQO,, which covalently binds to the polybutadiene double bonds and in-
creases the contrast of the B phase. In TEM, S appears light grey, B dark grey, and T
bright due to e-beam degradation.”” We determine a long period Lo = 68.3 nm+4.2 nm as
indicated by the red arrows in Figure 7.2b. The thicknesses of the B and S lamellae are
die)=10.4 nm+1.6 nm and dys) = 23.9 nm+3.5 nm, respectively, whereas the disintegrat-
ing T lamella cannot be measured reliably in TEM image analysis. The schematic in
Figure 7.2c shows the lamellar bulk morphology with S lamellae in light grey, B dark grey
and T in green. Although one can easily identify the lamellar sequence in TEM, e-beam
degradation of the T block leads to shrinkage of the T phase as well as deformation and
wrinkling of the entire morphology. Arising shear forces during ultra-thin sectioning of the
film add further uncertainty to the characterization based on TEM image analysis. Small-
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angle X-ray scattering (SAXS), on the other hand, is a non-invasive method and records
distinct diffraction pattern from the sample. Figure 7.2c shows a representative SAXS
curve of S4B Tss">* with peaks at the relative positions 1:2 : 4 : 6 corresponding to the
[100], [200], [400] and [600] projections for a lamellar morphology. The [300] and [500]
projections are missing or the intensity is within the range of the background noise of the
spectra. This may be explained by the similar volume fractions, ¢s = 0.39 and ¢r = 0.38,
and almost equal electron densities, ps= 0.566 mol/cm’ and pr= 0.561 mol/cm’. Thus, the
relative maxima for lamellar spacing would appear at positions that are only half of the
actual triblock terpolymer periodicity, i.e. comparable to the scattering curve of a “diblock
copolymer”. Evaluation of the scattering curve maxima gives a long period of
Ly =76.6 nm £3.8 nm, which is slightly larger than the one obtained from TEM measure-
ments (Lo =68.3 nm+ 4.2 nm) due to the mentioned shrinkage of the T lamellaec upon
degradation. We obtain the LL morphology for various compositions covering a large
range of B volume fractions from ¢ = 0.23-0.18 (Table 7.1, entries 1-4) to only ¢5 = 0.05
for polymers in previous reports.”’> This behavior can be explained by comparing the y-
parameters. Since yst>xst, a B/T interface is more favored than S/T and considering also
xs8>XsT1, the B phase preferentially spreads on T. The asymmetry of y-parameters between
adjacent blocks has a crucial influence on the phase behavior was also shown earlier by
Stadler et al. for triblock terpolymers with post modification of blocks to induce a change
of the y-parameter.”* In principle, B always engulfs the T phase, which in the special case
of a T lamella (infinite expansion in one direction) then results in the observed B lamella
even for low B volume fractions ¢g = 0.18 and ¢ = 0.05, where usually B cylinders and
spheres are expected. We will address this unusual behavior in more detail also on the oth-
er morphologies.
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Figure 7.2: Lamella-lamella morphology. a) TEM overview image and b) zoom-in of the
S4B Tss"* bulk film cast from THF. OsOy staining renders S light grey and B dark grey, while T
is not visible due to e-beam degradation. The red arrows in (b) mark the long period of the lamella-
lamella morphology. ¢) Lorentz corrected SAXS pattern with characteristic reflexes for lamellar
morphology. The schematic drawing represents the lamellar phases: S = light grey, B = dark grey,
T = green.

Core-Shell Cylinder (CYL) Morphology. For SBT triblock terpolymers with ¢s > ¢r,
asymmetric endblocks drive phase separation to the core-shell cylinder morphology (Ta-
ble 7.1, entries 5-7). Exemplified on SesB11 T2 the TEM overview image shows long-
range order core-shell cylinder morphology (Figure 7.3a). The T cylinders arrange in a
slightly distorted hexagonal lattice, wrapped by a B shell in an S matrix (Figure 7.3a,b).
The long-range order is further corroborated by the fast Fourier transform (FFT) pattern
(Figure 7.2a, inset). The angle of the unit cell is = 81° and = 99° instead of a = 60° and
B =120°, and thus, the morphology displays a deformation that it is close to the ortho-
rhombic core-shell cylinder morphology (see upper right corner of Figure 7.3a).
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Figure 7.3: Core-shell cylinder morphology. a) TEM overview image of SesB11T2:> bulk film
cast from THF (inset shows FFT of (a)). b) Zoom-in on the core-shell morphology with red dots
indicating the distorted hexagonal arrangement and red arrows mark the long period Ly. TEM sam-
ples are stained with OsO, to enhance the contrast of B phase, which appears dark grey; S is light
grey and T appears white due to e-beam degradation. The inset shows the angles a and {3 of the
unit cell. ¢) The Lorentz corrected SAXS pattern shows reflections typical for hexagonal cylinder
morphology. The inset shows a scheme of the morphology (S =light grey, B =dark grey,
T = green).

The SAXS pattern (Figure 7.3c) shows maxima at relative values of 1: V3 : 2 : V7 cor-
responding to typical [100], [110], [200], [210] indices for a hexagonally arranged cylinder
morphology. A long period Lo = 52.5 nm+2.6 nm was determined from SAXS measure-
ments, which is slightly larger than the value Ly = 39.7+4.9 nm obtained from TEM. As
discussed before, this discrepancy may be explained through underlying inaccuracies in
determination of the long period by means of TEM such as shrinkage of the film as a result
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of e-beam degradation of T or deformation of the film during cutting. A diameter of
dys+s) =26.7+1.6 nm for the core-shell cylinders was determined vie TEM. This value
cannot be measured with SAXS because this method only gives the long period of the en-
tire structure. The SAXS data, the volume fractions of the blocks as well as TEM image
analysis suggest core-shell cylinders with a T core and B shell embedded in an S matrix.
The structure is illustrated in the inset of Figure 7.3c. Although the B phase is relatively
small with only ¢s = 0.12, a homogeneous shell around the T cylinders is formed, which
we explain in correspondence to the anomalies discussed for lamella-lamella morphology.
The B phase spreads onto T to prevent an S/T interface as a result of ysr > xsr. The cylin-
drical phase is observed even if the B content increases to ¢ =0.30 as in the case of
Ss51B2sT21'™. In general, the B phase seems to engulf the T phase irrespective of its volume
fraction and we find core-shell cylinders as long as the T block volume fraction remains
¢r <0.25. The spreading behavior of B suggests that the overall morphology is first and
foremost governed by the volume fractions of the end blocks, S and T (especially for B as
the minority phase). As long as the T block has a weight fraction corresponding to the cyl-
inder morphology the B volume fraction can adopt a wide range of values without
changing the morphology as it only spreads between S and T domains. Hence for SBT, the
core-shell cylinder morphology has a high stability region. As shown earlier by Abetz et
al. for high B content SBT terpolymers, also morphologies are observed with S and T be-
ing both spheres or both cylinders within the B matrix when the B phase increases to
¢s > 0.50.” In these cases, the B phase still separates S from T, which agrees with the as-
sumptions drawn so far.

Cylinder-in-Lamella (CL) Morphology. For SBT triblock terpolymers with ¢s>>¢r and
simultaneously ¢ > 0.39, we observe the formation of a morphology that is best described
as hexagonally packed T cylinders exclusively located in B lamellae alternating with
“empty” S lamellae. The TEM overview in Figure 7.4a exemplifies this morphology on
S46B41T13”, where the light grey S phase forms continuous, undulated lamellae and the
dark B lamellae accommodate white T cylinders. The T phase thereby still arranges in
slightly distorted hexagonal long-range order as indicated by the FFT pattern and the red
dots in Figure 7.4b. The long period Ly = 38.5+1.7 nm determined from TEM image analy-
sis is small as compared to the previously discussed morphologies, which is expected
given the rather low molecular weight of My =69 kg/mol. The long period of
Ly =57.1 nm£2.9 nm obtained from SAXS is again more reliable and larger than that from
TEM. This morphology also has a relatively large stability region and is found for block
compositions ranging from ¢r = 0.05-0.13, while ¢ > 0.39 (Table 7.1, entries 8-11). This
morphology was previously described for a block ter-/copolymer blend”” and for polysty-
rene-block-poly(2-vinylpyridine)-block-poly(tert-butyl methacrylate),”” and denoted as
undulated lamellae (UL). Although the S and B phases are clearly undulating, the UL ter-
minology does not fully capture the complex geometrical arrangement of all phases. The
SAXS pattern in Figure 7.4c shows peaks at relative positions 1:V3:2:7:3 and thus
contains characteristics of both the lamella and the cylinder morphology, and is best de-
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scribed as cylinder-in-lamella (CL) morphology. TEM in combination with SAXS suggests
the following block arrangement as according to the inset in Figure 7.4c: as the minority
phase, T (green) forms cylinders within the B lamellae phase (dark grey) alternating with
continuous S lamellae (light grey).
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Figure 7.4: Cylinder-in-lamella morphology. a) TEM overview with inset showing the FFT of
this image and b) zoom-in on S4B4 T13* bulk film cast from THE. The B phase is stained with
OsO4to enhance contrast (S is light grey and T appears white due to e-beam degradation). The S
phase forms an undulated lamellar phase, while B lamellae contain T cylinders (red spots indicate
hexagonal arrangement of T cylinders). The red arrows mark the long period L. ¢) Lorentz cor-
rected SAXS pattern show typical reflexes for lamellar and cylindrical morphologies. The
schematic in (c) shows the block arrangement for the cylinder-in-lamella morphology: S = light
grey, B = dark grey, T = green.

Despite the seemingly complex positioning of the blocks, we can derive its origin rather
easily with the help of our previous discussions. Figure 7.5 illustrates the evolution from
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core-shell cylinders to cylinder-in-lamella morphology in dependence of the B volume
fraction. First a core-shell morphology can be observed as long as the B volume fraction
does not exceed ¢ = 0.30 (Figure 7.5a, Table 7.1, entry 6). The rather large ¢g = 0.3 for
S51BysTo '™ in Figure 7.5a still forms a continuous shell, yet already here the core and the
shell of the cylinders experience a noticeable elliptic deformation in one direction. With
increasing ¢ = 0.4, the shell grows relative to the core and the high incompatibility ysg
causes anisotropic deformation of the B shell. Similar to the core-shell cylinder morpholo-
gy, we find hexagonally arranged T cylinders (Figure 7.5b), yet with the marked difference
that the much larger B shells (in relation to T) start merging into a lamella. The overlap-
ping B volume at ¢ = 0.5 then fuses into a lamellar phase that incorporates the T cylinders
(Figure 7.5¢). The hexagonal arrangement of the cylinders is thereby preserved.

a

Figure 7.5: Morphological evolution from core-shell cylinder to cylinder-in-lamella morphol-
ogy. a) Core-shell cylinder morphology for volume fractions ¢p < 0.3. The corresponding TEM
image shows a bulk film of the S5;B,sT,,'™ triblock terpolymer. b) For S4B T 5% with ¢p ~ 0.4,
the B shell becomes thicker (relative to T) developing connection points reminiscent of pearl-
necklaces. ¢) Further increase to ¢g = 0.5 leads to fusion of B into undulated lamellae incorporating
T cylinders. The corresponding TEM image shows the S30BsiTio™ bulk film (S =light grey,
B = dark grey, T = green).

Core-Shell Gyroid Morphology. At a certain composition range, we identify the core-
shell gyroid morphology in TEM and SAXS. In case of S33B43T4 " (Table 7.1, entry 12), a
mixture of lamella-lamella and gyroid morphology was found, which changes to exclusive
gyroid morphology upon decreasing the T volume fraction. Figure 7.6a,b shows the TEM
overview image of the S53B34T153%! bulk morphology as well as the zoom-in of most likely
the [112] projection of the gyroid morphology.”® From this projection a long period of
Ly=98.7 £3.1 nm was determined from TEM. Similar motifs that are characteristic for the
core-shell gyroid morphology can also be found for SBT triblock terpolymers with compo-
sitions of S4sBaoTis ', S36Ba7T17° and SsoB3o T (Table 7.1, entries 13-16). This broad
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stability region of the gyroid is rather unusual for triblock terpolymers, but is again a con-
sequence of the B phase that spreads as shell on the T gyroid, even at high ¢ = 0.35-0.50.
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Figure 7.6: Core-shell gyroid morphology. a) TEM overview and b) zoom-in of S45B4T;s’' bulk
film cast from THF. In the images, S is light grey, B dark grey (stained with OsO4) and T appears
white due to e-beam degradation. The red arrows in (b) mark the long period L. ¢) The Lorentz
corrected SAXS pattern depicts reflex positions typical for the gyroid morphology. The schematic
in ¢) illustrates the arrangement of the blocks for the core-shell gyroid morphology: S = light grey,
B = dark grey, T = green.

The SAXS pattern in Figure 7.6c shows maxima at relative positions
V3 04 : N7 V11 : V13 : V25 : V35 : V43 that are typical for the gyroid morphology, alt-
hough peak broadening complicates indexing of all reflections.”’ The relative peak at V3 is
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assumed to correspond to the [211] direction. A long period of Ly = 106 nm#2 nm was de-
termined from SAXS measurement and is in good agreement with TEM measurements.
The inset in Figure 7.5¢ shows a schematic drawing of the core-shell gyroid with S in light
grey, B in dark grey and T in green. All measured gyroid samples have in common that T
and B form the core-shell gyroid, which is embedded in an S matrix.

Phase diagram. Figure 7.7 summarizes the discussed morphologies of SBT triblock ter-
polymers in a comprehensive ternary phase diagram. SBTs with the lowest volume
fractions of the T block ¢r=0.05-0.13 and high ¢ > 0.39, phase separate to cylinder-in-
lamella (CL, or undulated lamella) morphology (Figure 7.7 orange area).

0.00

Figure 7.7: Ternary phase diagram of SBT. The colored areas mark regions of the same mor-
phology: blue: core-shell cylinder; green: lamella-lamella (stars denote literature values from ref.
[55,73]); orange: cylinder-in-lamella; yellow: core-shell gyroid. All phases are exemplified in TEM
images with frames in corresponding colors. The scale bars are 100 nm.

Asymmetric SBT triblock terpolymers with ¢s>0.49 and T fractions between
¢r=0.15-0.25 form T core, B shell cylinders in S matrix (CYL, Figure 7.7 blue area).
When the S and B blocks are in the range of ¢s~ ¢g ~0.35-0.50 with T fractions of
¢r = 0.15 the core-shell gyroid (GYR) morphology is present (Figure 7.7 yellow area). The
lamella-lamella (LL) phase (Figure 7.7 green area) is observed in a rather large region in-
cluding literature values (displayed as stars in the phase diagram).”>"® The large stability
region is attributed to the fact that the B phase always spreads on T and forms lamellae as

221



Chapter 7

long as the S and T block are of similar volume fractions and form lamellae themselves
(¢s = ¢r). Due to ysr>xsr, the B phase tends to spread on T and complex morphologies
such as sphere-on-cylinder, helix-on-cylinder or lamellar-sphere as observed for polysty-
rene-block-polybutadiene-block-poly(methyl methacrylate) (SBM) are absent.' The
stability regions over relatively large block copolymer compositions simplify the phase
behavior of SBT and the resultant morphologies are easier-to-target synthetically.

Conclusions

Bulk morphologies of 16 SBT triblock terpolymers were investigated via TEM and SAXS,
and comprise: the core-shell cylinder (CYL), lamella-lamella (LL), undulated lamella or
cylinder-in-lamella (CL) and core-shell gyroid (GYR) morphology. Whereas CYL, LL and
GYR represent core-shell analogs of known diblock copolymer morphologies, the CL
morphology is the result of merging shells of core-shell cylinders in a linear fashion. The
rather simple phase behavior of SBT as compared to, e.g., the more complex phase dia-
gram of SBM, might be explained by comparing the )y—parameters of the participating
blocks. Since the yst as well as xsp is higher than ygr, a B/T interface is favored over S/T.
To prevent the unfavorable S/T interface the B phase spreads onto T resulting in core-shell
structures. Consequently, we observe stability regions of the core-shell analogs of diblock
copolymer morphologies over a broader range of block copolymer compositions, because
the middle block plays only a minor role in structure evolution. The length of the S and T
end blocks mostly determine the final morphology. On the one hand, the simple phase be-
havior of B reduces the number of possible morphologies to only a few, but on the other
hand, it teaches us that proper combinations of )-parameters (in multiblock copolymers)
gives control over phase behavior with minor influence of block volume fractions. In view
of applications, this example highlights the importance of knowledge of the block-block
interactions, because morphologies that are challenging to target (e.g. gyroid) might be-
come easier accessible by reducing the complexity of triblock terpolymer phase behavior
through proper choice of monomers.
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ABSTRACT

Several hundred grams of Janus nanoparticles (d = 40 nm) were synthesized from triblock
terpolymers as compatibilizers for blending of technologically relevant polymers, PPE and
SAN, on industry-scale extruders. The Janus nanoparticles (JPs) demonstrate superior
compatibilization capabilities compared to the corresponding triblock terpolymer, attribut-
ed to the combined intrinsic properties, amphiphilicity and the Pickering effect.
Straightforward mixing and extrusion protocols yield multiscale blend morphologies with
“raspberry-like” structures of JPs-covered PPE phases in a SAN matrix. The JPs densely
pack at the blend interface providing the necessary steric repulsion to suppress droplet co-
agulation during processing. We determine the efficiency of JP-compatibilization by
droplet size evaluation and find the smallest average droplet size of d = 300 nm at 10wt.-%
of added compatibilizer, whereas at 2wt.-%, use of JPs is most economically with reasona-
ble small droplets and narrow dispersity. In case of excess JPs, rheological properties of the
system is changed by a droplet network formation. The large-scale synthesis of JPs, the low
required weight fractions and their exceptional stability against extensive shear and tem-
perature profiles during industrial extrusion process make JP promising next generation
compatibilizers.
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Introduction

The blending of polymers is a well-established and versatile concept to economically unify
desirable material properties of multiple components within new materials and builds the
foundation of an entire industry.'> The inherent immiscibility of polymers usually de-
mands the careful design of blend recipes, processing conditions and/or the addition of
compatibilizers to control the blend morphology.*> Compatibilizers may add further func-
tionality and range from organic molecules to block and graft copolymers,®’
nanoparticles® "' and carbon based reinforcements.'>'? Thereby, nanoparticle reinforced
composites have evolved into a vivid research field owing to the selective localization of
particles and thus functional matter at the blend interface.'*"” In that regard, Janus nano-
particles (JPs) have received much less attention, despite their known exceptional
performance in applications that specifically rely on the minimization of interfacial ener-

18-21

gies (emulsions, suspensions, melts). JPs are the colloidal analogue of surfactants and

amphiphilic block copolymers and feature different physical properties on opposing hemi-

22-24
spheres.

The combination of amphiphilicity and particulate character (Pickering effect)
favors strong and selective adsorption to interfaces. Among others, this is considered chal-
lenging when applying nanoparticle compatibilizers in polymer melts.”>*® Previous work
on polystyrene/poly(methyl methacrylate) (PS/PMMA) blends compatibilized by JPs with
matching PS and PMMA hemispheres served as an ideal small-scale model for compre-
hensive studies on JP location, blending efficiency and morphological evolution.”” Since
then, only a handful of theoretical works advanced this prospective research field.”*°
Studies involving JPs mostly focus on polymer blends that allow convenient handling (in
experiments and calculations) as to understand underlying mechanisms, while studies on
blends with material properties appealing for practical applications have remained beyond
laboratories’ reach.

Poly(2,6-dimethyl-1,4-phenylene ether) (PPE) blended with poly(styrene-co-
acrylonitrile) (SAN) is such a system of technological relevance. PPE is usually blended
with PS, since they are fully miscible, to facilitate its processability. Yet, the need for a
modified system, preferably based on PS or its copolymers, with better chemical stability
and higher 7, (like SAN) is of high scientific interest. The new blend would combine the
heat resistance and dimensional stability of PPE with the stiffness and easy processability
of SAN; however, the miscibility of the system depends strongly on the acrylonitrile con-
tent of the SAN phase. Almost all commercially available SAN polymers have AN
contents between 18-35 wt.-%, whereas above 12.4 wt.-% the PPE/SAN system is immis-
cible.’’ In this case, the high surface energy and the low tendency of PPE to form
interfaces with SAN cause PPE droplets to rapidly coagulate during extrusion, rendering
compatibilizers an essential part of the blend recipe. In earlier studies, we showed that the
ABC triblock terpolymer polystyrene-block-polybutadiene-block-poly(methyl methacry-
late) (SBM) efficiently compatibilizes this blend since PS is compatible with PPE and
PMMA with SAN.**>* The soft PB middle block forms low modulus droplets located at
the interface and may serve to dissipate energy. We hypothesize that the use of JPs made

231



Chapter 8

from SBM triblock terpolymers could distinctly improve the blend microstructure and out-
perform the triblock terpolymer due to the superior interfacial activity of amphiphilic
particles. So far, JPs have not been studied as compatibilizers in industry-scale blend sys-
tems due to severe challenges in the up-scaling of particle production (typically solved for
ug to mg amounts).”'*° In general, there is a lack of available JP types that are able to op-
erate on the relevant size scale, i.e., particles should be considerably smaller (< 100 nm)
than the to-stabilize blend polymer droplets (< 1 pm). It is thus not surprising that JPs are
still considered an exotic class of material, merely suited for specialized research and not
appropriate for large-scale applications.

Here, we present the first studies on the performance of Janus nanoparticles in techno-
logically relevant polymer blend systems in industry-scale blending equipment using 200 g
of SBM JPs for the compatibilization of several kilograms of PPE and SAN (Figure 8.1).
We show that despite high shear rates during melt processing JPs quantitatively adsorb at
the blend interface and we derive mechanistic explanations for the morphological impact
of JPs on the studied polymer blend system. Both are key aspects for the implementation
of JPs as compatibilizers in industry-scale processes.

Results and Discussion

We recently reported a solution-based synthesis of nanosized JPs, which opens the way to
significantly larger quantities of JPs.”” The JPs for this study were prepared from a triblock
terpolymer of the composition S4B2oMaio'"® (subscripts denote block weight fractions and
superscript overall molecular weight in kg/mol) according to a modified recipe from ref 37
(see Supporting Information) yielding 100 g JPs in a single batch (Supporting Information
Figure S8.1). The JPs feature a cross-linked PB core and equally sized PS/PMMA hemi-
spheres (Supporting Information Figures S8.2 and S8.3). The polymer chains of the
hemispheres are above the critical entanglement lengths, M., with M,ps =42 kg/mol
(M.ps =34 kg/mol)*® and M, pavma = 42 kg/mol (Mepmma = 18 kg/mol),” ensuring suffi-
cient interaction between JPs and the blended polymers. In a typical blend experiment,
540 g PPE powder and 360 g SAN polymer pellets were dry-mixed together with 100 g
JPs to yield a blend ratio of PPE/SAN 60:40 (w/w) containing 10 wt.-% JPs as compatibil-
izer. This particular blend ratio has a well-processable medium viscosity and demonstrated
convincing blend performance in earlier studies."”****" After optimizing process parame-
ters such as screw speed on the neat blend, all mixtures were extruded on a Brabender DSE
twin-screw extruder at fixed nozzle temperature of 245 °C, at constant screw speed of
85 rpm and constant throughput of 1 kg/h (details are given in the Experimental Section).
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Figure 8.1. Processing of polymer blends using Janus nanoparticles (JPs) as compatibilizer.
During extrusion of the polymer melt, JPs (black dots) compatibilize and stabilize PPE droplets
(yellow) within the SAN matrix (grey).

To analyze the blend morphology, scanning electron microscopy (SEM) and transmis-
sion electron microscopy TEM were used. For TEM imaging, ultrathin sections
(thickness < 100 nm) were cut from the blend granules after extrusion (Figure 8.2). We
find a substantial improvement of the blend homogeneity after addition of 10 wt.-% JPs
(Figure 8.2b) compared to the neat blend system (Figure 8.2a). The neat blend shows elon-
gated, ill-shaped droplets that frequently coagulate and resemble a co-continuous phase
(parallel to extrusion direction), whereas the JP blend shows an entirely different morphol-
ogy of small droplets. The morphology in Figure 8.2b shows small PPE droplets (dark)
embedded in a continuous SAN matrix (bright). Strikingly, the droplets are able to pack
densely without coagulation despite the harsh processing conditions (temperature, pres-
sure, high viscosity) and the strong arising shear forces. Although the PPE droplets collide
and deform as evident from their nonspherical shape, the JPs at the interface provide effi-
cient stabilization and repulsion for the droplets. The size of most droplets is well below
1 um as a direct result of efficient reduction of interfacial energy. Despite the excess of
PPE in the feed, we still find PPE droplets in a SAN matrix, because the high viscosity
ratio, Mppe/Msan > 10, shifts phase inversion far from a feed ratio of 50:50 (w/w). This pe-
culiarity is well-known for PPE/SAN, where the less viscous SAN always forms the
matrix.*>> On closer inspection of the droplet morphology in Figure 8.2b, we frequently
observe brighter SAN droplets inside the darker PPE droplets, suggesting a double emul-
sion morphology, usually found close to phase inversion,”' i.e., SAN droplets in PPE
matrix (see also Supporting Information Figures S8.4 and S8.5). The TEM close-up in Fig-
ure 8.2c corroborates the double emulsion morphology. Here, the larger PPE droplet
engulfs smaller SAN droplets, while all interfaces are densely covered with JPs visible as
black dots (OsOj staining of remaining PB double bonds). We will discuss the origin of
this morphology and the narrow droplet size distribution in more detail later.
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Janus
Particles

Figure 8.2. Droplet morphology of the PPE (dark)/SAN (bright) blend (60/40 w/w), as neat
blend and compatibilized with 10 wt.-% of SBM JPs. a) TEM overview of the PPE/SAN (60/40
w/w) blend without and (b and c) with compatibilization. The neat blend system show irregular,
elongated and fused droplets, whereas small drop morphology occurs with 10 wt.-% JPs (b). The
TEM magnification (c¢) of one PPE droplet shows JPs as black dots exclusively located at the
PPE/SAN blend interface. PB cores of JPs were selectively stained with OsOj, to increase the con-
trast.

To get a better overview of the blend structures, SEM images of the neat and JP compat-
ibilized blends are shown in Figure 8.3, panels a and b, respectively. Here again the
difference in blend structures shows a clear transition from a random co-continuous struc-
ture to a homogenous droplet structure. The morphological difference is also clearly
demonstrated when comparing horizontal (parallel to extrusion direction) and vertical
(perpendicular to extrusion direction) fractures of the blends to evaluate the homogeneity
throughout the samples (Supporting Information Figure S8.6). The JP blend displays sub-
micrometer features in both directions proving isotropic distribution of the blend
components. Compared to that, the neat blend contains micron-sized elliptical domains in
the horizontal, but distinctly different elongated cylindrical domains in the vertical cross
section attributed to anisotropic shearing of the PPE phase. This difference in morphologi-
cal homogeneity should have profound effects on the stability of the blend when subjected
to stress. We find the droplet morphology also in SEM as a random distribution of dents
and bumps corresponding to droplets and holes left behind by detached PPE droplets (Fig-
ure 8.3b; red and blue arrows). The droplets show a multiscale structure as they are fully
covered with JPs, forming raspberry-like structures in a SAN matrix. We clearly identify
the JPs at the blend interface in SEM (Figure 8.3c). After cryo-fracturing of the blend, the
droplet surface is fully decorated with small spherical particles corresponding to points of
adhesion between PPE and SAN mediated by JPs. The inset in Figure 8.3¢c shows a ten-
dency for hexagonal close packing with interparticle distances of 30 nm attributed to the JP
size in the collapsed state (Supporting Information Figure S8.3).%
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Figure 8.3. SEM overview of cryo-fractured blends. Irregular shaped neat (a) and compatibilized blend
interface with small drop morphology (b). Red and blue arrows point to dents left behind by pulled-out drop-
lets and remaining droplets, respectively. ¢) SEM magnification of a PPE droplet interface fully covered by
JPs (raspberry-like structure). The inset is a further magnification of the region marked by the black square
and illustrates the hexagonal packing tendency of the JPs at the interface (scale bar in inset is 100 nm).

Although very similar packing was observed previously with a PS/PMMA blend,”’ the
PPE/SAN blend inherits a set of entirely different physical properties. The fact that JPs still
selectively locate at the interface is remarkable and explained by the energy, AEgesorb, T€-
quired to desorb the JPs from the blend interface. According to eq 8.1 (see Supporting
Information),

2
AE, . = 3TRY ppsan .1)

increases with the square of the particle radius, Rjp, and the interfacial tension between
the blend components, yppgisan.>~ The interfacial tension between two polymers can be
estimated from the Flory-Huggins polymer-polymer interaction parameter, ¥, applying the

relation y « y1/2

(for x > 0). In the studied system all parameters favor JP location at the
interface,” i.e., high incompatibility of the blend components, Xppeisan > 0.5, and good
compatibility between blend components and the respective JP corona blocks, Xppr/ps = -
0.044 and xsanpmma = -0.008" (for 19 wt.-% AN in SAN). To further increase AEgesors.,
we chose JPs to be considerably larger than the radius of gyration of the blended polymers
(Repotymer < 10 nm vs. Ryprem = 19 nm; Vip/Vipoymer > 7). Although an exact calculation of
AFEgesory, 18 elusive, the quantitative adsorption of JP to the blend interface suggests that
AFEgesorb, must be sufficiently high to overcome the thermal energy impacting the particles
at 260°C during extrusion.

Figure 8.4 summarizes the efficiency with which the JPs compatibilize this blend sys-
tem. Here, we compare the morphology without additive, compatibilized with 10 wt.-%
S3,B36M3,” triblock terpolymer and with 10 wt.-% JPs made from S40B2oMao'®. All other
processing parameters were kept constant to allow reliable comparison. The JPs considera-
bly reduce the droplet size as compared to the neat blend and also significantly outperform

the SBM terpolymer (Figure 8.4a).
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Figure 8.4. Impact of compatibilizer on blend morphology. a) TEM images of the neat blend
(without additive, perpendicular to the extrusion direction), compatibilized with 10 wt.-% SBM
terpolymer and with 10 wt.-% SBM JPs (slight contrast differences originate from varying film
thicknesses). b) Histogram of 500 droplet radii for all blend systems.

For each system we analyzed the radii of 500 PPE droplets in TEM micrographs of ul-
trathin cuts. The radius of each droplet is calculated from the cross-sectional area
(determined using Imagel software), assuming spherical shape (Figure 8.4b). The average
droplet radius, Rppr, and standard deviation strongly decrease  from
Rppe:spm = 670 £230 nm to Rppegp = 155 = 85 nm underlining the superior stabilization
capabilities of JPs as compared to the SBM terpolymer. Both compatibilizers are am-
phiphilic in nature and exhibit the same interactions with the blend polymers, which is why
we consider the Pickering effect and the accompanying high interfacial activity of the JPs
mostly responsible for the significant improvement. The droplet radius for the neat blend,
Rppgneat = 540 = 300 nm, was determined for the sake of completeness, but does not ade-
quately reflect the occasional multi micron-sized droplets. Without any additive the neat
blend yields entirely unpredictable und irreproducible morphologies that may change at
any given point even within the same extrusion experiment. In addition, reasonable droplet
evaluation was complicated by excessive droplet coagulation, commonly observed for in-
sufficient or missing surface stabilization (compare also Figure 8.2a and 8.3a). The
difference between the SBM terpolymer and the neat blend is surprisingly small: both
show broad distributions without significant shift of the average radius. We believe that a
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considerable fraction of the SBM terpolymer is actually present as micelles or micelle clus-
ters that manifest as black spots inside PPE droplets in Figure 8.4b (SBM terpolymer-
stabilized blend). These micelles in the SBM compatibilized blends are the reason for re-
duced efficiency of SBM during compatibilization (probably due to lower activity
compared to JPs). These trapped SBM polymer chains in PPE do not contribute to the sta-
bilization of interfaces. Therefore, the difference between neat and SBM blends is only a
more homogeneous morphology without smaller droplet sizes.

Figure 8.5 and Table 8.1 illustrate the morphological evolution of the blend as a func-
tion of the Janus particle content, i.e. at weight fractions of fjp = 0, 1, 2, 5 and 10 wt.-%.
The histograms in Figure 8.5a show a distinct trend for the evolution of droplet radius in
dependence of JP content. The addition of only 0.5 (not shown) and 1 wt.-% JPs is not able
to provide the necessary coverage to stabilize the interface and besides irregular droplet
shape and large average droplet radii, droplets still partly coagulate into the co-continuous
PPE/SAN morphology (Figure 8.2a). Figure 8.5b shows that by increasing the JP content,
not only the PPE domain size gets smaller, but also the homogeneity of the blend morphol-
ogies improves.

2 wt-%

Droplet Count

5wt-%

0 200 400 600 800 1000 1200 1400 1600
Droplet Radius [nm]

Figure 8.5. Dependence of droplet size on JP content. a) Histograms of 500 droplet radii and (b)
TEM image series of the corresponding morphologies.
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Table 8.1. Dependence of average droplet size and stabilization efficiency on the JP content.

fo [Wt%] Reps [nm]”  s(Repg) [nm]”  Ryppa[f,, [nm]
0 540 300
1 440 350 440
2 340 190 480
5 270 100 600
10 150 80 474

9 Average of 500 droplets; ”Standard deviation

Therefore, the occasional too large or too small particles visible in the blends with 1 and
2 wt.-% JPs are not visible in blends with 5 and 10 wt.-% JPs. The homogeneity of the
blend morphology would result in homogenous macro mechanical properties and is of
great industrial interest. As already discussed, at fjp = 10 wt.-% (and at a lower extent in the
blend with 5wt.-% JP) the morphology is reminiscent of a double emulsion with SAN in-
clusions inside PPE droplets. We hypothesize that the system creates additional interface
due to excess stabilization capability of the large amount of JP added. The second interface
also suggests that the droplet already reached its optimum curvature considering the given
interfacial energies. Assuming a dense packing of the JPs on the interface area, Appg, sim-
ple geometric relations show that the radius of the PPE droplets should scale with the
inverse square root of the JP content, fjp:

_ 2 -1
Appp = 4R < [

. -12 12 _
S Rypp o< fip T or Rppp - fjp =const.

(8.2)

Table 8.1 shows that (with the exception of fip = 5%) the product R, - f,, is indeed

constant, confirming our assumption that the JPs densely pack at the interface, irrespective
of the JP content.

The SAN inclusions are only visible in the blends with 5 wt.-% JP or more and are less
frequent compared to the significant micelle and micellar cluster formation observed in the
SBM compatibilized blend. To understand the formation of the SAN inclusions in the 5
and 10 wt.-% blends, shear rheology measurements were performed on the neat and the JP
compatibilized blends (Figure 8.6).
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Figure 8.6. Absolute zero shear viscosities of the PPE/SAN blends compatibilized with 1, 2, 5, and
10 wt.-% JPs.

The increase in viscosity after the addition of JPs indicates effective compatibilization
as a result of enhanced stress transfer between the phases in the blends with fijp =1, 2, and
5 wt.-%. In case of the blend with 10 wt.-% JPs, the viscosity does not change significantly
in the high frequency range as compared to the neat blend. However, at lower frequencies,
an increase in the viscosity is visible, indicating some network-like structure formations.
The 3D network forms through structure buildup of the PPE droplets in the matrix once
their sizes drop below a critical value.*” We assume that at high JP concentration during
extrusion, at first the particles cover all PPE droplet interface and minimize droplet size,
while excess JPs are still present as clusters in one of the phases (for equal hemispheres
cluster formation is equally probable in both phases). These excess JPs which form clusters
(super-micelles) are freely dispersed in the blend, and since they are small spherical parti-
cles, they can facilitate low friction sliding between the PPE droplets and the overall
viscosity of the blend is reduced to that of the neat blend. In case of the blend with 5 wt.-%
JPs, we observe a similar phenomenon at smaller scale (Figure 8.5), also corroborating that
the most economic amount of Janus particles to realize full compatibilization of the blend
is indeed fjp = 2-5 wt.-%. Another consequence of the excess amounts of JPs in the 5 and
10 wt.-% blend is that the system tries to build up extra surface to accommodate excess JPs
and hence, SAN inclusions form within the PPE droplets. In addition, lower the viscosity
of the blend at higher shear rates further facilitates the formation of such SAN inclusions.

Although the effect of processing parameters on the blend morphology has been com-
prehensively studied in the past, many works conclude that the mechanisms of morphology
development and the final morphology would be similar for batch mixers and twin-screw
extruders. However, one should always keep in mind that the shear field generated is
unique to the equipment and may have different, even dramatic effects on the polymer
blend. To study the effect of different shear rates, two processing machines, one with high
and one with low shear forces have been chosen to compare the effect of processing condi-
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tions on the blend material. At first, all other processing conditions including residence
time, temperature profile, and screw speed were kept constant and only the effect of differ-
ent shear fields was investigated. We blended PPE/SAN with JP on a lab-scale mini-
compounder which produces low shear forces and obtained a co-continuous morphology
compared to the industry-scale extruder which has much higher shear forces, demonstrat-
ing the profound effect of forces accompanied to the used machinery (Figure 8.7). The
measured torque values during the process were 5 and 45 Nm for mini-compounder and
extruder, respectively, which confirm low and high shear forces during the process. Since it
is here proven that low shear forces in the mini compounder cannot break up the high vis-
cous PPE phase into droplets, another experiment was performed with higher mixing
(residence) time. From the results (Supporting Information Figure S8.7), one can conclude
that the effect of shear forces produced by the machine is much higher than that of pro-
cessing conditions (such as residence time), since the blend with double residence time in
the compounder still shows co-continuous morphology. This is because mechanisms lead-
ing to PPE droplet break up need high shear forces and, within the steady state regime, are
independent of residence time. This knowledge is of particular interest when designing and
testing lab-scale prototype materials or working with special blend systems (i.e. with high
viscosity ratios). In case of some polymer blends with special viscosity ratios, extensional
flows are needed to provide the desired morphologies and therefore, other compounding
devices such as co-kneader twin-screw extruders would be needed. To predict morpholo-
gies in blends, the underlying mechanisms need to be understood more clearly, which is
why we are convinced that large-scale studies establish an invaluable basis for the applica-
tion-oriented development of designer materials (such as JPs) and likewise for the
advancement of existing theoretical models.

Figure 8.7. Morphologies obtained for lab- and large-scale compounding of PPE/SAN blends
compatibilized with 10 wt.-% JPs. a) Co-continuous morphology produced with mini-
compounder under low shear conditions and (b) nanosized drop morphology of the same blend
composition produced with industry-scale extruder with high shear forces.
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Conclusions

We demonstrated the efficient compatibilization of PPE/SAN blends using Janus nanopar-
ticles in industry-scale blending equipment. The combination of strong interfacial affinity
and the Pickering effect promote quantitative adsorption of JPs to the blend interface irre-
spective of the harsh processing conditions. The Pickering effect significantly contributes
to particle adsorption by overcoming the high thermal energy of the particles in the poly-
mer melt. The optimum fraction of JPs necessary for sufficient droplet stabilization
without formation of double emulsion morphology was determined to be in the range of 2-
5 wt.-%. A more economic use of the Janus nanoparticles may be realized by admixing
specific amounts of SBM triblock terpolymer. Preliminary results show synergetic stabili-
zation capabilities of SBM JPs/triblock terpolymer mixtures. Entirely different
morphologies were obtained for lab-scale and industry-scale processing underlining the
importance of large-scale studies on systems involving specialized materials. Ongoing
work comprises comprehensive studies on mechanical properties, the use of Janus nano-
particles with unequal-sized volume ratios of the corona hemispheres (Janus balance), and
synergetic effects of JPs in combination with other conventional compatibilizers. Especial-
ly JPs with Janus balance in favour of the stabilizing patch could result in even smaller
droplet radii than the ones reported.

Experimental Section

Materials

All solvents used were of analytical grade. Dialysis tubes of regenerated cellulose with a
MWCO of 12,000 — 14,000 g/mol were purchased from Roth, equilibrated in deionized
water for 30 min and washed with excess dioxane before use. The photo-cross-linker,
2,4,6-trimethylbenzoyldiphenyl-phosphineoxide (/max =~ 360 nm) was obtained from BASF
AG, Ludwigshafen, Germany (Lucirin TPO®). Commercial-grade poly(2,6-dimethyl-1,4-
phenylene ether) (PPE; PX100F) was obtained as powder from Mitsubishi Engineering
Plastics FEurope, Diisseldorf, Germany. The weight average molecular weight
M,, =12.9 kg/mol and the polydispersity index PDI = 1.63 of PPE was determined by size
exclusion chromatography (SEC) with THF as eluent at a flow rate of 1.0 ml/min (columns
at 40 °C) using an UV detector and polystyrene standards for calibration. The commercial-
ly available poly(styrene-co-acrylonitrile) (SAN) with a acrylonitrile content of 19 wt.%
was purchased as pellets, from BASF AG, Ludwigshafen, Germany (SAN VLL 19100).
The M,, = 97.1 kg/mol and PDI = 2.13 of SAN was determined the same way as mentioned
above. The low acrylonitrile content of the polymer ensures homogenous miscibility of the
SAN with the PMMA blocks of the compatibilizers at the relevant processing conditions.
Irganox 1010 and Irgafos 168 (BASF, Germany) were used as stabilizers to prevent poly-
mer heat degradation during the process.
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Synthesis of SBM Janus Nanoparticles. The SBM triblock terpolymers were synthesized
via sequential living anionic polymerization of styrene, butadiene and methyl methacry-
late, as reported elsewhere in detail.’”* The Janus nanoparticles were prepared according to
a recipe modified from the earlier report to satisfy the requirements of industry blending
equipment.’’ In a typical experiment, 100 g of SBM triblock terpolymer was dissolved in
1 L THF to yield a concentration of ¢ = 100 g/L. After complete dissolution, the concen-
trated polymer solution was dialyzed against 10 L acetone/isopropanol (60:40 v/v)
(selective solvent for PMMA). The solvent mixture was changed twice to generate JPs
clusters (spherical multicompartment micelles that consist of JPs). After dialysis, the
phase-separated state of the micelles was permanently fixed by cross-linking of the PB
block. Therefore, 0.25 equiv (compared to the PB double bonds) of photo-cross-linker,
2,4,6-trimethylbenzoyldiphenyl-phosphineoxide (Lucirin TPO®; Apa =~ 360 nm) was dis-
solved in 1 L acetone/isopropanol (60:40 v/v) and added to the dispersion of the JPs
clusters to dilute the highly viscous dispersion from 100 g/L to 50 g/L. The sample was
then irradiated for 24 h using a UV-lamp with a cut-off filter of A =300 nm. Continuous
stirring ensured homogeneous cross-linking of the opaque solution. The Janus micelles
were recovered by precipitation into 20 L methanol.

Pre-blending of Dry Polymer Powders. Before melt blending of the homopolymers, the
PPE powder and the SAN pellets were dried at 80 °C for at least 12 h under vacuum. For
SBM triblock terpolymers and JPs a lower temperature of 40 °C was chosen due to sensi-
tivity of the PB block to degradation when longer exposed to oxygen atmosphere at
elevated temperatures. In addition, the SBM and Janus compatibilizers were cryo-grinded
into a powder. Prior to melt blending, PPE and SAN were dry blended with SBM or JPs
using powder mixers. The PPE/SAN ratio was kept constant at 60:40; however, for each
blend the amount of compatibilizer (SBM or Janus particles) was varied to 0.5, 1.0, 2.0,
5.0 and 10 wt.-%. To prevent thermal degradation, 0.1 wt.-% of stabilizer (mixture of
Irganox 1010 and Irgafos 168) was added to the compounds.

Instrumentation

Lab-scale melt processing. Melt blending of the compounds was performed on a micro-
compounder (Xplore DSM) with co-rotating conical twin-screw setup and volume capacity
of 15 ml. This process is comparable to a batch mixing process. The temperature inside the
microcompounder was kept constant at 260 °C, the screw speed at 85 rpm and the mixing
time was 5 minutes (similar to the residence time in the extruder). The melt strands were
cooled and cut into pellets.

Industry-scale melt processing. A continuous scale, co-rotating twin-screw extruder
(Brabender DSE 20/40) with L/D=30 was used to compound the polymer blends. The
maximum barrel and nozzle temperature were fixed at 250 °C and 245 °C, respectively,
and the screw speed was kept constant at 85 rpm with a constant throughput of 1 kg/h.
Therefore, the mean residence time of the blends in the extruder was around 5 min.
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Transmission electron microscopy (TEM). Ultrathin sections (60 nm) were cut of the
blended materials at room temperature using an ultra-microtome (Reichert-Jung Ultracut E
microtome) equipped with a diamond knife. Micellar samples were prepared by placing
one drop of the polymer solution (0.01 g/L) onto carbon-coated copper grids. Excess sol-
vent was instantly absorbed by a filter paper. To ensure sufficient contrast between the
phases, the particles and ultrathin sections were stained with OsOy4 for 30 s in vacuum in
case of SBM compatibilized blends and 3 h at ambient conditions in case of Janus particle
compatibilized blends. Due to this staining method, SAN appears as the brighter and PPE
as the darker phase, while the PB block (or core) of SBM (JPs) appears black (selectively
stained with OsO,). Bright field transmission electron microscopy at an acceleration volt-
age of 80kV was carried out using a Zeiss CEM 902 electron microscope. Number
average diameter of the PPE droplets and their distribution were obtained by measuring
500 droplets in TEM micrographs using ImagelJ software. First, the area of each PPE drop-
let was measured using the software; then, assuming that droplets are fully sphere particles
and the TEM cuts have gone through middle of each droplet, the radius corresponding to
the area was back calculated. Of course these assumptions cannot be 100% fulfilled, hence
resulting in the relatively large standard deviations in Table 8.1.

Field emission scanning electron microscopy (FESEM) was conducted on a Leo 1530
Gemini from Zeiss using a secondary electron detector and an acceleration voltage of 15
kV. For a better contrast the samples were sputtered with a 1.3 nm thick Platinum layer.

Dynamic light scattering (DLS) was performed at a scattering angle of 90° on an ALV
DLS/SLS-SP 5022F equipment consisting of an ALV-SP 125 laser goniometer, an ALV
5000/E correlator, and a He—Ne laser operating at a wavelength of A= 632.8 nm. The
CONTIN algorithm was applied to analyze the obtained correlation functions. Apparent
hydrodynamic radii were calculated according to the Stokes— Einstein equation. All
CONTIN plots are intensity-weighted. Prior to the light scattering measurements, all sam-
ple solutions were filtered twice trough a 5 um PTFE-filter.

Rheological investigations. Rheological properties were investigated by a stress con-
trolled dynamic-mechanical rheometer RDA III from Rheometric Scientific with plate-
plate geometry under nitrogen atmosphere. The pressed samples had a diameter of 25 mm
and thickness of 1.5 mm and were analyzed isothermally at 260 °C. The storage modulus,
the loss modulus, and the complex viscosity of blend systems were measured as a function
of frequency within the range of 0.01-500 rad/s at 260 °C. Prior to each measurement, the
linear viscoelastic region was determined by carrying out an amplitude sweep at a defor-
mation range of 0.1-100 %, at frequencies of 1 and 50 rad/s. Subsequently, the
deformation applied for the frequency sweeps was set to be within the linear viscoelastic
region. Each measurement was repeated at least three times to minimize the experimental
errors.
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Figure S8.1: Illustration of the preparative steps synthesizing 100 g SBM JPs. a) Dissolution
of 100 g S40BaoMyo'® triblock terpolymer (108 kg/mol) in 1 L THF yields a polymer concentration
of 10 wt.-%. b) Dialysis into acetone/isopropanol (60/40 v/v) as selective solvent for PMMA forms
patchy multicompartment micelles (JP clusters). ¢) Turbid colloidal dispersion of JP cluster of de-
fined size. d) Addition of 0.25 equiv. Lucirin TPO™ photo-cross-linker (Amax = 360 nm) and UV
irradiation (cut-off A = 300 nm) for 24 h. e) Dispersion after cross-linking. f) Purification of JPs via
precipitation into excess methanol.
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Figure S8.2: Characterization of S32B36M3293 and S40B20M40'°8 triblock terpolymers and JPs

derived from S40B20M40

1% a) THF-SEC traces of the SBM triblock terpolymer that is transformed

to JPs and b) of the reference SBM triblock terpolymer. ¢) DLS of JPs in THF after cross-linking
and purification (c =1 g/L).
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Janus Particles as Compatibilizers in Polymer Blends

Figure S8.3: TEM of S40B20M401°8 JPs. a) Overview of concentrated areas with hexagonal pack-
ing indicating low particle size dispersity. b) Magnification of JPs with radius of Rtgm = 19 nm.
Samples were drop-cast from THF solution onto carbon coated copper grids and stained with
0s04.
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Figure S8.4: TEM overview of PPE/SAN blend (60:40 w/w) compatibilized with 10 wt.-% JPs
showing double emulsion morphology.

Figure S8.5: Evidence for onset of phase inversion to SAN droplets in a continuous PPE matrix
(PPE/SAN (60:40 w/w), 10 wt.-% JPs).
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Figure S8.6: SEM images of horizontal and vertical fractures (with respect to extrusion) of (a)
PPE/SAN (60:40 w/w) blends with 10 wt.-% JPs added and (b) without any additive. The blend
containing JPs shows the same small drop morphology in both cross-sections (directions) with sub-
micron features, whereas the neat blend shows much larger and highly anisotropic domains.

Figure S8.7: TEM images of PPE/SAN (60/40 w/w), 10 wt.-% JPs produced in lab scale com-
pounder with (a) 5 minutes mixing (residence) time (b) 10 minutes mixing (residence) time.
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Supporting Calculations:
Interfacial energies for quantitative adsorption
Desorption energy:
Y s, ppm) (L +€OSQ) + ¥ (ypa, pps (COS B—cosa)

E(B)=27R> { . &1
JP +}/(MMAJP /SAN)(1 — COS ﬁ) - EY(ppE/SAN)(Sln2 ﬁ)

Considering negligible &Z(S/PPE) and Z(MMA/SAN) (C(s/ppE) <0 and C(MMA/SAN) < 0), the equation
for symmetric particles a = 90° (a = relative areas of the PS/PMMA surface regions) and at
(quasi-) planar interfaces b = 90° (b = immersion depth of the particle in the PPE/SAN in-
terface) simplifies to:

E(ﬂ) = _ﬂRJzP}/(PPE/SAN) (8.1.2)
The energy of the particle in the SAN phase:
7<SJP /PPE) + V(MMA“, /PPE) (cos B )

E(SAN)=27R;, 1 ‘ (8.1.3)
+Y v ssan (1= €08 B) — Ey(PPE/SAN)(Sln2 B)

The energy required to desorb the particle from that interface and push it into SAN reads:
AE,. . = E(SAN)— E(ﬁ) = 27[RJ2P}/(MMAJP/PPE) + nRszY(PPE/SAN) (8.14)
We can assume Yynaper) = Yisanerr) and therefore:

AE, o, = 3T R.IzPy(PPE/SAN) (8.1.5)
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